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a b s t r a c t

Transition metal (Cu, Co, Ni and Zn)-modified cryptomelane-type manganese dioxide nanomaterials
were synthesized by the milling method. The obtained solids have been characterized by means of X-
eywords:
ctahedral molecular sieve (OMS)
referential oxidation of CO (PROX)
anganese dioxide

ryptomelane

ray diffraction (XRD), scanning electron microscopy and transmission electron microscopy (SEM and
TEM), N2 adsorption–desorption measurements at 77 K, Raman spectroscopy and temperature pro-
grammed reduction (TPR-H2) showing similar structural and textural properties. All the solids were
active in the preferential oxidation of CO in the presence of hydrogen (PROX), being the modified
with copper the most active. The catalytic activity correlates fairly well with the TPR results, finding
higher CO conversion for the material with higher reducibility (OMS-Cu). The O2 selectivity, measured

in − [O

ransition metal-modified MnO2

as ([CO]in − [CO]out/2[O2]

. Introduction

The presence of minute amounts of CO in hydrogen flows poi-
ons fuel cell electrodes [1,2]. This has greatly contributed to the
ast years enormous interest in the preparation of active and selec-
ive catalysts for CO oxidation in the presence of large amounts of
2 in the gas feed, where the main reactions occurring are:

O + ½O2 → CO2, �H◦ = −283 KJ mol−1 (1)

2 + ½O2 → H2O, �H◦ = −242 KJ mol−1 (2)

Manganese-based catalysts, especially in Hopcalite-like com-
ounds [3,4], have been reported as active and selective in many
xidation reactions. In addition to this, studies devoted to eluci-
ate the catalytic effects of various crystallographic phases of Mn

n oxidation reactions have been reported [5–9]. Cryptomelane,
n octahedral molecular sieve, is an allotropic form of man-
anese oxide having a well-defined 2 × 2 tunnel structure (OMS-2)
onsisting a double chains of edge-shared MnO6 octahedra and
orner-sharing of the double chains (general formula KxMn8O16).
he pore size of the tunnel is 0.46 nm [10]. The average manganese

xidation state in cryptomelane is around 3.8 resulting from the
resence of mainly Mn4+ and only small amounts of Mn3+ and
n2+. Potassium aquacomplex ions are situated inside the tun-

els to provide charge balance and to stabilize the structure. Due

∗ Corresponding author at: Instituto de Ciencia de Materiales de Sevilla, Univer-
idad de Sevilla-CSIC, Spain. Tel.: +34 954489501x9221; fax: +34 954460665.

E-mail address: willinton.yesid@icmse.csic.es (W.Y. Hernández).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.03.010
2]out) × 100, is very similar for all synthesized materials.
© 2010 Elsevier B.V. All rights reserved.

to its porous structure and mixed valence of manganese species,
cryptomelanes have been extensively explored for potential appli-
cations such as molecular sieves, catalysts and rechargeable battery
materials [11–13]. In particular, they have shown excellent cat-
alytic activities towards oxidation reactions [6,7]. In this sense, it
has been reported that the incorporation of Cu, Co and Ni into the
channels or in the structure of OMS-2 materials promotes the gen-
eration of defects and enhances the lattice oxygen mobility [14],
improving their catalytic performances in the CO oxidation.

The present study focuses on the preparation, characteriza-
tion and evaluation of the catalytic activity in the preferential CO
oxidation (in presence of hydrogen), of cryptomelane-type man-
ganese dioxide nanomaterials, prepared by the milling method
[15] and modified with different transition metal cations (Cu, Co,
Ni, and Zn) in order to modify its electronic and catalytic proper-
ties.

