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Abstract 

KMn/Al2O3 catalysts with different K:Mn molar ratios were synthesized by a facile 

impregnation method and attempted for CO oxidation. The correlation in between  

potassium-dopant amount and  the structure/ catalytic activity of KMn/Al2O3 catalysts were 

investigated. Doping small amount of potassium (K:Mn mole ratio less than 1:10) to 

Mn/Al2O3 catalyst efficiently enhanced the catalytic activity of Mn/Al2O3 catalyst. We found 

that the K1Mn10/Al2O3 catalyst exhibited the best CO oxidation activity with the TOF of 

1.510-3 s-1 for 100% CO conversion at 260 oC, which is 50 oC lower than that on Mn/Al2O3 

catalyst. However, excessive amounts of potassium led to β-to-α-MnO2 phase transformation 

and poor catalytic performance. DFT calculations combined with multiple characterization 

techniques were performed to provide a deep insight into the K-doping effect. The results 

suggested that the addition of an appropriate amount of potassium to Mn/Al2O3 catalyst 

improved the dispersion of manganese oxide, the mobility and reactivity of surface lattice 

oxygen, thus significantly improved the catalyst activity.  
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Introduction 

The catalytic oxidation of CO has been identified as an important reaction because of its 

wide applications in indoor air quality, gas sensors, CO2 lasers, and automobile exhaust 

treatment [1, 2]. Although many studies have been devoted to the catalytic oxidation of CO 

using noble-metal catalysts such as Au/TiO2, Au/ZrO2 and Pt/SnO2 [3-5], it is still greatly 

desired to explore the use of less-expensive metal oxide catalysts with high activity and 
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stability. In particular, manganese oxides attracted attention not only because of their 

low-cost and environmentally friendly nature, but also their physical and chemical 

characteristics [6]. Manganese can exist in more than five stable and easily transformed 

oxidation states with multiple structural forms over a wide range of temperatures. Manganese 

oxides have been reported in several catalytic applications due to their highly efficient redox 

properties [7], and the catalytic performances can be more effective in the presence of other 

elemental dopants [8-11]. The improved catalytic activity observed in these modified 

manganese oxide catalysts was associated to the structure of the active component and the 

high mobility and availability of lattice oxygen [9, 12]. 

The positive effect of alkali metal doping has been observed in various heterogeneous 

catalysts [13-19]. It was reported that alkali-metal was able to enhance CO oxidation rate and 

decreased light-off temperatures for PdO/SnO2[16]. Wang et al. found that the electron 

transfer between the Na+ species and Pt nanoparticles played an important role in enhancing 

the CO-PROX performance for Na+-intercalated carbon nanotubes-supported platinum 

nanoparticles [17]. Very recently, the addition of alkaline earth metal oxide was reported to 

promote CO oxidation over Au nanoparticles supported by TiO2 [19]. Apart from CO 

oxidation reaction, alkali-metal doping effects were also explored for other important 

chemical reactions. For instance, Pasha and co-workers [13] reported that adding Cs led to 

the change in the electronic properties of NiO and thus enhanced the catalytic activity in the 

direct decomposition of N2O. Doping basic promoters, e.g., alkali metal oxide or hydroxide, 

to a Ru/MgO catalyst afforded a significantly improved catalytic activity for ammonia 

synthesis [14]. In addition, a reaction pathway change, from allylic oxidation to epoxidation, 

was revealed in the oxidation of propylene with N2O over Fe-MFI and Fe-MCM-41 catalysts 

modified by K+ [15].  

Previously, the remarkably improved catalytic activity of benzyl alcohol oxidation was 
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observed when modifying the Mn/AC catalyst with potassium ions [20]. The role of adding 

potassium has been evidenced to induce a large distortion of the Mn octahedral coordination 

with coexistence of Mn2+ and Mn3+. In this work, KMn/Al2O3 catalysts with different K:Mn 

molar ratios were prepared and the catalytic activities were studied in CO oxidation. We 

provide experimental evidence that K doping induces a structural phase transformation and 

there is a correlation among doping amount– manganese oxide phases– catalytic performance. 

To provide insight into the K-doping effect, DFT calculations as well as multiple analytical 

and characterization techniques were used to investigate the structure, active sites and the 

reactivity of the MnO2 catalyst surface. 

Experimental 

The γ-Al2O3 support with surface area of 193 m2·g-1 was prepared by precipitating 

Al(NO3)3·9H2O with NH3·H2O at pH of 9.0, followed by calcining at 500 oC for 3 h in air. 

