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a b s t r a c t

Binary copper manganese oxides were prepared by a novel redox method and their catalytic activity for
CO oxidation at ambient temperature evaluated. The catalytic activity was found to be high, and compared
favorably with a commercial Hopcalite catalyst. The most active catalyst was able to completely oxidize
CO at ambient temperature. Catalytic activity decay, most likely due to carbon dioxide retention was
vailable online 11 June 2010
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observed. The catalysts were deactivated by moisture but expelling water at moderate temperatures
easily restored their catalytic activity. The catalysts were characterized by means of BET, FE-SEM, TEM,
EDAX, XPS, TPD and X-ray powder diffraction. The optimum copper loading was determined to be ∼9%
of the manganese content.

© 2010 Elsevier B.V. All rights reserved.

mbient temperature CO oxidation
ater poisoning

. Introduction

The development of low temperature carbon monoxide oxi-
ation catalysts has become an important research topic due to
he many potential areas of application in industrial, environmen-
al and domestic fields. These include chemical sensors [1], CO2
asers [2], proton exchange membrane fuel cells [3–5], automo-
ile emissions [6] and air purification devices [7]. Catalysts made
f nanoparticles of noble metals (e.g. Pt, Ru, and Au) supported on
educible metal oxides have high catalytic activity for CO oxidation
1,8–11]. Gold nanoparticles deposited on reducible semiconductor

etal oxides, hydroxides of alkaline earth metals, and amorphous
rO2 are highly active for CO oxidation at ambient and sub-ambient
emperatures and unlike transition metal oxides they are not sus-
eptible to moisture poisoning [2,4,12–16]. However, the scarcity
nd high cost of precious metals have long motivated the search for
ubstitute catalysts [17]. Considerable efforts have been directed
owards the design of CO oxidation catalysts based on transi-

ion metal oxides or composite transition metal oxides [5,9,17,18].
mong the transition metal oxides, tricobalt tetraoxide (Co3O4)

s the most active for low temperature CO oxidation, but Co3O4
s severely deactivated even by trace amounts of moisture found

∗ Corresponding author at: Department of Chemical Engineering, and Institute of
aterials Science, University of Connecticut, U-3060, 55 North Eagleville Rd., Storrs,

T 06269-3060, USA. Tel.: +1 8604862797.
E-mail address: steven.suib@uconn.edu (S.L. Suib).

926-3373/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2010.06.006
in normal feed gas [19,20]. Recently Xiaowei and coworkers have
synthesized Co3O4 nanorods, which completely oxidized CO in a
normal feed gas below 0 ◦C [21].

Hopcalite (copper manganese oxide) is the most widely used
commercial catalyst for respiratory protection because of its low
cost [22]. Hopcalite is used extensively in air purification devices
for respiratory protection in mining, the military, and in industrial
emission control [23,24]. Unfortunately, current commercial Hop-
calite catalysts have low activity at ambient temperature and are
also rapidly deactivated by moisture [23–25]. Development of cost
effective catalysts with high catalytic activity for CO oxidation at
ambient temperature for prolonged periods in diverse oxidation
environments remains a challenge. The structural, morphologi-
cal and catalytic properties of copper manganese oxide catalysts
are greatly influenced by preparation methods [26–29]. Conven-
tionally, copper manganese oxide catalysts are prepared using the
co-precipitation method from mixed metal nitrates and sodium
carbonate [27] or the sol–gel method [22]. Recently, Tang et al.
have synthesized nanocrystalline copper manganese oxide cata-
lysts using the supercritical antisolvent precipitation method and
found them to be more than twice as active as the convention-
ally prepared Hopcalite catalysts for the oxidation of CO [30]. They
attributed the high catalytic activity to the nanocrystalline and

homogeneous nature of the synthesized copper manganese oxides.