2. Experimental

2.1. Synthesis

Cryptomelane solids were prepared by solid-state reaction
between Mn7+ and Mn2+ species in a high-energy ball milling with
stainless steel balls (12 balls, 20 mm diameter) and jar [7,15]. The

relationship ball-weight/solid-weight was 10/1. In a typical exper-
iment, KMnO4 (Panreac 99.0%) and Mn(CH3COO)2·4H2O (Panreac
99.0%) (stoichiometric ratio 2:3) were mixed homogeneously and
then milled for 1 h at 300 rpm. The resulting black solid was kept 4 h
in a capped bottle at 80 ◦C. The obtained product was thoroughly

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:willinton.yesid@icmse.csic.es
dx.doi.org/10.1016/j.cattod.2010.03.010
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Table 1
Chemical composition and crystallite sizes (by XRD analysis), obtained for the syn-
thesized materials.

Code Atomic ratios (XRF) Crystallite size, D (nm)

K/MT M/MT

OMS 0.084 – 9.5
OMS-Cu 0.082 0.042 10.3
OMS-Co 0.083 0.023 10.4
OMS-Ni 0.078 0.010 9.5

tity of water in our synthesis method (only coming from the water
hydration of reactants and the acetate anions oxidation by KMnO4)
and the close relationship between the size of the tunnel and the
radius of the aquacomplex, later can be discarded, therefore the
W.Y. Hernández et al. / Cata

ashed with water until neutrality, dried at 80 ◦C overnight and
nally calcined at 450 ◦C for 2 h.

Metal-modified cryptomelanes were prepared by adding the
orresponding metal acetate (Cu, Co, Ni, or Zn) to the KMnO4
nd Mn(CH3COO)2·4H2O mix during the milling, employing
etal/(Metal + Mn2+) molar ratio of 0.1.
The series of synthesized materials were named OMS-X, where

corresponds to the transition metal used as dopant.

.2. Characterization

The chemical composition of the samples was determined by
-ray fluorescence spectrometry (XRF) in a Panalytical AXIOS
W4400 sequential spectrophotometer with a rhodium tube as the
ource of radiation.

X-ray diffraction (XRD) analyses were performed on a Siemens D
00 diffractometer. Diffraction patterns were recorded with Cu K�
adiation (40 mA, 40 kV) over a 2�-range of 10–80◦ using a position-
ensitive detector with a step size of 0.01◦ and a step time of 7 s.
he reflection from the (2 1 1) plane was used for the determina-
ion of the average crystallite size, D, calculated from the Scherrer
quation.

BET specific surface areas were measured through nitrogen
dsorption–desorption isotherms at liquid nitrogen tempera-
ure in a Micromeritics ASAP 2000 apparatus. Before analysis,
he samples were outgassed for 2 h at 150 ◦C in vacuum. The
arrett–Joyner–Halenda (BJH) method was used for determining
he pore size distributions, in every case the desorption data were
sed.

A homemade apparatus was used for obtaining the TPR profiles.
n the experiments 50 mg of sample were placed in the reactor and
ubmitted to a gas mixture flow, constituted by Ar (50 mL/min) and
2 (2 mL/min), then a heating rate of 15 ◦C/min to a final tempera-

ure of 900 ◦C was set. The H2 consumption was monitored using a
CD detector.

The Raman spectra were recorded in a dispersive Horiva Jobin
von LabRam HR800 Microscope, with a 20 mW He–Ne green laser
532.14 nm) working at 0.2 mW power and with a 600 g mm−1 grat-
ng. The microscope used a 100× objective and a confocal pinhole
f 500 �m. These conditions are necessary to prevent decomposi-
ion or denaturation of the samples by the incidence of the laser.
he Raman spectrometer is calibrated using a silicon wafer.

.3. Catalytic activity

Preferential oxidations of CO in the presence of hydrogen (PROX)
eactions were carried out at atmospheric pressure in a stainless
teel fixed bed reactor (9 mm inner diameter). A reaction mix-
ure composed by 2% CO (Air Liquide, 99.997% pure, <3 ppm H2O),
% O2 (Air Liquide, 99.999% pure, <3 ppm H2O), 50% H2 (Abelló
inde, 99.999% pure, ≤5 ppm H2O) and N2 (Abelló Linde, 99.999%
ure, ≤5 ppm H2O) as balance at 100 mL min−1 total flow. The
utomated, integrated micro-reactor system (®Microactivity Ref-
rence) employed for this reaction was designed by PID Eng & Tech
ompany.

