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In this paper, cations modified one dimensional Mn2O3 nanowires were synthesized via a solvothermal 

synthesis and calcinations free from the template-assisted methods. The samples were characterized in 

detail by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Raman spectroscopy, high resolution transmission electron microscopy (HRTEM), X-

ray photoelectron spectroscopy (XPS). XRD results revealed the homogeneity of Ni-Mn-O/Co-Mn-O 10 

solid solutions. By introducing the two different cations the Mn2O3 nanowires can be freely manipulated. 

The H2-TPR measurement showed the enhanced reduction behaviors of the doped Manganese oxide 

(Mn2O3) samples. The presence of Ni2+ and Co2+ produced lattice defects and promoted the production of 

oxygen vacancies, which explained the results that Ni2+/Co2+ doped Mn2O3 showed higher catalytic 

activity than the pure one. 15 

1 Introduction 

For decades, nanostructural materials have become one of the 

hottest topics in the field of materials science, among which one-

dimensional (1D) metal-oxide nanostructures have attracted 

special attention because metal oxides are the most fascinating 20 

functional materials.[1-4] The 1D morphologies can easily enhance 

the practical applications of the metal-oxide nanostructures, 

including gas sensors[5-7], supercapacitors[8,9], nanocatalysts[10-13], 

and biosensors[14,15]. Additionally, low-dimensional nano-

structured materials make it possible to improve their 25 

functionalities through an increase in the surface area and 

quantum confinement effects.[2] manganese oxides (Mn2O3), as 

one of the most important transition oxides, is commonly used as 

the oxide support in the three-way catalyst. Generally, the 

catalytic activity of Mn2O3 originates from the terminated surface 30 

oxygen and affected by large specific surface area. Thus, an 

increase in the specific surface area and in concentration of active 

oxygen located at the Mn2O3 surface is favorable methods to 

promote catalytic activity. Notably, the active oxygen located at 

the Mn2O3 surface is relative to reactive facets, surface defects 35 

(oxygen vacancies) and surface element composition.[16-18] As is 

known, the shape-selective synthesis of Mn2O3 nanostructures is 

demonstrated to be a powerful method to promote their catalytic 

performance. For example, Zhang et al. reported flower-liked 

Mn2O3 dominated by (211) and (200) planes, selectively prepared 40 

by a facile hydrothermal method, showed an enhanced catalytic 

activity towards CO oxidation compared with Mn2O3 

nanocubes.[19] 

It is well known that cation substitution can provide an 

effective tool for tailoring the physicochemical properties of 45 

metal oxides[20,21], in which case the functionalities of Mn2O3 

nanomaterials can be optimized by goal-directed control of the 

cation composition. So far, there are only a few reports about the 

method by changing surface element composition to promote the 

active oxygen content at the Mn2O3 surface, which will 50 

ultimately reveals strikingly high catalytic activity. For one 

instance, Ca2+ ion doped manganese oxides (CaMn2O4, CaMnO3 

and Ca2Mn2O8) have been reported to enhance the catalytic 

activity of manganese oxides for water oxidation.[22-24] Indeed, 

the homogeneously Ni doped CeO2 nanostructures displayed 55 

excellent catalytic activity towards CO oxidation.[25] Copper 

doped ceria nanospheres exhibit higher catalytic activity than 

pure CeO2 nanospheres.[26] We have previously shown that 

doping of carbonate with cobalt ions can produce enhanced 

catalytic performance towards CO oxidation.[27] Generally, 60 

Surface oxygen vacancies promote high dispersion and strong 

anchoring of transition metal ions on the metal oxides surface. 

Compared with the three-dimensional (3D) nanostructure, the 

high aspect ratio of 1D nanowires expose the surface oxygen 

vacancies on the surface of the nanostructure rather than 65 

embedding them in the bulk.[28] 

 Thus, in this work, we for the fist time present the fabrication 

of Ni2+ and Co2+ ions-substituted manganese oxide nanowires via 

the template-free solvothermal synthesis. The samples were 

characterized by TEM, HRTEM, XRD, Raman spectroscopy and 70 

XPS. The preliminary catalytic studies revealed that the Ni2+, 

Co2+ ions-doped Mn2O3 nanowires had strikingly higher catalytic 

activity than pure Mn2O3 nanowires and commercial Mn2O3. 