In this study, copper manganese oxides were prepared using a
novel redox method and their catalytic performance for CO oxi-
dation at ambient temperature under different conditions studied.
This novel redox method allowed for room temperature synthesis

dx.doi.org/10.1016/j.apcatb.2010.06.006
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:steven.suib@uconn.edu
dx.doi.org/10.1016/j.apcatb.2010.06.006
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f amorphous copper manganese oxides with high surface areas,
nd high catalytic activity for CO oxidation at ambient temperature.
n addition, these catalysts showed enhanced resistance to water
oisoning. The structural, morphological, and catalytic properties
f catalysts prepared using the redox method are compared to those
f a commercial Hopcalite catalyst.

. Experimental

.1. Preparation of catalysts

All the chemicals used in this study were of analytical grade, and
ere used without further purification. Amorphous manganese

xide (AMO) catalyst was prepared by the reduction of potas-
ium permanganate (KMnO4, Fisher Scientific) with manganese (II)
cetate tetrahydrate (Mn(CH3COO)2·4H2O, Alfa Aesar). A solution
f Mn(CH3COO)2·4H2O (22.05 g in 50 mL H2O) was added drop-
ise to a solution of KMnO4 (9.48 g in 50 mL H2O) under vigorous

tirring. The resultant precipitate was stirred continuously for 24 h,
ltered, washed, vacuum dried, and ground into powder. The above
rocedure was modified to prepare binary copper manganese
xides by adding 4.61 g of copper (II) nitrate (Cu(NO3)2·2.5H2O,
allinckrodt Baker) to the manganese (II) acetate solution before

eduction. A copper manganese oxide precursor (CuMnOx-A) was
btained after vacuum drying the precipitate. The precursor was
alcined in air for 2 h at 300 ◦C and the resultant sample designated
uMnOx-B. The amount of copper added was varied to synthe-
ize catalysts with nominal copper/manganese molar ratios of 5/95,
0/90, 15/85, 20/80, 30/70, 40/60, and 50/50. A commercial Hop-
alite catalyst (Carulite 300 granular catalyst) was purchased from
arus Chemical Company and used as a reference. The granules
ere crushed into powder and used without any further pretreat-
ent.

.2. Characterization of catalysts

.2.1. X-ray powder diffraction
X-ray powder diffraction patterns of the samples were obtained

sing a Scintag 2000 PDS diffractometer. The wavelength of Cu-
� X-ray radiation used was 1.5418 Å while the beam voltage and
urrent were 45 kV and 40 mA, respectively.

.2.2. Electron microscopy
The morphology of the samples was studied using field emission

canning electron microscopy (FE-SEM) and transmission elec-
ron microscopy (TEM). The FE-SEM micrographs were taken using

Zeiss DSM 982 Gemini microscope equipped with a Schottky
mitter at an accelerating voltage of 10–20 kV and a beam cur-
ent of 1 �A. Samples were prepared for analyses by dispersing
hem in ethanol and coating a monolayer on a gold-coated silicon
afer. TEM images were obtained with a FEI Tecnai T12 TEM at

n accelerating voltage of 200 kV. Powder samples were dispersed
ltrasonically in 2-propanol, and the suspension was deposited on
Quantafoil holey carbon-coated copper grid.

.2.3. BET analysis
The specific surface areas of the samples were determined

sing the Brunauer–Emmett–Teller (BET) method by performing
itrogen sorption measurements using a Micrometrics ASAP 2010

nstrument. The adsorption and desorption experiments were done
t 77 K after initial pretreatment of the samples by degassing at

20 ◦C for 2 h.

.2.4. Energy dispersive X-ray (EDAX) analysis
The chemical composition of the samples was determined

sing a scanning electron microscope (SEM) equipped with an
vironmental 99 (2010) 103–110

AMRAY/LICO Model 9800 energy dispersive X-ray (EDAX) analyzer
at 20.0 kV and an acquisition lifetime of 100 s. An average of val-
ues measured at three random locations was used to determine
the concentration of chemical components. The standardless ZAF
method was used to quantify the elements present in the samples
with an accuracy of ±2%.