The catalyst (100 mg, 100 < � < 200 �m) was diluted in the ade-
uate amount of crushed glass, having the same particle size, to
btain a bed height of 5 mm. Prior to all catalytic measurements,
he samples were treated in a 21 vol.% O2/N2 mixture (30 mL/min)
t 300 ◦C for 1 h. Products and reactants were separated and quanti-
ed by on-line gas chromatography (Agilent 7890A), provided with

Haysep Q, ®Porapak Q and Mole-Sieve columns.

The CO conversion, O2 conversion and O2 selectivity were cal-
ulated according to Eqs. (3)–(5).

O conversion (%) = ([CO]in − [CO]out/[CO]in) × 100 (3)
OMS-Zn 0.082 0.008 10.8

M = Cu, Co, Ni or Zn, depending of the analyzed solid. MT = Total metal: Mn + M + Fe
(contamination).

O2 conversion (%) = ([O2]in − [O2]out/[O2]in) × 100 (4)

O2 selectivity (%) = ([CO]in − [CO]out/2[O2]in − [O2]out) × 100 (5)

3. Results and discussions

3.1. Chemical analysis, structure and morphology

The XRF results show the effective incorporation of the dopant
cations in the synthesized materials, as seen in Table 1. The pres-
ence of iron, coming from the balls and jar used in the milling, is
also detected. The K/MT ratio is very similar in all materials, indi-
cating a similar charge, while the M/MT ratio varies between 0.008
and 0.042, finding a higher uptake for Cu.

All the reflections in the XRD patterns, as shown in Fig. 1,
clearly reveal that the as prepared materials only contain the
cryptomelane-type crystalline phase (JCPDS 29-1020), namely, K-
MnO2 with an I-centered tetragonal structure (space group I4/m)
[14]. No other phases are detected. The absence of CuO, NiO, CoO
or ZnO diffraction lines might indicate that: (i) transition metal
oxides are in low contents or have crystalline domains beyond the
detection limit of XRD; (ii) transition metals are incorporated in
the cryptomelane structure, with the formation of a solid solution;
and/or (iii) transition metals are incorporated into the channels of
cryptomelane structure, replacing K+ ions. For the option (ii), the
dopant cation would occupy only octahedral sites replacing Mn4+ or
Mn3+ cations in MnO6 octahedra from the parental structure. In the
option (iii), the aqua complex of M(H2O)n

2+-type could be formed
in the tunnels of cryptomelane. Taking into account the low quan-
Fig. 1. XRD patterns of the synthesized materials.
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the MnO2 octahedral lattice, respectively [19]. From Mn–O stretch-
ing range, the two sharp, high-frequency Raman bands at 588 and
643 cm−1 are indicative of a well developed tetragonal structure
with an interstitial space consisting of (2 × 2) tunnels, and are
assigned to the Ag mode [20]. An extensive work employing factor
Fig. 2. Representative (a) SEM

2+ doping cation should only exist either in the framework of the
aterial or as finely dispersed transition metal oxides supported

n the cryptomelane phase.
The crystal domain size of the synthesized materials calculated

rom the XRD line broadening is shown in Table 1. The crystallite
omain size, ca. 10 nm, is very similar for the all the synthesized
aterials and typical for the cryptomelane structures synthesized

y the milling method [15]. From SEM and TEM observations (Fig. 2)
nd analysis of the XRD intensity ratio between (0 0 2) and (3 1 0)
rystal planes (orthogonal planes), diffraction lines resulted in
spect ratios for the cryptomelane nanoparticles between 1 and 2
nanorods), evidencing a low anisotropy in crystallite morphology,
nd suggesting that the growth along [0 0 1] is disfavored by the
illing process [16]. Whatever the doping cation used in the syn-

hesis, all the materials present the same nanoparticle morphology
nd aspect ratio, which is characteristic of the synthesis method
mployed.