KMn/Al2O3 catalysts with a theoretical manganese loading of 10.0 wt% were prepared by an 

incipient wetness method. Typically, a calculated amount of potassium nitrate (Sigma- 

Aldrich, 99.0%) and manganese nitrate (Fluka, ≥97.0%) was dissolved in 20 mL distilled 

water and mixed with 1.0 g of γ-Al2O3 support. The excess water was slowly evaporated in a 

water bath under continuous stirring. The residues were further dried overnight in a vacuum 

oven at 100 oC and then calcined at 500 oC for 3 h in air. The actual manganese loading in 

each sample was measured by inductively coupled plasma-mass spectrometry (ICP-MS) and 

the results were listed in Table 3. 

Powder XRD patterns were collected on a Bruker Advance 8 X-ray diffractometer 

equipped with a rotating anode using Cu Kα radiation (λ= 0.154 nm) at a beam voltage of 40 

kV and a 40 mA of beam current. N2 physisorption isotherms were measured at -196 oC using 

a Micromeritics ASAP 2020 system. Prior to the measurement, the sample was degassed at 

300 oC under vacuum. The specific surface area was calculated by Brunauer-Emmett-Teller 
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(BET) method. The XPS measurement was carried out on a PHI Quantera II Scanning ESCA 

Microprobe equipment (Physical Electronics) using Al-Kα radiation. The binding energy was 

calibrated using a C1s photoelectron peak at 284.6 eV as a reference. The surface 

composition was determined through the peak areas and the sensitive factors presented by 

Physical Electronics.  

The O2-TPD measurements were carried out with a fixed-bed quartz tubular reactor 

equipped with a quadrupole mass spectrometer (Omnistar, Balzers). The sample (200 mg) 

was loaded and heated to 300 oC in the He flow (30 mL·min-1) and kept at this temperature 

for 30 min. After cooling to room temperature, the O2 flow (30 mL·min-1) was passed 

through the sample for 30 min and then the sample was purged with He (30 mL·min-1) for 1 h. 

After that, the reactor was heated to 900 oC with a ramp of 10 oC·min-1 in the He flow (30 

mL·min-1). The desorbed O2 was monitored by the mass spectrometer.  

The reducibility of Mn species supported on alumina was investigated by H2-TPR using 

the flow system equipped with a thermal conductivity detector (TCD). Prior to each H2-TPR 

run, 100 mg of sample was purged by ultra-zero grade air at 500 oC for 1 h and cooled down 

to room temperature. The gas flow was switched to 5 vol.% hydrogen in argon balance (30 

mL·min-1), and the base line was monitored until stable. After baseline stabilization, the 

sample cell was heated at 10 oC·min-1 ramping rate to 800 oC. 

The CO oxidation activity was measured in a quartz tubular (inner diameter 9 mm) 

fixed-bed reactor under atmospheric pressure. The catalyst (100 mg) was loaded in the 

reactor. The reaction temperature was monitored by a thermocouple placed in the middle of 

the catalyst bed. A reaction gas consisting of 1 vol.% CO and 99 vol.% air was fed at a rate of 

40 mL·min-1, corresponding to a space velocity of 24000 mL·gcat
-1·h-1. The CO and CO2 were 

converted into methane and analyzed by an online GC (OuhuaGC9160) equipped with an 

FID detector.  
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Computational details 

DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP) 

[21, 22] in which a plane-wave basis set is used. The electron-ion interaction was modelled 

by the projector-augmented wave (PAW) method [23, 24]. The spin-polarized GGA 

(generalized-gradient approximation) scheme with the Perdew-Burke-Enzerhoff (PBE) form 

was used for the exchange and correlation functional [25]. The plane-wave cutoff energy was 

set to 400 eV. The rotationally invariant DFT+U method was applied to treat the on-site 

coulomb interaction of d electrons in Mn ions [26]. Here, the effective U-J value was set to 

4.5 eV, which has been validated from previous work to study manganese oxide surfaces 

[27]. 

As the structural phase transformation can be observed in the experiment, both α-MnO2 

and β-MnO2 were considered in our calculations. Antiferromagnetic order was adopted for 

the bulk structures [28]. 3x3x9 and 6x6x9 k-point mesh with Monkhorst-Pack scheme were 

used for α-MnO2 and β-MnO2, respectively. The calculated lattice parameters are in good 

agreement with the experimental values (see Table1) [29, 30].  