2 Experimental  

2.1 Materials 75 

All the chemical reagents were of analytical grade, purchased 

from Sinopharm Chemical Reagent Co. Ltd (China) and used as 

received without further purification. 

2.2 The synthesis of Ni2+-and Co2+- doped Mn2O3 nanowires 

0.1 g of PVP (K30) and 0.06 g ethylenediaminetetraacetic acid 80 

disodium salt (EDTA disodium salt) were dissolved into the 

mixture solution of 5 mL H2O and 1 mL of N, N-dimenthyl-

formamide (DMF), Ni(Ac)2·4H2O and Co(Ac)2·4H2O weighed in 

molar ratios (M/(M + Mn)) of 5% were separately added to the 

above two mixture solution. After stirring for 30 min, 180 µL of 85 

Mn(NO3)2 solution (50 wt%) was added to the homogeneous 

solution. After stirring for another 20 min, the two mixture were 

transferred to two 25 mL Teflon-lined stainless steel autoclaves, 

respectively. All were maintained for 21 h at 180 oC. When the 

autoclave was cooled at room temperature, the products were 90 

collected and washed with absolute alcohol four times 

sequentially. Finally, the products were dried and were further 

annealed at 400 °C for 12 h in air with a temperate rate of 2 °C 

min−1. The pure without Ni2+ or Co2+-doped  Mn2O3 nanowires 
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were also produced via the same procedure to make as a 

comparison.  

2.3 Physical characterization  

The crystal structure information of the synthesized samples 

was established by powder X-ray diffraction (XRD Bruker D8 5 

diffractometer with Cu-Ka radiation (λ= 0.15418 nm)). The 

microstructure morphology of the powders was observed by 

using a transmission electron microscope (TEM, JEM 1011-

CXII, 100KV). The field-emission scanning electron microscope 

(FE-SEM, Hitachi, S4800) equipped with energy-dispersive X-10 

ray spectroscopy (EDS) and a high-resolution transmission 

electron microscope (HRTEM, JEM-2100, 200 kV) was used to 

characterize the specific morphologies. X-ray photoelectron 

spectroscopy (XPS) data were acquired on an ESCALAB 250 X-

ray photoelectron spectrometer with Al Kα radiation and the 15 

binding energies were determined utilizing the C1s spectrum as 

reference at 284.7 eV. The surface areas were calculated by the 

Brunauer-Emmett-Teller (BET) method. Raman data were 

obtained using a Lab RAM HR4800 spectrometer while using a 

632 nm laser line as an excitation source. The Co2+, Ni2+ doping  20 

molar ratio in the samples were detected by an inductively 

coupled plasma spectrometer (ICP-AES) on an IRIS Intrepid II 

XSP instrument (Thermo Electron Corporation). 

2.4 Temperature programmed reduction (TPR) 

TPR experiments under a H2 environment were performed on a 25 

PCA-1200 instrument. Typically, 50 mg Mn2O3 catalyst was 

pretreated under a 5% He-Ar stream at 300 oC for 0.5 h (heating 

rate = 5 oC min-1). After cooling down to room temperature, a 

fow of 5% H2-Ar was introduced into the Mn2O3 sample with a 

flow rate of 30 mL min-1 and the temperature was raised to 800 30 

oC at a rate of 10  oC min-1.  

2.5 Catalytic experiments 

The catalytic activity of the as-obtained samples was evaluated 

on a continuous flow fixed-bed micro-reactor operating under 

atmospheric pressure. In a typical experiment, 25 mg catalyst 35 

particles with 250 mg quartz sand were placed into a stainless 

steel tube reactor. The composition of the raw material gas is 

CO/O2/N2 (1 : 10 : 89). The flow rate is 60 mL·min-1. The 

temperature of the reactor was monitored by the thermocouple 

placed on the catalysts, and the heating rate was 1.7 K·min-1. The 40 

products from the outlet of the reactor were analyzed using an 

online gas chromatograph (Gasboard-3121, China Wuhan Cubic 

Co).  