.2. Specific surface area and porosity measurements

The nitrogen adsorption–desorption isotherms for all the sam-
les are similar. As an example, the isotherm obtained for the
n-doped OMS solid is shown in Fig. 3. The isotherms indi-
ate the presence of a mesoporous structure (IV type isotherm
ith H2 hysteresis loop) probably due to pores generated by

he spaces between the nanoparticles [7,17]. All the catalysts
resent similar surface area, pore volume and average pore size

iameter, a summary of the textural characteristics of all the
aterials is given in Table 2. The inset in Fig. 3 shows meso-

ore size distributions calculated by BJH method. The BJH plots
how a relatively narrow pore size distribution in the range of
.5–15 nm, indicating a uniform mesopore diameter of around

able 2
extural properties of the synthesized materials.

Code SBET (m2/g) VP (cm3/g) Pore size (nm)

OMS 124 0.34 7.8
OMS-Cu 117 0.34 8.3
OMS-Co 128 0.36 8.4
OMS-Ni 144 0.34 7.2
OMS-Zn 113 0.32 8.1
) TEM images from OMS solid.

9 nm in close agreement with the calculated average pore size,
Table 2.

3.3. Raman spectroscopy

The Raman spectra obtained for the synthesized materials are
presented in the Fig. 4. In general, all the solids show the same
signals centered above 188, 291, 395, 486, 519, 588, 643 and
760 cm−1. Because Mn atoms in the manganese dioxides are always
6-fold coordinated, the Raman bands of MnO2 materials depend
on the MnO6 octahedral environments (e.g. edge/corner-sharing,
interaction with water/cations in the tunnels or layers of MnO2
materials) [18]. The observed Raman frequencies in the 500–700
and 200–500 cm−1 range have been assigned to the Mn–O stretch-
ing of MnO6 octahedra and the Mn–O–Mn bending vibration in
Fig. 3. Representative N2 absorption/desorption isothermal plot of OMS solid. The
insert shows the mesopore size distribution plot by BJH method.
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that the presence of highly dispersed CuO on the CeO2 surface
and/or the partial replacement of Ce4+ by Cu2+ in the CeO2 fluo-
rite structure improved the redox properties of ceria [32,33]. This
better reducibility influences the catalytic activity of the materials,

Table 3
Temperature-reduction peaks for the synthesized materials.

Code Temperature peak (◦C)

Peak I Peak II Peak III Peak IV
Fig. 4. Raman spectra of the synthesized materials.

roup analysis has been developed by Gao et al. to assign the Raman
ands in K-MnO2 nanofibers [16]. Our data, Fig. 4, are in good agree-
ent with both the number and the position of the bands reported

y Gao et al. [16]. These authors reported that the presence of heavy
unnel cations damp the vibrational components perpendicular to
he octahedral chains, the doping with different cations do not
ntroduce any significative modification in the intensities of the
ibrational modes and hence replacement of the K cations by the
oping cations must be discarded.

Only signals corresponding to the K-MnO2 structure are
bserved for all the synthesized materials. As for the XRD results
he presence of any indication corresponding to the presence of
he doping cation metal oxides is absent. However, all the observed
ibrational modes appear at the same frequency whatever the pres-
nce or not of doping cations, although due to the heavier character
f manganese with respect to oxygen the Mn–O vibrations must
e supposed to mainly involve oxygen, the isomorphic substitu-
ion of manganese by other transition metal cations with different
xidation state will induce disorder in the lattice and may mod-
fy the nature and frequency of the active modes. Future work is
ecessary to establish the coordination of the doping cations in the
ynthesized materials.