2.2.5. Temperature programmed desorption (TPD)
Temperature programmed desorption (TPD) was used to iden-

tify gases adsorbed on the surface of the catalysts after CO oxidation
tests. The catalyst (100 mg) was packed into a quartz tube and
loaded into a tubular furnace controlled by an Omega temperature
controller. The sample was pretreated by flowing UHP He (30 sccm)
for 2 h at 180 ◦C then cooled naturally to room temperature. Subse-
quently, the feed gas (1% CO, 20% O2, 5% N2 in He) was introduced at
a flow rate of 30 sccm and the reaction allowed to proceed for 14 h.
The sample was then purged with UHP He (30 sccm) for about 1 h to
remove any surface physisorbed gases and residual feed gas from
the streams. After purging, the sample was heated under a flow of
He (30 sccm) from room temperature to 500 ◦C at a ramp rate of
10 ◦C/min. The desorbed gases were monitored using a MKS-UTI
PPT quadrupole mass spectrometer.

2.2.6. X-ray photoelectron spectroscopy (XPS) analysis
The binding energies of elements in the samples were deter-

mined using a PerkinElmer Physical Electronics 5300 X-ray
photoelectron spectrometer equipped with a hemispherical ana-
lyzer. Al K� radiation was used at 250 W X-ray power and
a pass energy of 50 eV. The base pressure of the system was
5.0 × 10−9 Torr. The signal from adventitious carbon (assumed to
have a binding energy of 284.6 eV) was used as a reference for
binding energies.

2.2.7. Catalytic activity tests
The catalytic tests were performed in a quartz tubular fixed bed

flow reactor at atmospheric pressure with 100 mg of the catalyst.
All the gases used in this study were purchased from Airgas East
Inc. (Salem, NH), and were of ultra high purity (UHP). The catalysts
were pretreated in flowing He (50 mL/min) at 180 ◦C for 2 h to com-
pletely dry and remove any adsorbed species on the surface. The
gaseous reactants were premixed in a tank and typically consisted
of 1% CO, 2% O2 and 5% N2 in He. Application relevant (i.e. air purifi-
cation systems) tests were performed using 1% CO, 20% O2, 5% N2 in
He. Nitrogen was included in the feed as an internal standard. The
space velocity was varied between 12,000–35,000 mL h−1 gcat

−1

using mass flow controllers. The feed and product gas streams were
analyzed by a SRI 8610C gas chromatograph (GC) equipped with a
6′ molecular sieve, a 6′ silica gel column, and a thermal conductivity
detector (TCD). Catalytic tests with moist feed gas (∼3% H2O) were
done analogously by passing the feed gas through a water bubbler
at room temperature.

3. Results

3.1. Preparation of catalysts

The amount (mol% of the manganese content) of copper incor-
porated into various samples synthesized using the redox method
was determined using EDAX and is shown in Fig. 1. These results
indicate it is not possible to incorporate all copper into the catalysts
beyond 5% loading presumably because Cu2+ ions are not directly

involved in the redox reaction but are trapped in the resultant
amorphous manganese oxide framework.

The excess Cu2+ ions remain in solution and are together with
any weakly bound Cu2+ ions removed from the retentate during the
filtering and washing steps. This is evident from the bluish color
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Table 1
Surface areas of various manganese catalysts.
ig. 1. Calculated and obtained amount of copper (mol%) in samples prepared using
he redox method.

f the filtrates. However, it is possible to obtain reproducible cop-
er loadings using the redox method. There is a linear relationship
inset graph) between calculated (up to 20%) and obtained amounts
f copper in the samples implying it is possible to obtain exact cop-
er loading in this range, using excess amounts of copper where
ecessary.

.2. Powder XRD analysis

The powder XRD patterns of the reference Hopcalite catalyst and
amples prepared using the redox method are shown in Fig. 2. The
eference Hopcalite catalyst, AMO, and copper manganese oxide
amples (CuMnOx-A and CuMnOx-B) prepared using the redox
ethod do not have distinct diffraction peaks implying they are

morphous.
The amorphous nature of these catalysts was confirmed using

mall area electron diffraction (SAED) analysis (vide infra).

