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ABSTRACT 

Among transition metal oxides, MnO2 is of considerable importance for various technological 

end-uses, from heterogeneous catalysis to gas sensing, owing to its structural flexibility and 

unique properties at the nanoscale. In this work, we demonstrate the successful fabrication of 

supported MnO2 nanomaterials by a catalyst-free plasma-assisted process starting from a 

fluorinated manganese(II) molecular source in Ar/O2 plasmas. A thorough multi-technique 

characterization aimed at the systematic investigation of material structure, chemical 

composition and morphology revealed the formation of F-doped, oxygen-deficient MnO2-based 

nanomaterials, with a fluorine content tunable as a function of growth temperature (TG). Whereas 

phase-pure -MnO2 was obtained for 100°C  TG  300°C, the formation of mixed phase 

MnO2+Mn2O3 nanosystems took place at 400°C. In addition, the system nano-organization could 

be finely tailored, resulting in a controllable evolution from wheat-ear columnar arrays to high 

aspect ratio pointed-tip nanorod assemblies. Concomitantly, magnetic force microscopy analyses 

suggested the formation of spin domains with features dependent on material morphology. 

Preliminary tests in the Vis-light activated photocatalytic degradation of Rhodamine B aqueous 

solutions pave the way to possible applications of the target materials in wastewater purification. 

 

KEYWORDS: MnO2; plasma assisted-chemical vapor deposition; fluorine doping; magnetic 

force microscopy; photocatalysis. 
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INTRODUCTION 

In the last decade, manganese oxides (MnOx) have attracted a great interest due to their 

extremely diversified chemico-physical properties and wide range of potential applications.
1-6

 In 

particular, MnO2 is an inexpensive and environmentally friendly material characterized by a 

large natural abundance, rich polymorphism and high structural flexibility.
7-14

 These features 

render MnO2 an amenable multi-functional platform for a variety of utilizations, encompassing 

(photo)catalysis for water splitting and oxidation processes, chemical sensing, Li-ion batteries, 

electrochemical capacitors and magnetic devices.
6,13,15-29

 Hence, attention has been devoted to 

the development of MnO2 nanomaterials with controlled chemical, physical and functional 

properties.
1,15-16,30

 In particular, one- and two-dimensional (1D, 2D) MnO2 nanostructures have 

received an increasing attention due to their high surface area and tunable characteristics, 

dependent on dimensionality and size reduction.
4,7-8,14,20,31

 The most used routes to fabricate 

morphology-controlled MnO2 nanosystems are based on various liquid-phase 

approaches,
2,9,12,20,3210,15,17,25

 that often require the use of complex reaction mixtures and/or long 

reaction times, preventing thus a large-scale utilization. In addition, most of the works carried 

out so far have been devoted to the fabrication of manganese dioxide powders, whereas the 

preparation of supported MnO2 films and nanosystems, of importance for the eventual material 

integration into technological devices, has been comparatively less studied.
13,18-19,32

 In this 

context, gas-phase processes like chemical vapor deposition, especially plasma-assisted (PA-

CVD), hold a considerable promise thanks to the possibility of obtaining unique material 

morphology and structure under non-equilibrium conditions.
33-37

 However, to the best of our 

knowledge, only three works on the plasma-assisted preparation of MnO2
22,32

 and MnOx
33

 

nanosystems, with a difficult control of phase composition in the latter case,  are available in the 
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literature up to date. Beside the adopted preparation route, a valuable method to manipulate 

MnO2 chemico-physical characteristics involves also its controlled doping.
21,23,38

 So far, various 

examples on cation-doped MnO2 systems are present,
12,21,23

 whereas the use of anionic dopants, 

such as fluorine, has never been reported. Interestingly, F introduction in the oxide network can 

not only affect the system composition and morphology, but also yield the passivation of surface 

defects, resulting thus in an enhanced electrical conductivity and higher Lewis acidity of the 

metal center, of utmost importance for energy storage, gas sensing and photocatalytic 

applications.
5,38-45

 In particular in the latter field, defect passivation suppresses the undesired 

recombination of photogenerated charge carriers, an enhanced material conductivity favors 

electrons and holes migration towards surface adsorbates, whereas the increased Mn acidity 

improves the system reactivity. Hence, fluorine doping appears as a flexible and amenable tool to 

tailor the ultimate material performances. 