The(1x3) α-MnO2 (100) surface and the (2x3) β-MnO2 (110) surface were selected to 

study surface adsorption and reactions as they have the lowest surface energy in α-MnO2 and 

β-MnO2, respectively [31, 32]. Oxide surfaces were simulated using a slab super cell 

approach with periodic boundary conditions. All surface calculations were performed in a 

ferromagnetic configuration. As shown in Figure 1 (a), the β-MnO2 (110) surface was 

modeled using a symmetric slab with three Mn-O layers and six O layers with the bottom 

three layers frozen. As shown in Figure 1 (c), the two units of Mn-O form a ring. The 

α-MnO2 (100) slab contains three units of Mn-O and the bottom unit was fixed. On the 
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β-MnO2 (110) surface, there are two types of surface O sites, including bridge O (Obr) and 

in-plane O (OIP), and two types of surface Mn sites, including Mn5c (Mn is in five-fold 

coordination) and Mn6c (Mnis in six-fold coordination). Analogously, on α-MnO2 (100) 

surface, we can find bridge O (Obr), three types of in-plane O (OIP1, OIP2, OIP3), Mn5c and 

Mn6c. In this work, a vacuum region of 10 Å was used. 3x3x1 and 3x2x1 k-point mesh with 

Monkhorst-Pack scheme were adopted for α-MnO2 (100) and β-MnO2 (110) surface 

calculations, respectively. All transition states (TSs) were located using constrained 

minimization techniques [33]. 

In this work, we studied the adsorption behavior of K atom and reactant molecules on 

MnO2 surfaces. The adsorption energy is defined as Ead = Eslab+A – Eslab- EA, where Eslab+A is 

the total energy of the slab with adsorbate, Eslab is the energy of the α-MnO2 (100) or the 

β-MnO2 (110) surface, and EA stands for the energy of isolated adsorbate. By definition, a 

negative value corresponds to exothermic adsorption. In addition, in order to determine the 

most stable O vacancy, we calculated the relative energy of removing one lattice O from 

MnO2 surface, where the total energy of the defect surface with an OIP vacancy is set as a 

reference. As shown in Table 2, Obr is easiest to remove whether on the β-MnO2 (110) surface 

or on the α-MnO2 (100) surface. 

Results and discussions 

Figure 2 presents the conversions of CO over different alkali metal-doped Mn catalysts. 

The catalytic activity for the complete oxidation of CO follows the sequence: CaMn/Al2O3< 

MgMn/Al2O3, LiMn/Al2O3 < NaMn/Al2O3 < Mn/Al2O3 < KMn/Al2O3. This trend in catalytic 

activity can be related with the size and charge of the ions in manganese oxide (higher ratio 

resulted in higher activity). The characterizations of XRD and H2-TPR (see Figure S1 and S2) 

showed that doping potassium to Mn/Al2O3 catalyst can obviously improve the dispersion 
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and reducibility of Mn species on the surface of the catalyst. These observed results suggest 

that K is a better promoter in this particular reaction. The effects of K:Mn molar ratio on the 

catalytic activity for CO oxidation were shown in Figure 3 and S3. Doping potassium ions 

significantly affected the catalytic activity of Mn/Al2O3 catalyst. The CO conversion over 

KMn/Al2O3 catalyst initially increased by adding potassium dopant, and subsequently 

declined with further increasing the K:Mn molar ratio. The K1Mn10/Al2O3 catalyst exhibited 

the best CO oxidation activity with TOF of 1.510-3 s-1 (100% of CO converted into CO2) at 

260 oC, which was 50 oC lower than that the required temperature for 100% CO conversion 

using Mn/Al2O3 catalyst.  

The BET surface areas of KMn/Al2O3 samples were shown in Table 3. Compared with 

alumina support, the surface area of Mn/Al2O3 sample slightly decreased. Deposit of small 

manganese oxide particles on the walls and/or in the mouth of the pores of alumina may 

account for the decrease. The BET surface areas of KMn/Al2O3 samples were similar to that 

of the Mn/Al2O3 sample. Therefore, doping potassium had no significant influence on the 

surface area of the catalyst. 