.3. Morphology of the catalysts

The morphology of the samples was studied by field emission
canning electron microscopy (FE-SEM) and transmission electron
icroscopy.

Fig. 3(a) shows the FE-SEM image of AMO. The sample is com-

osed of aggregates of nanoparticles. Closer observations of the
MO sample using TEM (Fig. 3(b)) reveals that the aggregates
re composed of fine nanoparticles with a diameter range around

Fig. 2. Powder XRD patterns of various manganese oxide catalysts.
Sample Hopcalite AMO CuMnOx-A CuMnOx-B

Surface area (m2/g) 308 312 376 297

10–15 nm. Commercial Hopcalite, AMO, and copper manganese
oxide samples prepared using the redox method have similar mor-
phologies as shown in Fig. 3(b–d). Selected area electron diffraction
(SAED) patterns (insets) reveal these materials are amorphous due
to lack of diffraction rings or spot patterns, in agreement with pow-
der XRD results.

3.4. Surface area of the catalysts

The BET surface areas (Table 1) of Hopcalite, AMO and the
calcined copper manganese oxide (CuMnOx-B) sample were com-
parable and in the range of 297–312 m2 g−1. Calcining the copper
manganese precursor (CuMnOx-A) led to a significant decrease in
the surface area of the resultant sample (CuMnOx-B).

3.5. Composition of the catalysts

The elemental composition of various manganese oxide cat-
alysts is shown in Table 2. Standardless elemental analysis of
Hopcalite catalyst by EDAX gave a copper/manganese atomic ratio
of 29/67 with small amounts of potassium and calcium. AMO had
the highest amount of manganese and potassium while copper
manganese oxides (CuMnOx-A and CuMnOx-B) prepared by the
redox method had comparable but lower copper content than the
reference Hopcalite catalyst.

These EDAX results (average of values measured at three ran-
dom locations) and the morphological uniformity of the samples
(examined by FE-SEM and TEM) suggest that the elemental com-
position of these samples is homogeneous. Commercial Hopcalite
is usually sold in granular form and contains small amounts of cal-
cium [22]. Calcium is most likely a constituent of the binder used
to make Hopcalite granules [31,32].

3.6. TPD analysis

Temperature programmed desorption (TPD) using the reaction
gas mixture was performed to investigate possible causes of activity
decay with time. As shown in Fig. 4, carbon dioxide desorbs from
the catalyst surface suggesting CO2 retention is one of the processes
responsible for activity decay of catalysts at low temperatures.

In addition, a significant amount of water desorbs from the cata-
lyst surface at about 180 ◦C implying an increase in surface moisture
content could also contribute to activity decay.

3.7. XPS studies
Fig. 5 shows the Mn 2p spectra of Hopcalite and samples pre-
pared using the redox method. The Mn 2p3/2 binding energies
for Hopcalite, AMO, CuMnOx-A and CuMnOx-B were 643.7, 643.4,
643.7, and 642.3 eV, respectively. All these values are higher than

Table 2
Composition of various manganese oxide catalysts.

Sample Composition (at.%)

Mn Cu K Ca

Hopcalite 66.6 29.0 2.9 1.7
AMO 89.0 0 11.0 0
CuMnOx-A 86.1 9.1 4.7 0
CuMnOx-B 86.7 8.9 4.4 0
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Fig. 3. FE-SEM image of: (a) AMO and TEM im

he Mn 2p3/2 binding energy of Mn4+ (642.2 eV) in MnO2 reported in
he literature [33]. The full width at half maximum (FWHM) values
see Table 3) suggests one of the possible reasons for these high
alues is line broadening resulting from multiplet splitting [34].
he small differences in the binding energies of Mn2+, Mn3+, and
n4+ compounded by the aforementioned lines broadening made

t very difficult to precisely determine the oxidation state(s) of Mn
n the samples. We determined the average oxidation state (AOS)

f manganese in AMO to be 3.8 using a potentiometric titration
ethod described in the literature [35,36]. Though not conclusive,

he high binding energy values of Mn 2p3/2 and our redox titration
esults for the AMO sample suggest a mixed valent environment

ig. 4. A representative temperature programmed desorption profile of CuMnOx-A
ample.
f: (b) AMO, (c) CuMnOx-B, and (d) Hopcalite.

with Mn4+ being predominant. More detailed investigations using
a higher resolution XPS are currently in progress to determine the
chemical state of manganese.