3 Results and discussions 

3.1 Characteristics of nanowires  45 

In general, crystal growth at the nanoscale is an intricate 

process, affected by additives such as surfactant, inorganic 

ions.[29] Furthermore, the crystal lattice will contract when large-

sized impurities are doped to substitute the host ions (small-sized) 

for hetero-valence ion doping into the host lattice.[30]  Here, when 50 

the reaction was carried out in the absence of Ni2+, Co2+(with 

larger radii), nanowire samples can be obtained. Fig. 1 shows 

TEM and SEM of as-prepared nanowire samples. On the whole, 

 
Fig. 1 TEM and SEM of the precursors of pure (A1,2) and Ni 55 

doped (B1,2) Co-doped (C1,2) Mn2O3. 

the as-obtained nanowires were in queues length distribution. 

Observed in the TEM and corresponding SEM images, pure 

precursors (Fig.1 A1,2) have smooth surfaces with its length tens 

of micrometers. The Ni-doped precursors (Fig.1 B1,2) and Co-60 

doped precursors (Fig.1 C1,2) remained the nanowire-shape well. 

However, the amorphous precursors were further exposed to the 

surroundings of 400 oC for 12 h to obtain the final manganese 

oxides.  

It should be noted that the 1D nanostructure in all samples 65 

were quite thermally stable without structural collapse. Fig. 2 

displays the panoramic views of the as-prepared manganese 

oxides. The pure sample keeps  integral alignment structure with 

its mean diameter below 90 nm shown in Fig. 2a and the inserted  

magnified image. Amazingly, the Ni-doped Mn2O3 exposes its 70 

linearized surface with nanocrystallites (Fig. 2b) A magnified 
image (inserted in Fig. 2b) reveals that the well-defined Ni-doped 

Mn2O3 nanowires are constructed of nanocrystallites with a width 

of 50 nm, making up the diameters smaller than that of pure 

manganese oxides. Similarly, Fig. 2c indicates the Co-doped75 

 
Fig. 2 SEM of the obtained Mn2O3: pure (a), Ni-doped (b), Co-doped (c) Mn2O3.The magnified images inserted on the left top.  
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Fig.3 A1 SEM image of the Ni-doped Mn2O3 nanowires and (A2)–(A4) the corresponding EDS mapping patterns: Mn (blue), O (red), 

and Ni (green). B1 SEM image of the Co-doped Mn2O3 nanowires and (B2)–(B4) the corresponding EDS mapping patterns: Mn (blue), 

O (red), and Co (green). 5 

 

Mn2O3 nanowires consist of nano-crystallites to keep its whole 

nanostructures; also, the nanowires decrease its diameter to 75 

nm. The decreased diameters of the Mn2O3 nanowires reveal that 

the cobalt and nickel ions have played a pivotal role during the 10 

growth process of the Mn2O3. In fact, both Co2+ (0.072 nm) and 

Ni2+ (0.069 nm) ions can accelerate the crystal nucleation rate [27], 

leading shorter time for maturity,  resulting in the decreased size. 

Inductively coupled plasma (ICP) analysis indicated that the 

molar ratio of doping ions in Mn2O3 nanostructures are 1.34% for 15 

Ni-doped Mn2O3 , which is lower than theoretical doping and  

4.95% for Co-doped Mn2O3, which is close to the initial reactant 

composition (Table 1 in supporting). Furthermore, the corres-

ponding EDS mapping provides a direct elemental distribution in 

nanowire structure. As shown in Fig. 3, Mn, O, and Ni and Mn, 20 

O, Co are uniformly distributed in the Ni-doped and Co-doped 

Mn2O3 nanowires, which confirm the homogeneity of these 

manganese oxide nanowires.  

 
Fig. 4 XRD patterns of the synthesized pure Mn2O3, Ni-doped 25 

Mn2O3 and Co-doped Mn2O3  

 

The crystal structure of the products was examined by powder 

X-ray diffraction (XRD). All of the samples, Mn2O3, Ni-doped 

Mn2O3 and Co-doped Mn2O3 display several peaks, 30 

corresponding to Mn2O3 (211), (222), (400) and (440) planes, 

indicating bixbyite crystal phase α-Mn2O3 (JCPDS no. 41-1442) 

(Fig. 4). It was noticed that no other peaks stemming from 

manganese carbonate, cobalt oxides or nickel oxides could be 

found, which confirm the formation of homogeneous oxide solid 35 

solutions for both samples (Ni-doped and Co-doped Mn2O3). In 

addition, a clear decrease in the peak intensity was observed in 

the nickel and cobalt doped samples compared to the pure Mn2O3, 
because of that doping resulted in the decrease of the degree of 

crystallization. 40 

 
Fig. 5 Raman spectra of as-obtained Mn2O3, Ni-doped Mn2O3 

and Co-doped Mn2O3 (a), and the magnified pattern from 600 to 

720 cm-1 (b). 