Figure 4 showed the XRD patterns of KMn/Al2O3 samples. Diffraction peaks at 2θ = 29 

o, 37 o, 43 o, 57o and 59o ascribed to crystalline β-MnO2 (JCDS 24-0735) can be observed 

after supporting manganese oxides on alumina surfaces. When doping a small amount of 

potassium ions (K:Mn mole ratio less than 1:10) to the Mn/Al2O3 sample, the intensity of 

diffraction peaks assignable to crystalline β-MnO2 greatly decreased, revealing that doping 

potassium promoted the dispersion of active Mn species with low crystallinity on the surface 

of the catalyst. Structure defects associated with the poor crystallinity led to the presence of 

oxygen vacancies in the KMn/Al2O3 sample [34]. The oxygen vacancies were generally 

recognized as adsorption-desorption centers for oxygen from the gaseous phases and 
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consequently acted as active sites in oxidation reactions [35]. When increasing the K:Mn 

mole ratio to 1:2, new diffraction peaks at 2θ = 13o, 18o, 50o and 60o assignable to crystalline 

α-MnO2 (JCDS 44-0141) appeared, indicating that excessive amounts of potassium resulted 

in the formation of α-MnO2. [ZJ(1] 

The MnO2-based materials are made up of MnO6 octahedra, which join either corner 

-to-corner or edge-to-edge to form β-MnO2 with (1x1) tunnel and α-MnO2 with (2x2) tunnel, 

respectively [28]. In the (1x1) tunnel of β-MnO2, the longest O-O bond length is only 3.175 

Å, thus, it is not big enough to encompass a potassium atom. Our DFT calculations indicated 

that the addition of K atom leads to the large surface distortion and the surface Mn-O bond 

broken. Cockayne et al. studied K doping in bulk β-MnO2 and had similar findings [28]. 

Apart from interstitial position, K atom is able to absorb on top of the surface. We considered 

two adsorption sites, including the top site (on top of Obr) and bridge site (in between of two 

Obr). We found that the surface adsorption of K atom is energetically more favorable than the 

interstitial adsorption. The total energy is lowered by at least 6.03 eV. Comparing the top site 

(Ead = -4.53 eV) and the bridge site (Ead = -4.75 eV), adsorption at the bridge site is more 

stable by 0.22 eV. Therefore, K atom would be initially adsorbed on the top of the β-MnO2 

surface rather than interstitial position. With the increase of the amount of potassium, the 

structure is gradually destroyed, leading to poor crystalline. When the phase transformation 

occurred, K is able to exist in the 2x2 tunnel of α-MnO2. The computed adsorption energy is 

-5.67 eV and the distance in between of K and first neighbor O atoms ranges from 2.816 Å to 

3.018 Å.       

In order to understand the influence of K dopant and oxide structure on catalytic activity 

from theoretical point of view, we investigated O2 and CO adsorption behaviors as well as 

CO oxidation reactions on β-MnO2 (110) and α-MnO2 (100) surfaces. The results are 

summarized in Table 4 and Table 5. We found that CO binds to the perfect stoichiometric 
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β-MnO2 (110) surface via Mn5c site (as shown in Figure 5) with the adsorption energy of 

-0.14 eV. However, O2 molecule has a very weak interaction with the perfect surface. The 

adsorption energy is only -0.04 eV, which is similar to the value of -0.07 eV reported in the 

recent DFT study [27]. Therefore, on the stoichiometric β-MnO2 (110) surface CO will be 

initially oxidized by the lattice Obr to form CO2 and leave an O vacancy behind. It is an 

exothermic process with the energy barrier of 0.13 eV and the reaction energy (Er = Eproduct – 

Ereactor) of -3.38 eV. Experimentally, the addition of K atom significantly changes the 

catalytic activity of the KMn/Al2O3 catalyst. According to our DFT calculations, K dopant 

weakens the interaction in between of CO and Mn5c (Ead is decreased to -0.05 eV), and 

facilitates the CO + Obr oxidation reaction on the β-MnO2 (110) surface with the energy 

barrier of 0.09 eV. In addition, the K adsorption further activates O2 bound at the O vacancy 

site. In the presence of K atom, the adsorption energy of O2 is increased to -0.16 eV from 

-0.06 eV and the O-O bond length is elongated to 1.283 Å from 1.242 Å. The activation of 

the O2 molecule is able to help generate a new lattice O to fill the vacancy site and sustain the 

catalytic cycle. Yang et al found that alkaline earth metal oxides promote CO oxidation over 