The Mn 2p3/2 binding energy of CuMnOx-B is shifted to the lower
energy side relative to the other samples suggesting it has a higher
amount of lower valence manganese ions. Interestingly, CuMnOx-
B is the most active catalyst among those tested in this study (vide
Fig. 6 shows the O 1s spectra of Hopcalite and samples prepared
using the redox method. The O 1s binding energies of Hopcalite,
AMO, CuMnOx-A, and CuMnOx-B are 530.0, 530.3, 530.4, and
529.5 eV, respectively. These binding energies suggest that the

Fig. 5. Mn 2p XPS spectra of Hopcalite and samples prepared using the redox
method.
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Table 3
Binding energies of Mn 2p and the corresponding full width at half maximum
(FWHM) values.

Sample Binding energies (eV)

Mn2p FWHMa

2p3/2 2p1/2 2p3/2 2p1/2

Hopcalite 643.7 654.6 4.9 5.4
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CO, 20% O2 and 5% N2 in helium. AMO showed significantly higher
catalytic activity at low temperatures when the oxygen concen-
tration was increased from 2% to 20% as shown in Fig. 10. Catalytic
conversion of CO at ambient temperature increased from 0% to over
AMO 643.4 654.8 3.4 3.3
CuMnOx-A 643.7 655.1 3.2 3.2
CuMnOx-B 642.3 653.7 3.4 3.3

a Full width at half maximum.

xide (O2−) species are predominantly near the surface of the sam-
les [33,34]. Noticeably, the O 1s binding energy of CuMnOx-B
ample is shifted lower relative to the other three samples sug-
esting a favorable influence on the mobility of lattice oxygen.

It is generally accepted copper exist in the (II) oxidation state
n binary copper manganese oxides [22,28,37]. Fig. 7 shows Cu
p XPS spectra of Hopcalite and CuMnOx-A samples. The bind-

ng energies of Cu 2p3/2 for Hopcalite and CuMnOx-A are 935.6
nd 935.8 eV, respectively. Shake-up peaks (characteristic of Cu2+)
re also present in the spectra. These results indicate that at least
ome of the Cu2+ phase is predominantly in the near surface of the
atalysts.

.8. Catalytic activity

.8.1. Catalytic performance at different temperatures
The catalytic performance of the catalysts for CO oxidation after

h on-stream at each temperature is shown in Fig. 8. A fresh catalyst
as used to test catalytic activity at each temperature. The catalyst

ynthesized using the redox method and calcined in air for 2 h at
00 ◦C (CuMnOx-B) totally oxidized CO at ambient and all subse-
uent temperatures. The precursor catalyst (CuMnOx-A) was less
ctive than CuMnOx-B at low temperatures and only oxidized CO
ompletely at 70 ◦C. On the other hand, the catalytic performance
f AMO and the reference Hopcalite catalyst at low temperatures
as less than that of CuMnOx-A. AMO did not have any observable

atalytic activity at 30 ◦C after 1 h.
The catalytic activity of copper manganese oxides is highly

ependent on the method of synthesis. Depending on the

reparation method, several authors have observed catalytic
ctivity maxima for copper manganese oxide catalysts at a cop-
er/manganese atomic ratio of 10/90, 20/80, and 50/50 [22,26,38].
e decided to initially load our catalysts with about 10% copper

nd found them to be highly active for CO oxidation. To investigate

ig. 6. O 1s XPS spectra of Hopcalite and samples prepared using the redox method.
Fig. 7. Cu 2p XPS spectra of Hopcalite and CuMnOx-A samples.

the effect of copper loading on the catalytic activity of copper man-
ganese oxides synthesized using the redox method, samples with
5, 8.9 (CuMnOx-B), and 14.9% copper content were tested at 25 ◦C.
The CO conversion after 1 h on-stream at 25 ◦C was 21, 100, and
43%, respectively. This suggests a catalytic maximum at a copper
loading of ∼9% for samples prepared using the redox method.

