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Mesostructured Mn3O4 supported Pd catalyst was successfully fabricated through a facile template-

assisted pyrolysis and impregnation strategy. The resulting materials displayed large surface area and 

high dispersion of palladium species, and showed much enhanced catalytic activities for CO oxidation 

especially under moisture atmosphere. For 2.7 wt% Pd loaded catalyst, the temperatures for 100 % and 50 

% CO conversions were measured to be as low as 22 oC and 0 oC (4.0 vol% H2O), respectively. More 10 

importantly, the material showed excellent catalytic stability and no activity loss was found even after the 

reaction for 30 hours. This unique catalytic durability under moisture condition was assigned to the 

synergetic effect between Pd nanoparticles and Mn3O4 support.  

 

Introduction 15 

Over the past decade, the development of low temperature carbon 
monoxide oxidation catalyst has become an important research 
topic due to its wide applications in energy and environmental 
fields, such as hydrogen purification for proton exchange 
membrane fuel cell, automobile emissions controlling, CO gas 20 

detecting, and indoor air cleaning, et al. 1-6 The fundamental 
research about CO oxidation so far is usually under dry condition. 
However, moisture inevitably exists in practical use especially for 
that at low temperature, and plays completely different role in the 
presence/absence of noble metals in CO oxidation process. It 25 

could be a devastatingly poisonous species for transition metal 
oxides or a promoter for noble metal catalysts, which are two 
common types of catalyst for CO oxidation. 7-10 Thus, it is more 
important to study the catalytic behaviour of CO oxidation under 
moisture condition. Up to now, although there are some reports 30 

about highly active Au loaded catalyst which showed much 
higher water residence at low temperature, 11, 12 it still has some 
unsolved deficiencies, such as deactivation in storage and under 
indoor light, sensitiveness to halogen-including compound et al. 
13-16 The catalyst for low temperature CO oxidation under 35 

moisture condition is still expected and in challenge. 
 Compared with Au catalyst, palladium has much stronger anti-
poison properties, and is also promising catalyst for CO 
oxidation, especially for that supported on charge-variable 
transition metal oxides. 17-24 Benefited from the various oxidation 40 

states, charge-variable transition metal oxides possess excellent 
performance in oxygen storage and release which are also critical 
factors for low temperature CO oxidation. When combined with 
Pd nanoparticles, significantly enhanced activity could be 
achieved. Mn3O4 contains two relatively low oxidation state 45 

manganese ions, which not only benefit electron transferring, but 
also possess much higher oxygen storage and release capacity. It 
is therefore expected that mesoporous Mn3O4 supported Pd 
catalyst should give the excellent catalyst for CO oxidation under 
moisture condition. 50 

 In this paper, mesoporous Mn3O4 material was prepared by 
template-assisted pyrolysis method, and Pd nanoparticles were 
confined within the mesostructure of Mn3O4 matrix through 
improved impregnation and in-situ reduction strategy. The 
catalytic activities and water resistance for the resulting 55 

Pd/Mn3O4 materials were investigated by CO oxidation reaction 
under different reaction conditions. The CO oxidation mechanism 
upon Pd/Mn3O4 catalyst was also discussed in detail. 

Experimental section 

Synthesis of mesoporous Mn3O4  60 

1.0 g poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene 
glycol) (P123) and 0.01 M Mn(NO3)2 was successively added to 
10 ml anhydrous ethanol under vigorously stirring for 60 min. 
Then the mixture was transferred to an oven for complete solvent 
evaporation at 60 oC for 48 h. The resulting xerogel was calcined 65 

at 500 oC for 1 h to remove the template. 

Synthesis of supported Pd/Mn3O4 catalysts  

A series of mesoporous Mn3O4 supported Pd catalysts were 
synthesized through impregnation and reduction procedure. In a 
typical synthesis, 0.5 g mesoporous Mn3O4 material was added in 70 

25 ml aqueous solution containing calculated content of Na2PdCl4 
and stirred for 2 h. Then 100 ml 0.1 M hydrazine hydrate 
(NH2·NH2·H2O) was added and stirred for 12 h. The resulting 
solid mass was collected through centrifugation, washed with 
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water and dried at 60 oC for 24 h. 