TiO2-supported Au nanoparticles through electron transfer from alkaline metal to catalyst 

surface [19]. Similar charge redistribution is expected for the case of K-doped manganese 

oxides. Our bader charge calculation [39] indicated that the Obr atom on β-MnO2 (110) 

surface has the charge of 6.68 |e|, which is very close to the value of 6.7 electrons in the 

literature [40]. However, the addition of potassium destroys the original charge balance on 

the surface. We found that K transfers 0.92 electrons to neighboring O atoms, and the bader 

charges on the nearest Obr atoms increase from 6.68 |e| to 6.90 |e|. The charge transfer leads to 

electron-rich MnO2 surface and alters surface reactivity, which may enhance CO oxidation 

activity. 
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It is worth to note that a phase transformation in MnO2 can be experimentally observed 

when increasing the amount of K dopant. It is generally accepted that the phase structure can 

significantly influence the catalytic activity of MnO2 [36-38]. Indeed, accompanying with 

structure changes, the distortion of Mn octahedral coordination geometry modifies the orbital 

arrangement and energy, which definitely affects the adsorption behavior of reactants, and 

thus changes the catalytic performance. We studied the K-doped α-MnO2 (100) surface and 

found that the adsorption of CO on α-MnO2 (100) surface (Ead = -0.23 eV) is stronger than 

that on the β-MnO2 (110) surface with/without K adsorption (Ead = -0.05 eV and -0.14 eV, 

respectively). Importantly, the calculated energy barriers of CO oxidation by lattice Obr is 

increased to 0.26 eV, compared to 0.09 eV on the K-adsorbed β-MnO2 (110) surface. Thus, 

compared to the K-doped α-MnO2 (100) surface, CO oxidation by lattice O is more facile on 

the K-adsorbed β-MnO2 (110) surface. The computational results explain why a suitable 

amount of K doping enhances the catalytic performance, while excessive doping leads to a 

decline in catalytic activity. 

Indeed, apart from surface morphology, K doping also modifies the surface atomic 

composition and manganese oxidation states, which are highly related with the catalytic 

activity. Thus, in this work, XPS was used to further examine these characteristics of the 

KMn/Al2O3 catalysts. As shown in Table 3, the surface Mn concentration varied by adding 

potassium ions. Doping a small amount of potassium ions (K:Mn mole ratio less than 1:10) to 

the Mn/Al2O3 sample greatly enriched the catalyst surface with Mn species. For 

K1Mn10/Al2O3 catalyst with the highest catalytic activity for CO oxidation, the Mn surface 

concentration was more than ca. 12.1%. An excess amount of potassium does not remarkably 

increase the Mn surface concentration. Although K1Mn2/Al2O3 also possessed a high Mn 

surface concentration, the catalytic activity was poor, implying the Mn surface concentration 

is not a determining factor to change the catalytic activity of KMn/Al2O3 catalyst. 
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The core-level spectra of Mn 2p and O 1s were presented in Figure 6. The spectrum of 

Mn 2p (Fig. 6(A)) displayed clear spin orbit splitting peaks, and the peaks at about 641.8 and 

653.3 eV were assigned to Mn 2p3/2 and Mn 2p1/2 respectively [35, 41]. The very broad Mn 

2p3/2 peak suggested the presence of multiple manganese species. The deconvolution of Mn 

2p3/2 peak was known to be useful to distinguish different manganese species and the fitting 

results were given in Figure 6(A) and Table 6. The binding energies of Mn 2p3/2 in the 

intervals 639.8-640.3 eV, 641.5-641.7 eV and 643.2-643.5 eV were ascribed to the presence 

of Mn2+, Mn3+ and Mn4+ ions, respectively [42, 43]. Adding a small amount of potassium 

ions (K:Mn mole ratio less than 1:10) remarkably decreased the population of Mn4+ and/or 

Mn3+ species, implying that Mn4+ and/or Mn3+ species were partially converted to Mn2+ 

species by doping potassium. The oxidation state of manganese oxide had a great impact on 

the surface oxygen species: a higher manganese state (Mn4+) produced more surface adsorbed 

oxygen species, such as O2-, and O-, and a lower manganese state (Mn2+) existing in the 

crystal generated oxygen vacancy which promoted the mobility of lattice oxygen [44]. The 

catalytic oxidation of CO on various manganese oxides has been extensively studied and 

suggested to follow a Mar-van Krevelen reaction mechanism [45-47]. According to this 

mechanism, the surface adsorbed CO reacts with a labile lattice oxygen to form CO2 [45, 46]. 

Therefore, the excellent catalytic activity of K1Mn10/Al2O3 catalyst for CO oxidation can be 

attributed to the high oxygen mobility. With further addition of potassium to the Mn/Al2O3 

sample, the concentration of Mn4+ species remained unchanged; the Mn2+ species were 

partially transformed to Mn3+ species and the decrease of catalytic activity appeared.  