 45 

Raman scattering is an effective tool for measuring and 

comprehending the catalytic activity of manganese oxides and for 

investigating the presence of defects (such as oxygen vacancies) 

among doped nanomaterials.[31] The contrastive Raman spectra of 

pure, Ni- and Co- doped Mn2O3 are displayed in Fig. 5a. For pure 50 

one, three main bands at ~312, ~368,~653 cm-1 can be attributed 

to the out-of-plane bending modes of Mn2O3, asymmetric 

stretching of bridge oxygen species (Mn-O-Mn), and symmetric 

stretching of Mn2O3 groups, respectively.[32,33] The absence of the 

Ni-O/ Co-O characteristic peak (550/680 cm-1) is indicative of the 55 

formation of solid solutions as indicated by the XRD results.[34,35] 

For doped Mn2O3, the incorporation of Co2+/Ni2+ leads to blue  

shifts of the lattice Raman vibrational peak positions (Fig. 5b), 

confirming local structure distortion.[30,36,37] In addition, the 

intensity reduction and the broadening of the main Raman peak 60 

are observed, demonstrating the lattice defects occur when 

heterovalent Ni/Co ions are introduced as well.[37] These defects 

are correlated with oxygen vacancy creation for charge 

compensation when Mn3+ ions are replaced with divalent cations. 
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As a result, these will favor oxygen mobility and  enhance the 

catalytic behavior of the as-prepared material. [38,39,40]   

The elementary composition and chemical valence on the 

surface of the as-prepared nanowires were detected by X-ray 

photoelectron spectra (XPS). Fig. 6 shows the XPS spectrum of 5 

pure Ni-doped and Co-doped Mn2O3 samples. The typical 

binding energy (BE) peaks (such as those at 641.8 and 653.6 eV) 

of the Mn 2p spetrum (Fig. 6b) are observed in the as-obtained 

samples, which suggest the existence of Mn(III) in our 

products.[40] The core level peak of Co 2p (Fig. 6d blue line) at 10 

781.8 eV is powerful to determine that the valence of Co is 2+.[41, 

42] The Ni 2p spetrum (Fig. 6d red line) depicts the weak peaks 

due to the low Ni concentration which is verified by the above 

ICP ananlysis, but (BE) peaks at 855.2 can be applied to 

predicate that the valence state of Ni is +2.[43] In the O 1s XPS 15 

spectrum (Fig. 6c), the BE peak located at 529.9 eV can be 

indexed to the lattice oxygen of Mn2O3.
[44] It is obvious that the 

shoulder width of the main BE peak is much broader than that in 

the pure Mn2O3 (black line), corresponding to the appearance of 

defective oxygen regions or adsorbed oxygen, indicating a better 20 

capacity for oxygen storage, which is also related to the activity 

of oxidization reaction. [37, 45,46]  

 
Fig.6 (a) The corresponding XPS survey spectrum of nano-

wires: pure Mn2O3 (black line), Ni-doped Mn2O3 (red line) and 25 

Co-doped Mn2O3 (blue line); (b) Mn 2p; (c) O 1s, and (d) Co 2p 

and Ni 2p. (a), (b) and (c) are pure, Ni-doped and Co-doped 

Mn2O3 curves, respectively. 