CO oxidation test  

The catalytic test for CO oxidation was carried out in fixed-bed 
quartz tubular reactor (i.d. = 6 mm) containing 200 mg of catalyst 
samples without any pre-treatment. A standard reaction gas 5 

containing 1.0 vol% CO, 20.0 vol% O2 and high-purity N2 
(99.99%) gas used as sources to form desired gas mixture. The 
feed gas at a flow rate of 50 ml min-1 was introduced into the 
reactor using mass-flow controllers, corresponding to a space 
velocity of 15000 ml h-1 gcat

-1. After the steady operation for 10 10 

min, the activity of catalyst was tested. The conversion of CO 
was measured by online gas chromatograph (GC) equipped with 
a FID under steady-state conditions. The composition of the 
influent and effluent gas was first separated by a TDX-01 
column. Then, the CO and CO2 gas were catalytically converted 15 

to CH4 by a Ni catalyst prior to the FID measurement. The 
reaction temperature was monitored by a thermocouple placed in 
the middle of the catalyst bed. The activity of the catalyst in the 
presence of moisture condition was tested by passing the feed gas 
of 1.0 vol% CO at a flow rate of 50 ml min-1 through a water 20 

vapor saturator directly introduced into the catalyst bed.  

Results and discussion 

The actual contents of Pd in the mesostructured Pd/Mn3O4 
materials were determined by the ICP-AES technique to be 1.1, 
2.7 and 3.2 wt%. Although the Pd loading contents were 25 

somewhat lower than the initial values, most of the Pd in the 
aqueous solution have been deposited into or on the mesoporous 
Mn3O4 support. 

 
Figure 1. The XRD patterns of Mn3O4 support (a) and Pd/Mn3O4 30 

catalysts with different Pd loading contents: 1.1 wt% (b), 2.7 wt% (c), 3.2 
wt% (d). 

 The crystalline structures of these materials were first 
characterized by X-ray diffraction (XRD) analysis. Figure 1 
depicts the XRD pattern of the obtained mesoporous Mn3O4. 35 

There is not any diffraction peaks in the small angle range 
indicating the disordered pore arrangement. However, a series of 
sharp and symmetrical Bragg diffraction peaks can be found in 
wide angle area, which demonstrates the well crystallized feature. 
All the peaks in the pattern can be well assigned as the 40 

characteristic reflection planes of tetragonal Mn3O4. No 
additional peaks from impurity can be found. Besides, the lattice 
constants, a = 5.753 Å and c = 9.436 Å, are also in agreement 

well with those of bulk Mn3O4 (PDF card no. 80-0382). When 
loaded with Pd, a peak emerged at 2θ = 40o which can be 45 

identified as (111) diffraction bands of face-centered cubic 
structure palladium (PDF card no. 65-6174). The diffraction 
intensity increases with the increase of Pd loading content. It 
should be noted that all the characteristic peaks of metallic Pd 
were broadened and weak indicating the highly dispersed 50 

amorphous or small palladium nanoparticles. However, due to the 
partial overlapping between diffraction peaks of Pd (111) and 
Mn3O4 (004), it is difficult to estimate the palladium particle size 
using the Scherrer equation. 

 55 

Figure 2. TEM images of Mn3O4 support (A) and Pd/Mn3O4 catalysts 
with different Pd loading contents: 1.1 wt% (B), 2.7 wt% (C) 3.2 wt% (D). 