The O1s spectra of KMn/Al2O3 samples are shown in Figure 6(B). Three types of 

oxygen species can be identified. The low binding energy peaks at 529-530 eV were ascribed 

to the lattice oxygen (O2-) (hereafter denoted as OI); the medium binding energy peaks at 

531-532 eV were related to surface adsorbed oxygen (O2
- or O-), OH groups and oxygen 
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vacancies (hereafter denoted as OII); and the high binding energy peaks (above 533 eV) were 

likely to be associated with adsorbed molecular water (hereafter denoted as OIII) [48]. The 

relative abundances of OI, OII and OIII species are listed in Table 6. K1Mn10/Al2O3 sample 

with the highest catalytic activity possessed remarkably more lattice oxygen species (OI). 

Additionally, the binding energy for OI is the lowest for K1Mn10/Al2O3 sample, which can be 

associated to higher lattice oxygen mobility [49]. 

O2-TPD technique has been proved to be useful to investigate the oxygen species of 

single and mixed oxides, throwing light on the type of oxygen species and their catalytic 

properties [50, 51]. Figure 7 showed the O2-TPD profiles of the KMn/Al2O3 samples. The 

O2-TPD pattern of Mn/Al2O3 was characterized by two major peaks at 520 and 785 oC. The 

first peak exhibited a small shoulder due to the desorption of surface oxygen species (O- and 

O2
-) or the presence of labile oxygen species with different Mn-O bond strengths. According 

to the literature [51, 52], the first peak was assigned to the transformation of β-MnO2 to 

Mn2O3, and the second peak corresponded to the subsequent reduction of Mn2O3 to Mn3O4. 

Moreover, an additional peak at higher temperature, which may be caused by an intermediate 

transformation [51], was observed. A similar pattern was seen for the K1Mn10/Al2O3 sample, 

and the first peak slightly shifted to a lower temperature, showing lower stability. The 

difference in the stability between Mn/Al2O3 and K1Mn10/Al2O3 can be explained by the 

structural changes caused by the addition of potassium. The O2-TPD profile of the 

K1Mn2/Al2O3 showed three peaks between 400 and 900 oC. A small peak at the temperature 

of 500 oC can be resulted from desorption of surface oxygen species (O- and O2
-) and /or the 

presence of labile oxygen species [53]. The major peak at 650 oC can be assigned to 

desorption of lattice oxygen species. According to XRD results, a transformation of 

supported α-MnO2 to Mn2O3 might be occurred. The peak at the higher temperature is 

attributed to the transformation of Mn2O3 to Mn3O4. Compared to the Mn/Al2O3 and 
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K1Mn10/Al2O3, K1Mn2/Al2O3 sample showed higher stability (the peak assigned to lattice 

oxygen shifted to a higher temperature). Therefore, the structure changes caused by the doped 

potassium ions played an important role on the stability of lattice oxygen. 

The reactivity of oxygen species of KMn/Al2O3 samples was also studied by H2-TPR 

technique. As shown in Figure 8, the Mn/Al2O3 sample exhibited two major reduction peaks 

centered at 400 and 480 oC. The low-temperature peak could be assigned to the reduction of 

β-MnO2 to Mn3O4, while the high-temperature reduction could be due to the reduction of 

Mn3O4 to MnO [51]. The H2-TPR profile of the K1Mn10/Al2O3 sample was similar to that of 

the Mn/Al2O3 sample, but the low-temperature reduction peak shifted to a lower temperature, 

which was related to higher reducibility (thus, higher reactivity) in this particular sample [51]. 

Also the reduction peaks became broader, which is explained by higher heterogeneity of 

species [38]. The observed result was essentially consistent with XPS results, further 

confirming that Mn4+ and/or Mn3+ species were partially converted to Mn2+ species by doping 

potassium. A lower manganese oxidation state (Mn2+) existing in the crystal generated 

oxygen vacancy that can increase the lattice oxygen mobility and thus enhanced the CO 

oxidation activity. The reduction pattern of K1Mn2/Al2O3 was different from the previous two 

samples, characterized by one small shoulder peak and two main reduction peaks at 371, 417 

and 455 oC, respectively. The small shoulder at low temperature revealed the presence of 

labile species with different Mn-O strengths [51], which is in agreement with the O2-TPD 

results. Those species were not strongly stabilized within the oxide lattice, and could be 

regarded as the surface reactive species [51]. According to XRD and O2-TPD results, the 

main peak at 417 oC is associated with the reduction of α-MnO2 to Mn3O4, whereas the high 

temperature peak at about 455 oC is assigned to the reduction of Mn3O4 to MnO. Compared 

to K1Mn10/Al2O3 sample, the main reduction peaks of K1Mn2/Al2O3 evidently shifted to a 
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higher temperature, implying that the redox activities of the catalyst was reduced by adding 

excessive amounts of potassium dopant. 

