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Abstract

Pure-phaseα-MnO2 andβ-MnO2 nanowires/nanorods were synthesized through an easy solution-based hydrothermal method, and
of the manganese dioxide phase on the activity of MnO2 and Ag/MnO2 for the oxidation of CO was investigated. MnO2 is an effective catalys
in CO oxidation, and its activity depends on the crystal phase of MnO2. α-MnO2 exhibits a higher activity thanβ-MnO2, because theα-MnO2
nanowires can be reduced more easily than theβ-MnO2 nanorods. Moreover, when Ag was introduced to MnO2, a strong interaction occurre
between Ag and MnO2. The catalytic activity clearly correlates with this interaction, which is determined by crystal phase and surface st
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The performance of catalysts depends strongly on their
face structure and surface active sites, which have a d
relationship with the crystal planes, crystal phases, and s
ochemistry of catalysts[1,2]. A typical case is iron catalyst
used for the synthesis of ammonia, for which the reaction
on the {111} planes is more than 400 times higher than
on the {110} planes and roughly 15 times higher than that
the {100} planes[1,3]. Bell et al. [4–7] reported that differ-
ent crystal phases of zirconia-supported copper catalysts ex
different activity for the synthesis of methanol, and the c
alyst prepared on monoclinic-ZrO2 is 7.5 times more active
than that prepared on tetragonal-ZrO2. Consequently, a feasib
approach to designing and constructing catalysts with high
tivity and selectivity may be through the controllable synthe
of catalyst materials with well-defined crystal planes or cry
phases. We recently reported that using an easy solution-b
hydrothermal method, CeO2 nanorods exposing mostly {001
and {110} planes can be synthesized; these CeO2 nanorods

* Corresponding author. Fax: +86 10 62788765.
E-mail address: ydli@mail.tsinghua.edu.cn(Y. Li).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.10.026
r-
ct
e-

e
t

it
-

-

l
ed

show higher catalytic activity for CO oxidation than CeO2
nanoparticles[8,9]. Morphology-controlled synthesis of nan
materials may present an opportunity for the synthesis of
alytic materials with desired properties, because these n
materials nucleate and grow in an epitaxial manner[10,11].

CO oxidation is an important process in three-way cat
sis for the treatment of exhaust gas from automobiles an
selective oxidation of CO in reformer gas for fuel cell applic
tions [12]. Precious metals, such as Au, Pt, and Pd, have
activity and stability for the oxidation of CO[13,14]. Recently,
considerable research has focused on base metal catalys
CO oxidation, because of the limited availability of precio
metals. Manganese dioxides and derivative compounds ha
tracted special attention and have been widely used as cat
and catalyst supports due to their redox capabilities[15,16].
These redox capabilities are strongly enhanced when othe
ements are combined[17]. Imamura et al.[15] reported that
Ag–Mn composite oxides exhibited high activity for CO ox
dation. A combination of Ag and Mn seems to be an impor
contributing factor to catalytic activity[18,19], but details of
the action of Ag and Mn in these catalysts are not yet av
able. The main reason for this may be that the performa
of the manganese oxides for those applications is critic
controlled by their phase composition and textural proper
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which depend largely on the preparation method[20]. Different
structural forms of MnO2 including α, β, γ , andδ types, ex-
ist in nature. The crystallographic forms are generally belie
to be responsible for their properties. The synthesis of m
ganese oxides with well-controlled dimensionality, size,
crystal structure is very difficult by conventional catalyst pre
ration methods. We previously reported a successful me
for synthesizingα-, β-, γ -, andδ-MnO2, which have a well-
defined single-crystalline nanostructure[21]. The present work
is concerned with the catalytic activity ofα-MnO2 andβ-MnO2
nanowires/nanorods in CO oxidation and a comparative s
of α-MnO2 andβ-MnO2 as a support for Ag catalysts.

2. Experimental

Synthesis of MnO2 nanowires/nanorods was perform
by hydrothermal method as described previously[21]. The
Ag/MnO2 catalysts with 15 wt% Ag loading were prepar
by an incipient wetness impregnation method. The prep
MnO2 nanowires/nanorods were impregnated with an aque
solution of AgNO3 under vigorous stirring, followed by dry
ing to remove the solvent. The obtained sample was calcin
350◦C for 3 h.

The BET surface areas of the catalysts were determ
by N2 adsorption at−196◦C using a Tristar 2010 Chem
cal Adsorption Instrument (Micromeritics). X-Ray diffractio
(XRD) studies were performed with a Bruker D8 Advan
X-ray diffractometer with monochromatized Cu-Kα radiation
(λ = 1.5418 Å). The nanostructural product was further
amined with transmission electron microscopy (TEM; Hita
H-1200, Tokyo, Japan).