 To get the details of the morphology and Pd distribution, the 
materials were examined with Transmission Electron microscopy 
(TEM). Figure 2 shows the TEM results of the mesostructured 60 

Mn3O4 support and Pd-loaded catalysts. For Pd-loaded catalysts, 
the Pd particles cannot be distinguished in the images, suggesting 
that the noble metal species have been highly dispersed into or on 
the mesoporous Mn3O4 support. The Selected-area-electron 
diffraction (SAED) patterns from the same area are also presented 65 

in the images. The well-defined diffraction rings for Mn3O4 can 
be found in all the samples. The relatively faint and disintegrated 
diffraction ring indicates its very low crystallinity and/or small 
size, which consists well with the above XRD results. The further 
High Resolution Transmission Electron microscopy (HRTEM) 70 

investigation clearly shows that the catalysts are composed of 
crystallized Mn3O4 and poorly crystallized Pd nanoparticles 
(Supporting information). Nanocrystals with different lattice d-
spacing values can be found all over the image. Except for those 
with the d-spacing 2.2 Å assignable to Pd crystallite, all of them 75 

can be identified as Mn3O4 nanoparticles. The average size of 
Mn3O4, collected from over 10 different particles, was calculated 
to be 18 nm. Meanwhile, the highly dispersed Pd nanoparticles on 
the Mn3O4 support were mostly smaller than 10 nm. The 
template-assisted pyrolysis and impregnation method has been 80 

proved to be effective in fabricating noble metal-loaded Mn3O4 

composite catalysts with noble metal nanoparticles 
homogeneously deposited into/on the polycrystalline Mn3O4 

support. 

The porous structure of the samples was further investigated by 85 

measuring adsorption-desorption isotherms of nitrogen at 77 K, 
as shown in Figure 3. In all the cases, the typical Langmuir IV 
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isotherms with H3 hysteresis loops indicate their porous structure 
and the formation of slit-like mesopores. The mesoporous 
structure of the Mn3O4 support has not changed even after 
impregnation and reduction treatment. However, different 

 5 

Figure 3. The N2 adsorption-desorption isotherms of Mn3O4 support (A) 
and Pd/Mn3O4 catalysts with different Pd loading contents: 1.1 wt% (B), 
2.7 wt% (C), 3.2 wt% (D). 

from other loading processes reported, their specific surface areas 
increase after the loading of palladium. Meanwhile, the pore size 10 

and pore volume of the Pd/Mn3O4 samples do not change 
significantly at increased Pd loading amounts (Supporting 
information). These results demonstrate that palladium 
nanoparticles have been highly dispersed into the pore channels 
and/or on the surface of the support, which is important to allow 15 

reactant molecules to diffuse into the mesostructure and access 
the catalytic nanoparticles. 
 X-ray photoelectron spectroscopy analysis (XPS) was used to 
determine surface chemical states of the species for meso-
structured Mn3O4 and its Pd-loaded catalysts, as shown in Figure 20 

4. For all the samples, there are two binding energy positions 
observed for Mn 2p3/2 (642.4 eV) and Mn 2p1/2 (654.0 eV) 
(Figure 4A). The detailed resolution of Mn 2p3/2 spectrum could 
produce three characteristic peaks at about 640.2 eV, 641.5 eV 
and 643.5 eV, corresponding to Mn2+, Mn3+ and Mn4+, 25 

respectively. 25, 26 From the calculated contents of different 
manganese species (Supporting information), it clearly indicates 
the surface manganese are mainly Mn3+ and Mn4+ and the content 
of Mn2+ species is as low as about 1%. This may due to the partial 
oxidation of surface manganese species when exposed to the air. 30 

The O 1s spectra recorded from these support and catalysts are 
also shown in Figure 4B. By means of deconvolution, the 
distribution of oxygen species was estimated and depicted. There 
are two kinds of oxygen species, the one at 530.4 eV is typical of 
metal-oxygen bonding, and the other at 531.5 eV and 532.3 eV is 35 

usually associated with the surface adsorbed oxygen. 27 With the 

 
Figure 4. (A-C) The XPS spectra of Mn3O4 support (a) and Pd/Mn3O4 catalysts with different Pd loading contents: 1.1 wt% (b), 2.7 wt% (c), 3.2 wt% 
(d), (D-F) The XPS spectra of 2.7 wt% Pd loaded Pd/Mn3O4 catalyst before (e) and after reaction under dry condition (f), after reaction under moisture 
condition (g). 40 
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increase of Pd loading amount, the content of lattice O decreases, 
which may attributed to the highly dispersed Pd nanoparticles on 
the Mn3O4 surface. Typically, Pd0 adsorptions are at 335.0 and 
340.3 eV are for 3d5/2 and 3d3/2, respectively, with a spin-orbit 
separation of 4.7 eV. In three Pd/Mn3O4 samples, Pd 3d5/2 and 5 