3.8.2. Effect of space velocity
The effect of space velocity on catalytic activity after 1 h on-

stream at each temperature was investigated using AMO. As shown
in Fig. 9, higher conversions were observed at lower space veloci-
ties. AMO completely oxidized CO at 40 ◦C both at space velocities
of 12,000 and 17,500 mL h−1 gcat

−1.

3.8.3. Effect of oxygen concentration in the feed gas
To study the effect of oxygen concentration on catalytic activity

and mimic application relevant conditions (i.e. respiratory protec-
tion), experiments were performed using a feed gas consisting of 1%
20%.

Fig. 8. Effect of temperature on the catalytic performance of various catalysts. Cat-
alyst: 100 mg, space velocity: 35,000 mL h−1 gcat

−1, feed gas: 1% CO, 2% O2, and 5%
N2 in helium.
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for 10 min whereas commercial Hopcalite is known to deactivate
ig. 9. Effect of space velocity on the catalytic activity of AMO. Catalyst: 100 mg,
eed gas: 1% CO, 2% O2, and 5% N2 in helium.

AMO completely converted CO to CO2 at 50 ◦C when the con-
entration of oxygen in the feed was increased to 20%.

.8.4. Stability studies
The catalytic activity of copper manganese oxides prepared

sing the redox method was measured at 25 ◦C for 24 h to deter-
ine their lifetimes. As shown in Fig. 11, CO conversion decreased

radually for both the precursor (CuMnOx-A) and the calcined
CuMnOx-B) catalysts.

However, the calcined catalyst (CuMnOx-B) was significantly

ore stable than the precursor catalyst (CuMnOx-A) and showed

ver 50% CO conversion after 24 h.
The stability of AMO and Hopcalite catalysts was investigated

t 70 ◦C due to their low catalytic performance at ambient temper-

ig. 10. Effect of oxygen concentration on the catalytic activity of AMO. Catalyst:
00 mg, space velocity: 35,000 mL h−1 gcat

−1, feed gas: 1% CO, 20% O2 and 5% N2 in
elium.
Fig. 11. Catalytic activity of CuMnOx-A and CuMnOx-B catalysts as a function of
time at 25 ◦C. Catalyst: 100 mg, space velocity: 35,000 mL h−1 gcat

−1, feed gas: 1%
CO, 20% O2, and 5% N2 in helium.

ature. As shown in Fig. 12, the catalytic activities of both catalysts
decay steadily to about 50% after 24 h.

3.8.5. Effect of moisture
Stability of CO oxidation catalysts under moist air is essential for

respiratory applications. The catalytic performance of catalysts syn-
thesized using the redox method under moist conditions was tested
at ambient temperature. As shown in Fig. 13, catalytic activities
of CuMnOx-A and CuMnOx-B were adversely affected by moisture
(∼3% water).

Notably, these two catalysts were able to resist water poisoning
rapidly under moisture [22]. In addition, the catalytic activities
(at 25 ◦C) of water-poisoned CuMnOx-A and CuMnOx-B samples
were fully restored (see Figure S1 in the Supporting Information)
by treating them in a stream of helium at 180 ◦C for 2 h.

Fig. 12. Catalytic activity of AMO and Hopcalite as a function of time at 70 ◦C. Cata-
lyst: 100 mg, space velocity: 35,000 mL h−1 gcat

−1, feed gas: 1% CO, 2% O2, and 5% N2

in helium.
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Fig. 13. Effect of moisture on the catalytic activity of CuMnOx-A and CuMnOx-B
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atalysts at 25 C. Catalyst: 100 mg, space velocity: 35,000 mL h gcat , feed gas:
% CO, 20% O2, and 5% N2 in helium.