Conclusions 

In summary, the amount of K-dopant had a great influence on the structure and the 

catalytic activity of the KMn/Al2O3 catalyst.. Doping a small amount of potassium ions (K: 

Mn mole ratio less than 1:10) to Mn/Al2O3 catalyst induced the formation of β-MnO2 phase 

with low crystallinity and enhanced the dispersion of active Mn species on the surface of the 

catalyst. In addition, the charge transfer from K to the catalyst surface probably increased the 

reducibility of Mn species and changed the reactivity of the lattice oxygen. We found that the 

K1Mn10/Al2O3 catalyst showed the best catalytic performance for the CO oxidation reaction, 

which effectively decreased the reaction temperature to 260°C. However, the more potassium 

dopants (K1Mn2/Al2O3) led to α-phase MnO2 and higher reaction temperature. Further DFT 

calculations indicated that K doping activated O2 adsorbed at the O vacancy site and made 

the CO oxidation easier, however, phase transformation strengthened reactant-catalyst 

interaction and increased CO-Olattice oxidation barrier to 0.26 eV. In this work, extensive 

experimental evidence plus DFT calculations may provide new insights to better understand 

and design KMn/Al2O3 catalyst for CO oxidation reaction.  
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Figure captions 

Figure 1 Side view and top view of partially optimized MnO2 surfaces: (a) and (b) for 

β-MnO2 (110) surface; (c) and (d) for α-MnO2 (100) surface. All surface Mn and O are 

labelled. In (b) and (d) (top view of the surface slabs), remove Obr to create an O vacancy. 

Figure 2 The comparison of CO oxidation activity over different alkali metal-doped Mn 

catalysts. 

Figure 3 The TOFs of CO oxidation over Mn/Al2O3, K1Mn10/Al2O3 and K1Mn2/Al2O3 

catalysts. 

Figure 4 XRD patterns of (a) γ-Al2O3, Symbols of , ,  and  denote α-MnO2, β-MnO2, 

AlO(OH) and Al2O3. 

Figure 5 Optimized structures of (a) CO adsorbed at the Mn5c site on the β-MnO2 (110) 

surface, which is the initial state of the CO oxidation by lattice Obr; (b) transition state (TS) of 

the CO oxidation by lattice Obr on β-MnO2 (110); (c) CO2 on the β-MnO2 (110) surface with 

O vacancy,  which is the final state of the CO oxidation by lattice Obr; (d) TS of the CO 

oxidation by lattice Obr on K-adsorbed β-MnO2 (110); (e) TS of the CO oxidation by lattice 

Obr on K-doped α-MnO2 (100) surface. The atoms associated with the C-O bond formation 

are highlighted. 

Figure 6(A) Mn 2p and (B) O 1s XPS of (a) Mn/Al2O3, (b) K1Mn10/Al2O3, (c) K1Mn2/Al2O3. 

Figure 7 O2-TPD patterns of (a) Mn/Al2O3, (b) K1Mn10/Al2O3, (c) K1Mn2/Al2O3. 

Figure 8 H2-TPR patterns of (a) Mn/Al2O3, (b) K1Mn10/Al2O3, (c) K1Mn2/Al2O3. 
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Table 1. Calculated and experimental lattice parameters of bulk α-MnO2 and β-MnO2. 

Bulk  a=b (Å) c (Å) 

α-MnO2 Calculated 9.729 2.894 

 Experimental[26] 9.750 2.861 

β-MnO2 Calculated 4.417 2.905 

 Experimental[27] 4.398 2.873 



 

 

Table 2. Relative energies to remove a lattice O from α-MnO2 (100) surface and β-MnO2 

(110) surface, respectively. 

Surface Site Relative Energy (eV) 

α-MnO2 (100) Obr -2.10 

 OIP1  -1.15 

 OIP2 (reference) 0 

 OIP3 -0.40 

β-MnO2 (110) Obr -1.51 

 OIP (reference) 0 

 



 

 

Table 3. List of catalysts prepared. 

a Molar ratio of Me to Mn ( Me = Li, Na, K, Mg ,Ca). 
b The Mn loading in each sample was determined by ICP-MS. 
c Surface area by BET method. 
d Surface atomic concentration determined from XPS. 