3d3/2 absorption peaks are all at slightly higher energy than that of 
Pd0, implying the existence of small amount of positively charged 
Pd. After curve fitting, the calculated contents of Pd0 and Pd2+ are 
about 90% and 10%, respectively. This clearly confirms that most 
of the Pd2+ ions in the surface have been reduced to Pd0 by 10 

hydrazine hydrate. 

Table 1. The surface atomic ratios determined by quantitative XPS 
analysis for 2.7 wt% Pd loaded catalyst before and after reaction. 

Phase 
Binding 

Energy (eV) 

Fresh 
catalyst 

(%) 

After 
reactionc 

(%) 

After 
reactiond 

(%) 
Mn2+ 

Mn3+ 

Mn4+ 

Pd0 

Pd2+ 

Olatt 
a 

Oads 
b 

640.2 
641.5 
643.5 

335. 8 341.1 
337.9 343.1 

530.4 
531.5  532.3 

0.2 
77.2 
22.6 
90.1 
9.9 

57.5 
42.5 

6.4 
63.7 
27.8 
71.4 
28.6 
8.9 

91.1 

1.1 
70.1 
28.8 
82.2 
17.8 
54.9 
45.1 

a the lattice oxygen,  b the oxygen absorbed on the surface of the catalyst, 
c after reaction under dry condition, d after reaction under moisture 15 

condition. 

 
Figure 5. The H2-TPR profiles of Mn3O4 support (a) and Pd/Mn3O4 
catalysts with different Pd loading contents: 1.1 wt% (b), 2.7 wt% (c), 3.2 
wt% (d). 20 

 H2-Temperature-Programed Reduction (H2-TPR) experiments 
were carried out to investigate the redox properties of various 
Mn3O4 supported palladium catalysts. Figure 5 shows the 
reduction profiles of the catalysts, and for comparison, the TPR 
profile of the parent Mn3O4 is also included. It has been well 25 

documented that the manganese oxides could be reduced between 
300 oC and 600 oC. Not surprisingly, the mesoporous Mn3O4 
support exhibits two reduction peaks, one at 380 oC and the other 
at 550 oC, indicating the stepwise reduction of manganese. 28-30 
According to the literatures, the lower temperature peak may be 30 

roughly attributed to the reduction of Mn4+ to Mn3+, whereas the 
higher one can be assigned as the consecutive reduction of Mn3+ 
to Mn2+. This result corresponds well with the above XPS 
analysis. When incorporated with palladium two reduction peaks 
shift to lower temperatures, and such a shift is related with spill 35 

over effect involving either hydrogen activated on the metal 
phase or mobile lattice oxygen induced by intimate metal-support 
interactions. 7 The significant low-temperature reduction feature 

strongly suggests that the manganese oxide substrate has been 
‘activated’ to a large extent in the Pd/Mn3O4 catalyst by Pd 40 

loading. 

 

 
Figure 6. (A) The catalytic performances of Mn3O4 support and 
Pd/Mn3O4 catalysts with different Pd loading contents. (B) The stability 45 

of 2.7 wt% Pd loaded catalyst under dry condition at different 
temperatures. 