.9. Discussion

The catalytic activity of copper manganese oxides for CO oxida-
ion is influenced by a combination of factors including preparation

ethod, surface area, crystallinity, and the presence of Cu2+ and
n3+ near the surface [22,26,29]. Hopcalite and catalysts prepared

sing the redox method were all found to be amorphous and had
omparable surface areas. Therefore, the differences in catalytic
erformance of these catalysts cannot be solely attributed to sur-
ace area effects.

Tang et al. have recently prepared copper manganese oxide
atalysts using the supercritical antisolvent precipitation method
nd found them to have significantly higher catalytic activity
or CO oxidation compared to conventionally prepared Hopcalite
30]. They attributed the enhancement in catalytic activity to the
anocrystalline and homogeneous nature of the synthesized cat-
lysts, which brings the active components together in the same
hase. Similarly, the high precision of our EDAX measurements
nd the morphological uniformity of the samples (examined by FE-
EM and TEM) suggest that the elemental composition of copper
anganese oxides synthesized using the redox method is homo-

eneous. The nanostructured and homogeneous nature of copper
anganese oxides synthesized using the redox method could

e among the major factors contributing to their high catalytic
ctivity.

Preliminary XPS results suggest the relative amount of Mn2+,
n3+, and Mn4+ in these catalysts could also be essential for cat-

lytic performance. These XPS results suggest the most active
atalyst (CuMnOx-B) had a relatively higher amount of lower
alence manganese and loosely bound lattice oxygen. We are now
arrying out detailed studies using a higher resolution XPS to
esolve the three Mn oxidation states in the near surface of these
atalysts.

The catalytic activity of copper manganese oxides is highly
ependent on synthesis methods. We observed activity maxima
or copper manganese oxide catalysts prepared using the redox

t a copper/manganese atomic ratio of ∼9/91. Other studies have
bserved activity maxima at a copper/manganese atomic ratio of
10/90, ∼20/80, and ∼50/50 [22,26,38].
vironmental 99 (2010) 103–110 109

The low catalytic performance of Hopcalite and AMO at near
ambient temperatures is caused by CO adsorption [39,40]. A clean
surface exposed to a mixture of CO and O2 quickly becomes cov-
ered with CO since CO requires a single vacant adsorption site while
O2 requires two adjacent sites. This prevents O2 adsorption lead-
ing to the observed low catalytic activity, except at low CO to O2
ratios. Consequently, higher catalytic activity at ambient temper-
ature is observed when the concentration of oxygen in the feed
gas is increased or the space velocity decreased. The catalytic reac-
tion is also faster at elevated temperatures because CO desorption
becomes significant allowing for dissociative O2 adsorption.

Our TPD results suggest carbon dioxide retention is the main
cause of catalytic decay. Hoflund et al. observed a correlation
between the rate of decay due to CO2 retention and the magnitude
of catalytic activity increase after outgassing for Au/MnOx catalysts
[2]. Au/MnOx catalysts with larger decay rates outgassed more CO2
and exhibited larger increases in catalytic activity. The catalytic
activity was easily restored by pretreatment to remove adsorbed
carbon dioxide [2].

The presence of water in the feed gas had a marked poisoning
effect on the catalytic activity of CuMnOx-A and CuMnOx-B cat-
alysts. Water is believed to poison the catalyst by adsorbing on
oxygen active sites [28]. However, these two catalysts were able to
resist water poisoning for 10 min whereas commercial Hopcalite
is known to deactivate rapidly under moisture [22]. The catalytic
activity was fully restored by expelling moisture at moderate tem-
perature.

4. Conclusion

Copper manganese oxides have been successfully synthesized
using a novel redox method and their catalytic activity for CO oxida-
tion at ambient temperature evaluated. The redox method allowed
for the synthesis of amorphous catalysts with high surface areas
and high catalytic performance. The catalytic performance of cat-
alysts prepared using the redox method compare favorably with a
commercial Hopcalite catalyst. The most active copper manganese
catalyst (CuMnOx-B) showed a 100% conversion at ambient tem-
perature. The synthesized catalysts have potential applications in
respiratory protection systems. Optimization of these catalysts by
compositional variation or doping is being explored.
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