Temperature-programmed reduction (TPR) was carried
in a U-tube quartz reactor. The samples (40 mg) were flus
with a nitrogen flow of 50 mL min−1 at 120◦C to remove wa-
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ter and then reduced in a flow of hydrogen–nitrogen mixt
(containing 5 vol% of hydrogen) at a rate of 10◦C min−1. Hy-
drogen consumption was monitored by a thermal conduct
cell attached to a gas chromatograph.

The catalytic activities for CO oxidation were evaluated i
fixed-bed quartz tubular reactor. The catalyst particles (0.1
were placed in the reactor. The reactant gases (1.0%
16% O2, balanced with nitrogen) passed through the reacto
a flow rate of 100 mL min−1. The products were analyzed by
gas chromatograph equipped with a TDX column.

3. Results and discussion

3.1. BET, XRD, and TEM analysis

The BET surface area ofα-MnO2 nanowires is higher tha
that ofβ-MnO2 nanorods (Table 1). When Ag was introduced
ontoα-MnO2 andβ-MnO2, the surface areas decreased. X
results indicate that pureα- andβ-MnO2 crystal phase can b
obtained under current synthetic conditions (Fig. 1). For the
Ag/α-MnO2 sample, the XRD pattern was similar to the p
cursor, suggesting that Ag is finely dispersed on the Mn2

Table 1
Comparison of CO oxidation on manganese dioxide

Catalysts BET surface

area (m2 g−1)

T90
(◦C)a

Specific rate

(molCO m−2
cat s−1 × 10−8)

α-MnO2 80.6 126 4.21b

β-MnO2 55.7 169 2.10b

Ag/α-MnO2 64.2 90 7.74c

Ag/β-MnO2 40.0 80 16.33c

a The temperature at 90% conversion.
b The reaction temperature is 130◦C.
c The reaction temperature is 80◦C.
Fig. 1. XRD patterns of (a)α-MnO2 nanowires; (b)β-MnO2 nanorods; (c) Ag/α-MnO2 nanowires; (d) Ag/β-MnO2 nanorods.
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Fig. 2. TEM images of (a) Ag/α-MnO2 nanowires; (b) Ag/β-MnO2 nanorods.

supports. A weak diffraction peak corresponding to Ag cry
phase could be observed on the XRD of Ag/β-MnO2 sample.

The as-preparedα-MnO2 and β-MnO2 samples have rib
bonlike nanowire and nanorod morphology (see supporting
formation).Fig. 2shows representative TEM images of Ag c
alysts supported onα-MnO2 nanowires andβ-MnO2 nanorods,
respectively. The inset in the upper left shows a magnified v
of the Ag particles, illustrating that the distribution of Ag par
cles on the supports is rather uniform. The Ag particles in th
catalysts are near-spherical in shape, whereas the MnO2 keeps
its nanowire/nanorod morphology. The mean particle size
l

-

e
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Fig. 3. TPR profiles of (a)α-MnO2 nanowires; (b)β-MnO2 nanorods; (c) Ag/
α-MnO2 nanowires; (d) Ag/β-MnO2 nanorods.

Ag dispersed onα-MnO2 nanowires is about 2–6 nm, and th
for Ag dispersed onβ-MnO2 nanorods is 5–10 nm.

3.2. TPR analysis of MnO2 and Ag/MnO2

Fig. 3a presents the TPR profile of theα-MnO2 nanowires.
Two peaks of H2 consumption are observed at 330 a
389◦C, and the ratio of the low-temperature peak to the h
temperature peak is about 2. Because the initial species is M2

(see the XRD patterns), we believe that the low-tempera
peak should be attributed to the reduction of MnO2 to Mn3O4,
whereas the high-temperature peak should be attributed t
reduction of Mn3O4 to MnO [22]. The TPR profile of the
β-MnO2 nanorods is similar to that of theα-MnO2 nanowires,
but is shifted slightly to higher temperatures (Fig. 3b). This
finding indicates that theα-MnO2 nanowires are more easi
reduced than theβ-MnO2 nanorods.

Compared with those of theα-MnO2 nanowires, the TPR
peaks of the Ag/α-MnO2 sample shifted to lower temperatur
and exhibited a higher intensity of the peak at higher temp
tures (Fig. 3c). The results demonstrate that Ag enhanced
reduction of theα-MnO2 nanowires and that a strong inte
action between Ag and MnO2 occurred. When Ag was intro
duced on theβ-MnO2 nanorods, the reduction behavior differ
from that observed on the Ag/α-MnO2. A wide and asymmet
ric peak was detected at 245◦C, along with a small shoulder a
about 312◦C. This indicates that the MnO2 was probably re-
duced to MnO without the formation of intermediate Mn3O4.
Ag enhanced the reduction of MnO2 through the spillover o
hydrogen from silver atoms to manganese oxides[15]. A strong
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interaction between Ag and MnO2 favors the spillover of hydro
gen and its subsequent reaction with the MnO2; thus, a stronge
metal–support interaction in Ag/β-MnO2 nanorods is detected