 The catalytic performances of mesoporous Mn3O4 and the 
corresponding mesostructured Pd loaded samples for CO 
oxidation are shown in Figure 6A, where the CO conversion is 50 

reported as a function of temperature. The mesoporous Mn3O4 
support do not show any detectable catalytic activity when 
temperature lower than 100 oC. After incorporated with 
palladium, the activity for CO oxidation, as expected, is increased 
greatly which are notably higher than the Mn3O4 support. Under 55 

the same reaction condition, when the Pd loading content 
increases from 1.1 wt% to 2.7 wt%, the CO total conversion 
temperature accordingly decreases from 30 oC to 25 oC. 
However, further increasing the Pd content does not produce 
additional decrease of the conversion temperature. When the 60 

incorporated Pd content reaches to 3.2 wt%, the catalytic 
performance is almost the same as that of 2.7 wt%. This may be 
concerned with the size and distribution of the Pd nanoparticles in 
the catalysts, as shown in XRD analysis. Compared with other 
MnOx supported Pd catalysts, all the samples exhibit excellent 65 

catalytic activity for CO oxidation. 31, 32  
 Figure 4D-F also gives the surface chemical information for 
2.7 wt% Pd loaded catalyst before and after CO oxidation. After 
CO oxidation reaction, there are variations in the valence states of 
Mnn+ and lattice oxygen, the amounts of Mn2+ and surface 70 

absorbed oxygen increase while those of Mn3+ and lattice oxygen 
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Mn2+→Mn3++e-; 1/2 O2+e-→O-;  

CO→CO++e-; Mn3++e-→Mn2+; 

CO++O-→CO2; Mn2+→Mn3++e-; Mn3++e-→Mn2+; 5 

Scheme 1 The possible mechanism of Pd/Mn3O4 catalyst for CO 
oxidation reaction under dry condition. 

decrease accordingly (Table 1). This phenomenon implies the 
take place of direct or indirect electron transfer processes among 
Mnn+ and participation of the lattice oxygen in the reaction during 10 

the CO oxidation process. Compared with other MnOx supported 
Pd catalysts, Pd/Mn3O4 material showed much higher catalytic 
activities. 31, 32 Thus, the unique small amount of Mn2+ species of 
Mn3O4 support is considered to be a key factor for this excellent 
catalytic activity. The proposed synergetic catalytic effect on the 15 

catalytic oxidation of CO is illustrated in Scheme 1. In the 
proposed route, Pd particle adsorbs the CO molecule and captures 
one electron from it, and then delivers the electron to surface 
Mn3+ ion of the support, in the meantime, Mn3+ is reduced to 
Mn2+ and CO is activated into CO+ species. The reaction between 20 

activated CO+ species and lattice O leads to the quick formation 
of CO2 on the interface between Pd and support leaving O vacant 
in the Mn3O4 structure. Meanwhile, Mn2+ of the support absorbs 
the O2 molecular and donates an electron to the O atom, in the 
meantime, Mn2+ becomes Mn3+ and O2 is turned to absorbed O- 25 

species, which finally fill the O vacant in the support through 
diffusion. After electron transfer between Mn3+ and Mn2+, 
Pd/Mn3O4 catalyst could recover its initial state. 
 It is worth to point out that the diffusion process of surface 
absorbed O- ions to the lattice structure is always slower than that 30 

of absorption, ionization and reaction process. Thus, under the 
high CO concentration and given temperature, when the lattice 
oxygen on the interface was consumed completely, the 
conversion should be decreased until a new balance established 
between the consumption of the lattice O and diffusion of surface 35 

absorbed O- to the lattice. Catalytic stabilities experiment under 
dry condition proved our above speculation (Figure 6B). At 5 oC, 
the catalytic activity of 2.7 wt% Pd loaded catalyst kept 
unchanged in the first 3 hours, sequential reaction caused gradual 
decrease of CO conversion. 16 hours later, when consumption of 40 

the lattice O equal to the diffusion of surface absorbed O- to the 
lattice, CO conversion remained stable again. Similar result could 
also be formed in CO conversion curves at 60 oC. 
 Water is almost unavoidable in CO oxidation process 
especially in practical applications. It plays completely different 45 

role in the presence or absence of noble metal or transition metal 
oxide, which are the two most common types of catalysts for CO 
oxidation. On one hand, it can be a devastatingly poisonous 
species for transition metal oxide, the best example being the 
water-induced deactivation of Co3O4. On the other hand, a 50 

moderate amount of water on the surface of noble metals such as 
Au, Pt and Pd, can promote low-temperature CO oxidation due to 
the large amount of OH group induced by water molecules. A 
proposed mechanism indicates that formation of the COOH 
intermediate on the surface of noble metal is the key factor for 55 