 
 30 

Fig.7 HR-TEM images (a) and (b), the corresponding SAED pattern (c) of the as-prepared 5 mol% Co-doped Mn2O3 

 

High-resolution TEM (HRTEM) imaging was applied to 

investigate the detailed structure of the co-doped Mn2O3, which is 

shown in Fig. 7.  Clear lattice fringes were detected in the images 35 

of Fig. 7a, and b. An interplanar spacing of about 0.479 nm 

corresponded to the (200) planes of Mn2O3, and another at about 

0.355 nm was attributed to the (211) planes. Moreover, the 

selected-area electron diffraction (SAED) pattern (Fig. 7c) 

showed the characteristic diffraction rings, which were assigned 40 

to the (200), (211), (222), (321), (332) and (622) crystal planes. 

Indeed, the SAED pattern exhibits a set of regular spots, which 

demonstrate the products are formed of many small 

nanoparticles. Interestingly, the nanoparticles are closely packed 

and oriented in the same way, as confirmed by a set of electron 45 

diffraction spots in the SAED pattern. In addition, the lattice 

fringes with ad-spacing of 0.479 nm (see the HRTEM image in 

Fig. 7a) from different nanoparticles are parallel to each other.  

3.2 TPR 

H2-TPR tests can reveal the properties of the oxygen vacancies 50 

for Mn2O3, which is an important factor affecting the catalytic 

activity.[47] H2-TPR measurements were performed on the as-

prepared pure and Co-/Ni-doped Mn2O3 nanowires to reveal their 

redox properties (Fig. 8). The reduction of Mn2O3 sample exhibit 

 55 

Fig. 8. H2-TPR profiles of pure Mn2O3, Ni-doped Mn2O3 and 

Co-doped Mn2O3. 

 

-s two well-defined peaks with the maxima at 469, 541 oC. The 

former (α-peak) is probably attributed to the reduction of Mn2O3 60 

to Mn3O4 and the higher temperature peak (β-peak) can 

correspond to the further reduction of Mn3O4 to MnO. The 

reduction of MnO to Mn metal was not detected even up to a 
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reduction temperature of 800 oC, because of its larger negative 

value of reduction potential.[48] Clearly observed  that  the  

reduction  peaks  firstly  shifts  to lower temperature, which can 

be attributed to the reduction of Co2+/Ni2+ ion that is incorporated 

to the crystal lattice of the Mn2O3 host. Furthermore, there is a 5 

direct proportion relationship between the peak areas of the 

curves and the amount of H2 consumption.[49] Here, peak areas of 

the above three samples (pure, Co2+-, Ni2+-) are with a sequence 

Co2+- > Ni2+- > pure, which indicates the doped samples have 

better reducion behavor. All the above confirms the lattice defects 10 

and the more surface oxygen species of the doped samples which 

lead to excellent catalytic properties.   

3.3 Catalytic properties 

Because of its particular redox property, Mn2O3 is an important 

catalyst. It was discovered that the oxygen in the lattice of Mn2O3 15 

surface could react with CO while releasing the oxidation product 

CO2 and creating an O vacancy in the lattice.[50] Here, the CO 

conversion reaction was selected to evaluate the catalytic 

property of our prepared samples. Fig. 9 displays the catalytic 

activities of the samples (Ni-doped Mn2O3 and Co-doped 20 

Mn2O3), along with the pure Mn2O3 nanowires. No  matter pure  

or  doped Mn2O3, it can be clearly seen that the catalytic 

performance of  our products have been sharply improved by 

comparison with  commerical Mn2O3. As shown in Table1 

(supporting) the series of our samples have a large surface area 25 

while the commercial ceria are only 5.816 m2g-1. The BET 

surface areas data can be a first evidence to explain the difference 

catalytic property between  our products and commercial Mn2O3 

as a result of the higher surface area can increase more active 

sites for conversion.[51,52] It was worth mentioning that the rates 30 

of the CO conversion of Ni-doped and Co-doped Mn2O3 

nanowires were considerably fast with a temperature scale of 

about 80 oC and75 oC, respectivly. 

 

 35 

Fig.9 Percentage conversion versus temperature plots for the 

oxidation of CO over Mn2O3, Ni-doped Mn2O3 and Co-doped 

Mn2O3. 