.4. Temperature programmed reduction (TPR-H2)

The reduction of manganese oxides is often described by the
uccessive reduction processes: MnO2 → Mn2O3 → Mn3O4 → MnO
21]. However, the number and intensity of the peaks on the TPR
urves can also depend on the different local environments of such
pecies and the presence of other reducible ones. The TPR-H2 pro-
les obtained for all synthesized materials are shown in Fig. 5.
our principal peaks were assumed from the TPR analysis. The
ssignation of each peak is as follows: Peak I, corresponding to
he consumption of structural oxygen close to the surface, with-
ut decomposition of the material; Peak II, Peak III and Peak IV
re related with the following reduction process: MnO2 → Mn2O3
Peak II), Mn2O3 → Mn3O4 (Peak III) and Mn3O4 → MnO (Peak IV)
21,22]. The apparent temperature of the TPR peaks for all syn-
hesized materials is summarized in Table 3. For OMS, OMS-Co,
MS-Ni and OMS-Zn, the TPR profiles and the temperature values
or the four peaks are very similar. On the other hand, for OMS-
u solid, there is a significant decrease in the temperature of I, II
nd III reduction peaks and the presence of the TPR signal at lower
emperature than 300 ◦C is more evident. These data suggest that
he oxygen available for reduction is strongly influenced by the
Fig. 5. Temperature programmed reduction (TPR) profiles for the synthesized mate-
rials.

presence of Cu2+ in the synthesized material, strongly related to
a higher oxygen mobility. Similar results have been described for
cryptomelane-type manganese oxides modified with silver [23,24].
Studies in todorokite (OMS-1 with tunnel size about 6.9 Å) doped
with Cu2+, Ni2+, Zn2+ and Mg2+ have established that the trends of
change in reactivity and availability of the oxygen species due to
the presence of the doping cations can be related to the changes in
the heat of formation of the corresponding oxides and their elec-
tronegativity properties [25]. According to this, the presence of Cu
in the material influences the reactivity of the oxygen atoms due
to de formation of Mn–O–Cu bridges. This effect is evident in the
OMS-Cu solid because copper has the higher electronegativity in
the series of transition metal used (1.9 in front of 1.8 for Co and Ni,
and 1.6 for Zn). Higher electronegativity of the doping cation pro-
motes greater electronic delocalization and, consequently a weaker
Mn–O bond [25]. The reduction temperature for the Mn3O4 → MnO
(Peak IV) process hardly on modifying the doping cation, suggesting
an important role of the structural and morphological properties of
the material in the reactivity of lattice oxygen. This, considering
the different crystalline structures obtained during the reduction
of MnO2 to MnO.

The enhanced oxygen lability in OMS-Cu solid may be related to
the formation of anion vacancies, which would improve the reac-
tivity of this materials in oxidation process, as has been established
in mixed oxides like as Ce1−xMxO2−y systems [26,27]. In fact, for
CuO/CeO2 mixed oxides (one of the most studied catalysts for the
CO-PROX reaction) [28–31], it has been reported by TPR analysis
OMS 234 306 350 410
OMS-Cu 207 247 321 394
OMS-Co 232 302 347 401
OMS-Ni 239 308 348 400
OMS-Zn 250 304 343 393
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ig. 6. Variation of CO conversion and O2 selectivity with the reaction tempera-
ure for the preferential oxidation of CO in presence of hydrogen, over the powder
ynthesized materials.

n such a way that the most active catalysts are the most reducible
nes.

.5. Catalytic activity: preferential oxidation of CO in presence of
2 (PROX)

The catalytic activity of the synthesized materials for CO oxi-
ation and their selectivity to CO2 as a function of reaction
emperature is shown in Fig. 6. All prepared solids were active in the
ROX reaction and present a similar CO conversion at temperatures
igher than 180 ◦C, closer to those determined by the equilibrium.
owever, OMS-Cu and OMS-Co solids present higher activity at

ow temperatures than the unmodified cryptomelane. Thus, it is
vident the beneficial effect of the presence of the doping tran-
ition metals in the material, in order to improve their catalytic
roperties. The O2 selectivity is very similar in all the materials
nd decreases on increasing the temperature. These results sug-
est that the activation energy of the H2 oxidation is higher than
hat of the CO oxidation, maintaining selectivity higher than 80% at
eaction temperatures lower than 140 ◦C. Taking into account that,
t equal temperatures, the CO conversion obtained for each catalyst

s different, the competition between CO and H2 for the same O2

olecule occurs with different reactive partial pressures. Thus, in
rder to evaluate the catalytic performances of the solids in equiv-
lent conditions, the relationship between the CO conversion and
he O2 selectivity was depicted in Fig. 7. All catalysts present an O2
Fig. 7. O2 selectivity vs. CO conversion as criteria to evaluate the efficiency of the
studied catalysts.