3.3. Catalytic activity for CO oxidation

Catalytic activity measurements of CO oxidation on
prepared MnO2 and Ag/MnO2, given in Table 1, demon-
strate that theα-MnO2 nanowires were more active than t
β-MnO2 nanorods. The percentage CO conversion reac
90% at 126◦C on α-MnO2 and at 169◦C on theβ-MnO2
nanorods. The specific reaction rate on theα-MnO2 nanowires
was twice as high as that on theβ-MnO2 nanorods at 130◦C.
The presence of Ag greatly improved the catalytic activity
CO oxidation. The percentage CO conversion on Ag/α-MnO2
and Ag/β-MnO2 all reached 90% at<100◦C. It is notewor-
thy that the reaction rate on Ag/β-MnO2 at 80◦C was more
than twice that on the Ag/α-MnO2 catalyst. Compared with
β-MnO2 nanorods, theT90 of Ag/β-MnO2 was decreased b
89◦C. Thus, Ag enhances the catalytic activity on mangan
oxides and is more efficacious forβ-MnO2 nanorods.

Generally, CO oxidation on transition metal oxides, su
as MnOx , CeO2, Co3O4, Fe2O3, and CuO, follows a mecha
nism proposed by Mars–van Krevelen[23] implying that lattice
oxygen incorporation occurs during CO oxidation and that
reduced surface of the metal oxide is rejuvenated by takin
oxygen from the feed mixture[24,25]. On the other hand, it i
well known that the reactivity for structure sensitive react
depends on the particle size, morphology, and crystal plan
the catalyst[1,2,26]. Therefore, the surface structure of the c
alyst greatly influences catalytic performance.

α- andβ-MnO2 are both constructed from chains of {MnO6}
octahedra, which are linked in different ways. Inα-MnO2, each
octahedron shares two edges with those of the neighbo
chain. It consists of an hcp anionic lattice and contains
different kinds of oxygen atoms, one at the center of an alm
equilateral triangle of cations Mn4+, indicating a sp2 hybridiza-
tion with bond distances to Mn of 1.86 and 1.91 Å, and
other at the apex of a trigonal pyramid of cations, indicat
a sp3 hybridization with bond distances to Mn of 1.89 a
1.92 Å [27]. β-MnO2 has a rutile structure, with the oxyge
atoms forming a slightly distorted hexagonal closely pac
(hcp) array. The basic motif of this tetragonal structure is
infinite chain of octahedra-sharing opposite edges, with e
chain corner-linked with four similar chains. All octahedra a
equivalent, and the average Mn–O distance is 1.88 Å[28].
Therefore, the structure ofβ-MnO2 is denser than that ofα-
MnO2, whereas the activity of the lattice oxide ofβ-MnO2 is
predicted to be lower than that of the lattice oxide ofα-MnO2.
High-resolution TEM results and structure analysis in the
reveal thatα-MnO2 has an “noncompact” structure, making t
rupture of the O–Mn bond easier inα-MnO2 than inβ-MnO2.
In this regard,α-MnO2 and β-MnO2 have different catalytic
activities corresponding to their different surface structures

Introducing Ag to MnO2 produces a strong Ag–MnO2 inter-
action. The surface structure clearly determines the intensi
interaction and thus the catalytic activity. Imamura et al.[15]
d
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reported that the catalytic activity of CO oxidation on Ag–M
composite oxides depends on the interaction between Ag
Mn. The active oxygen on Ag is consumed mainly in the o
dation of CO, and Mn serves as an oxygen carrier[18]. More-
over, strong interaction favors the oxygen spillover from Mn
Ag and improves catalytic activity. This is agreement with
TPR results, which indicate that the interaction between Ag
MnO2 decreased the reduction temperature ofβ-MnO2. Based
on this, a stronger interaction between metal and support
curred in Ag/β-MnO2 and an enhanced catalytic activity w
found, similar to that for Au/CeO2 and Au/CuO as reported re
cently[29,30].

4. Conclusion

Different structures of MnO2 catalysts (α- andβ-type na-
nowires/nanorods) were synthesized by an easy solution-b
hydrothermal method. The single-crystalα-MnO2 andβ-MnO2
nanowires/nanorods were used as CO oxidation catalysts
attempt to gain insight into how the crystal phase and sur
structure influence the oxidation reaction.α-MnO2 has a “non-
compact” structure that can be reduced at lower temperat
Thus,α-MnO2 nanowires show higher CO oxidation activi
thanβ-MnO2 nanorods. Introducing Ag onto MnO2 produced
a strong Ag–MnO2 interaction. The catalytic activity clearl
correlates with this interaction, which is determined by cr
tal phase and surface structure. This study provides an exa
of how to design catalytic materials through a morpholo
controlled synthesis method and how to use these materia
model catalysts in laboratory investigations as well as prac
applications.
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