But, the evaluated temperature of the pure Mn2O3 nanowires is 

from 170 oC to 270 oC. The increased catalytic activity of the 40 

doped products is due to the increased surface area and the 

promoted active oxygen content caused by ions’ substitution. Luo 

et al. has reported the oxidizing of CO on the α-Mn2O3 surfaces 

may proceed through the Langmuir-Hinshelwood mechanism 

(<220°C) to Mars-van-Krevelen mechanism (>350°C) with the 45 

increasing of reaction temperature.[32] In fact, all of our Mn2O3 

nanowire materials oxidize CO by a Langmuir-Hinshelwood 

mechanism, in which the role of the dopant is to facilitate the 

formation of oxygen vacancies. The CO oxidization process can 

be divided into three stages, the O2 dissociative adsorption 50 

[Equations (1) and (2)] and its surface reaction with CO 

[Equation (3)] [53]  

O2(g) + ⊕ → O2 -⊕                                  (1) 

O2-⊕ + ⊕ → 2O-⊕                                (2) 

CO-* + O-⊕ → CO2(g) + * +⊕                (3) 55 

*and⊕denote metal and support sites, respectively. 

In the case of Mn2O3, a surface phase transformation from α-

Mn2O3 to MnO-like species, during the adsorption and oxidation 

of CO for the first time. An oxygen vacancy is created in the 

process. The oxygen gas then reacts with the surface to regenerate 60 

a surface oxygen atom [Equation (1), (2)]. Highly reactive atomic 

oxygen is formed due to the dissociation of molecular oxygen at 

the vacancy site.[26] Finally, CO reacts with the highly active 

atomic oxygen to generate CO2[Equation (3)]. When Ni2+, Co2+ 

cations were incorporated into Mn2O3 lattice, the extra oxygen 65 

vacancies were generated to compensate for the valence 

mismatch between Ni2+/Co2+ and Mn3+. A large amount of 

oxygen vacancies not only promote the dissociation of reactants 

by strong binding, but also produce excess electrons[54,55], which 

tend to localize on the near pair of Mn3+ due to unreducible Co2+ 70 

and Ni2+ doped into the lattice, and result in highly reducible 

Mn2O3. More than that, the smaller Ni and Co dopants can set 

some space free to accommodate the bigger Mn2+, which helps to 

release the lattice strain and to get the lattice energy down.[56] 

Therefore, the enhanced catalytic activity of Ni2+-/ Co2+-doped 75 

Mn2O3 can be attributed to the lattice change and the promoted 

oxygen vacancies, which can increase catalytically active sites. 

Notably, it’s worth considering the higher catalytic performance 

Co-doped Mn2O3 nanaowires have than Ni-doped Mn2O3 was due 

to the actual doping amount and the intrinsic characteristics of 80 

cobalts and nickel on the catalytic activity. In fact, the essential 

distinction is under investigation, which will be presented in our 

future work.  

To demonstrate the thermal stability of the as-prepared Mn2O3 

nanowires, the recycling catalytic tests were performed 6 times. It 85 

was found that the catalytic efficiency remains nearly constant 

for Co-doped (Fig. 10a), and Ni-doped (Fig. 10b) along with pure 

(Fig. S3) Mn2O3, which can be demonstrating its excellent 

stability and recycling performance. Expectedly, the features of 

the catalysts remain almost unchanged after the 6 times’ catalysis, 90 

which are confirmed by the SEM images (Fig. S1) and XRD 

patterns (Fig. S2) (Supporting). It is obvious that our as-prepared 

cation-doped Mn2O3 nanowires catalysts possess a desirable 

stability. 
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Fig. 10 Catalytic performance of Co-doped Mn2O3 (a) and Ni-doped Mn2O3 (b) in different runs. 

4 Conclusions 

In summary, we have obtained Ni-doped and Co-doped 

manganese oxides (Mn2O3) 1 D nanowire via a solvothermal syn-5 

thesis followed by calcination that free of template-assisted route, 

and the composition and morphology can be easily controlled by 

the use of different dopants as reactants. Preliminary catalytic 

results indicated that Ni-, Co-doped Mn2O3 had excellent 

catalytic activity towards CO oxidation. With the help of SEM, 10 

XRD, Raman, EDS mapping and HRTEM, XPS, H2-TPR, we 

achieved a better understanding of the phenomena that Ni2+, Co2+ 

incorporated into the Mn2O3 lattice leading to richer oxygen 

vacancies, which contributed to the improvement of the catalytic 

performance in CO oxidation of our doped samples. 15 
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