H2O assisted CO oxidation reaction. 7 

 

 
Figure 7. (A) The catalytic performances of 2.7 wt% Pd loaded catalyst 
under different conditions. (B) The catalytic stability of 2.7 wt% Pd 60 

loaded catalyst under moisture condition at 35 oC. (The water 
concentration in the feed gas is 4.0 vol%). 

 In Pd/Mn3O4 catalyst system, H2O was found to be beneficial 
to the CO oxidation. The 2.7 wt% Pd loaded Mn3O4 catalyst was 
selected to test under moisture condition. The catalyst shows 65 

increased catalytic activities in CO oxidation compared with that 
under dry reaction condition (Figure 7A). The 100% conversion 
temperature decrease to 22 oC and that for 50% conversion (T50) 
is as lower as 0 oC. Figure 7B depicts the catalytic stability for 
CO oxidation under moisture condition, no activity loss for CO 70 

conversion can be observed even after 30 hours of reaction, 
indicating the excellent stability of the composite catalyst under 
moisture condition. Based on above mechanism under dry 
condition and combined with XPS analysis results of the catalyst 
before and after reaction under moisture condition, the proposed 75 

synergetic effect mechanism is showed in Scheme 2. 
 Under the presence of moisture, H2O directly participates in 
the CO oxidation reaction and lattice oxygen of the support 
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Mn3O4 does not. As there is no significant variation of the content 
of lattice O before and after reaction (Table 1), reaction 
mechanism under moisture condition can be proposed as follows. 

 
 5 

Mn2+→Mn3++e-; 1/2 O2+e-→O-;  

CO→CO++e-; Mn3++e-→Mn2+; H2O→OH-+H+; 

CO++OH-→COOH; COOH→CO2+H·; H·+H++O-→H2O; 

Mn2+→Mn3++e-; Mn3++e-→Mn2+; 

Scheme 2 The possible mechanism of Pd/Mn3O4 catalyst for CO 10 

oxidation reaction under moisture condition. 

The Pd activated CO+ species reacted with OH- to form very 
reactive adsorbed intermediate, COOH, and then decomposed to 
CO2 and H·. On the other hand, the O- species supplied by Mn3O4

 

support absorbed O2 molecular combined with H· and H+ to form 15 

H2O. In this mechanism, the CO2 formation reaction only 
occurred on the surface of palladium, which avoid the contact 
between CO2 and transition metal oxide and further prevent the 
formation of carbonates. Therefore, in spite of the existence of 
H2O, the catalytic activity could keep stable during the CO 20 

oxidation process. 

Conclusions 

Mesostructured Mn3O4 supported Pd catalyst has been 
successfully fabricated through a facile template-assisted 
pyrolysis and impregnation strategy. The resulting materials 25 

possessed relatively high surface area and highly dispersed 
palladium species, and showed high catalytic activities for CO 
oxidation especially under moisture condition. For 2.7 wt% Pd 
loaded catalyst, the 100% conversion temperature was about 22 
oC and that for 50% conversion was as lower as 0 oC. More 30 

important, the material showed excellent stability under moisture 
condition. The catalytic activity had not any decrease for CO 
conversion even after 30 hours reaction. This unique catalytic 
durability can be assigned to the synergetic effect between Pd 
nanoparticles and Mn3O4 support. The existence of small amount 35 

of surface Mn2+ species may be the key factor for this excellent 
catalytic activity. 
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The as synthesized Pd/Mn3O4 catalysts possess relatively high surface area and highly dispersed 

palladium species, and show much higher catalytic activity and stability for CO oxidation 

especially under moisture condition. 
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