 

 

 

 

 

Entry Catalyst Me:Mna 
Mn loadingb 

(wt%) 

SAc
 

( m2/g) 

Atomic percentage (%)d 

Al 2p O 1s K 2p Mn 2p 

1 Al2O3 - - 193 - - - - 

2 Mn/Al2O3 - 9.83 169 14.0 77.3 0.0 8.7 

3 K1Mn10/Al2O3 1:10 9.76 178 8.4 79.2 0.3 12.1 

4 K1Mn2/Al2O3 1:2 9.65 167 9.0 71.2 3.4 16.4 

5 Li1Mn10/Al2O3 1:10 9.75 162 - - - - 

6 Na1Mn10/Al2O3 1:10 9.81 158 - - - - 

7 Mg1Mn10/Al2O3 1:10 9.68 159 - - - - 

8 Ca1Mn10/Al2O3 1:10 9.73 161 - - - - 



 

 

Table 4. Adsorption energies (Ead) and geometry parameters of reactants as well as K atom on α-MnO2 (100) and β-MnO2 (110) surfaces.  

Surface Adsorbate Ead (eV) Adsorption Site Adsorbate-surface distance (Å) 

α-MnO2 (100) K -5.67 Within the 2x2 tunnel K-O 2.816-3.018 

K-doped α-MnO2 (100) CO -0.23 Mn5c C-Mn5c 2.238 

 O2 -0.05 Mn5c O-Mn5c 2.972 

    O-O 1.233 

β-MnO2 (110) K -4.75 Bridge site in between of two Obr K-Obr 2.549/2.549 

 CO -0.14 Mn5c C-Mn5c 2.377 

 O2 -0.04 Mn5c O-Mn5c 2.946 

    O-O 1.233 

 O2 -0.06 Obrvacancy O-Mn6c 2.570/2.497 

    O-O 1.242 

K-adsorbed β-MnO2 (110) CO -0.05 Mn5c C-Mn5c 2.414 

 O2 -0.16 Obr vacancy O-Mn6c 2.077/2.111 

    O-O 1.283 



 

 

Table 5. Energy barriers (Ea) and geometry parameters of transition states for CO oxidation 

by lattice Obr. 

Surface Ea (eV) dObr-C (Å) dObr-Mn (Å) dC-Mn (Å) 

β-MnO2 (110) 0.13 2.240 1.910/1.913 2.192 

K-adsorbed β-MnO2(110) 0.09 2.340 1.906/1.908 2.209 

K-doped α-MnO2 (100) 0.26 2.152 1.921/1.906 2.228 



 

 

Table 6. XPS results of the KMn/Al2O3 catalysts. 

Entry Catalyst 

 Mn 2p3/2  O 1s 

 Mn2+ Mn3+ Mn4+  OI OII OIII 

 BE 

(eV) 

Area 

(%) 

BE 

(eV) 

Area 

(%) 

BE 

(eV) 

Area 

(%) 

 BE 

(eV) 

Area 

(%) 

BE 

(eV) 

Area 

(%) 

BE 

(eV) 

Area 

(%) 

1 Mn/Al2O3  - - 641.6 70.2 643.5 29.8  529.0 8.4 531.1 81.8 533.0 9.8 

2 K1Mn10/Al2O3  639.7 21.4 641.7 53.2 643.4 25.4  528.9 39.4 531.2 55.6 533.0 5.0 

3 K1Mn2/Al2O3  640.3 16.2 641.5 58.8 643.2 25.0  529.3 21.1 531.0 67.5 533.0 11.4 

OI :MnOx lattice oxygen (O2−) ;  

OII : surface adsorbed oxygen (O2
−or O−), HO−groups and oxygen vacancies;  

OIII:adsorbed molecular water. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Mn 

O 

K 

L2 

L6 

Obr 

OIP 

L1 

L3 

L4 

L5 

L7 

L8 

L9 

Mn5c Mn6c 

Side View 

(a) (b) 

Mn5c Obr 

Mn6c 

Mn6c 

Mn5c Obr 

(d) 

Mn6c 

Mn6c 

(c) 

Bottom unit of Mn-O 

Obr 

OIP1 

OIP2 

OIP3 

Mn5c 

Mn6c 

Top View 



 

28 

 

 

Figure 2 

 



 

29 

 

 

Figure 3 

 



 

30 

 

 

Figure 4 

 



 

31 

 

 

 

Figure 5

(a) (b) (c) 

(d) (e) 

Mn 

O 

K 

C 



 

32 

 

 

 

 

Figure 6 
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Figure 7 
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Figure 8 