selectivity higher than 85% at CO conversions below 20%, being the
thermodynamics the leading factor for the CO and H2 oxidation, as
can be expected from the enthalpy values of the respective oxida-
tion reactions (Eqs. (4) and (5)). However, at CO conversions above
20%, a different behavior is observed. For temperatures lower than
180 ◦C, where the CO conversion is far for the equilibrium limita-
tions (Fig. 6), the O2 selectivity obtained at the same CO conversion
for each catalyst, decreasing faster for OMS, OMS-Ni and OMS-Zn
solids, in comparison with OMS-Cu and OMS-Co ones. For temper-
atures higher than 180 ◦C (Fig. 6), after reaching its maximum CO
conversion, all catalyst follows the same tendency, where the O2
selectivity does not change for the same CO conversion, indepen-
dently of the solid. This trend is represented with a straight line
in Fig. 7, and can be correlated with the limitation imposed by the
equilibrium situation, under the reactions conditions employed in
this work. Because the OMS-Cu solid reach higher CO conversions
than that of OMS-Co one, keeping the same O2 selectivity, the first
one can be considered as the more efficient catalyst in the evaluated
series.

In general, the presence of Cu in catalysts for CO oxidation results
in enhanced catalytic properties, promoting the redox properties
of the material, as in Hopcalite catalysts [34], or facilitating the
CO chemisorption process during the reaction [35]. For structures
like OMS-2-type doped with M = Cu2+, Co2+ or Ag+, Xia et al. [36]
have established that charge transfer along the M–O–Mn bond may
be responsible for CO oxidation. In this mechanism, the reversible
electron transfer along the M–O–Mn bridge suppose the reduction
and reoxidation of the doping cation together with the Mn4+ of the
oxide structure, in a complete redox cycle where chemisorbed O2
is also involved. On the other hand, it is widely accepted that CO
oxidation over manganese oxides proceeds via Mars-van-Krevelen
mechanism which involves the reaction of adsorbed CO with the
labile oxygen lattice [37]. The reactivity is associated with the
capacity of manganese to form various oxidation states, e.g., redox
pairs Mn2+/Mn3+ or Mn3+/Mn4+, and “oxygen available” in the oxide
lattice. With respect to this, as was established by TPR analysis, the
presence of Cu in the cryptomelane catalyst greatly improves the
mobility and availability of oxygen near the oxide surface, asso-
ciated to the influence of Cu in the Mn–O bond strength. Similar
results have been founded by Gac et al. for cryptomelane-type

+
manganese oxides doped with Ag [23,24]. In these materials, a
high reactivity toward CO oxidation at low temperatures has been
attributed to the structural changes and increased oxygen mobil-
ity induced by the presence of silver. Therefore, according to this
mechanism, over OMS-Cu solid, the carbon monoxide molecule



lysis T

r
i
b

4

c
w
s
M
p
t
r
m

A

i
F
C
d
f

R

[

[

[

[

[
[

[

[

[
[
[
[
[
[

[
[
[

[
[

[
[
[
[

[

[34] S.B. Kanungo, J. Catal. 58 (1979) 419.
W.Y. Hernández et al. / Cata

eacts with the labile oxygen species, induced by the presence of Cu
n the structure, and the resulting oxygen vacancies are removed
y adsorption of oxygen molecules from the gas phase.

. Conclusions

Using the milling method, it is possible to synthesize
ryptomelane-type manganese dioxide nanomaterials modified
ith various transition metals cations (Cu, Co, Ni and Zn) without

ignificant changes in their structural and textural characteristics.
odified cryptomelane solids present high catalytic activity in the

referential oxidation of CO reaction, being more active the cryp-
omelane modified with Cu. This tendency is correlated with the
educibility of this material, together with the oxygen lability pro-
oted by the doping cation.
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