Recently, we have carried out a study on the chemico-physical properties of the fluorinated 

complex Mn(tfa)2•TMEDA (tfa = 1,1,1-trifluoro-2,4-pentanedionate; TMEDA = N,N,N’,N’-

tetramethylethylenediamine) as PA-CVD precursor, and reported preliminary results on the 

obtainment of MnF2 or MnO2 systems under different reaction environments.
34

 In this context, a 

thorough understanding of the interrelations between the processing conditions and the chemical, 

physical and functional properties of the developed systems is an open issue requiring further 

attention. With this background in mind, in the present manuscript we report on the successful 

PA-CVD fabrication of nanosystems based on -MnO2, the most thermodynamically stable 

polymorph of manganese dioxide.
31,46

 So far, various works have been devoted to the preparation 

of this phase both in powdered forms
3,11-12,24

 and as thin films,
18,32

 but no previous investigation 

on the CVD preparation of -MnO2 films/nanosystems is available in the literature up to date. In 
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this study, we propose a single-step PA-CVD approach for the preparation and simultaneous in-

situ F doping of manganese dioxide, involving the use of Mn(tfa)2•TMEDA in Ar/O2 plasmas at 

growth temperatures between 100 and 400°C. Under the adopted experimental conditions, this 

compound serves as a single-source molecular precursor for both Mn and F, thanks to the 

generation of fluorinated radicals.
40,45

 The temperature influence is investigated in detail, 

devoting special attention to the possibility of tailoring not only the system structure and 

chemical composition, but also the nano-organization from columnar arrays to quasi-1D nanorod 

assemblies. In particular, the present study reports on a multi-technique nanoscopic investigation 

of nucleation/growth processes for -MnO2-based systems by means of advanced microscopic 

and spectroscopic techniques. Attention is also dedicated to the investigation of magnetic 

characteristics by magnetic force microscopy, performed for the first time on -MnO2 materials. 

Finally, the system photocatalytic performances are preliminarily evaluated in a standard test 

reaction, i.e. the liquid phase photodegradation of Rhodamine B (RhB) activated by Vis light. 

EXPERIMENTAL SECTION 

Synthesis. Depositions were performed using the Mn(tfa)2•TMEDA precursor
34-35

 on previously 

cleaned
40

 p-type Si(100) substrates (MEMC
®
, Merano, Italy, 1.5 × 1.5 cm

2
), mounted on the 

grounded electrode of a custom-built two-electrode radio frequency (RF, ν = 13.56 MHz) PA-

CVD reactor
36

 (electrode-to-electrode distance = 6.0 cm). Basing on preliminary optimization 

experiments, syntheses were carried out for 60 min from Ar/O2 plasmas (flow rates = 15.0 and 

5.0 standard cubic centimeters per minute (sccm), respectively), using a total pressure of 1.0 

mbar and an RF-power of 20 W. The used growth temperature (TG) was varied between 100 and 

400°C. Mn(tfa)2•TMEDA powders, introduced in an external glass reservoir, were heated at 
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85°C by means of an oil bath and their vapors were transported into the reactor by an additional 

Ar flow (60 sccm) through delivery gas lines maintained at 150°C. The obtained samples were 

analyzed as-prepared, without any ex-situ thermal treatment, in order to prevent MnO2 thermal 

decomposition.
32

 

Characterization. X-ray photoelectron spectroscopy (XPS) analyses were performed by a 

Perkin–Elmer  5600ci spectrometer, using a standard AlK source (h = 1486.6 eV). The 

obtained binding energy (BE) values (uncertainty = ±0.2 eV) were corrected for charging effects 

by assigning to the adventitious C1s component a value of 284.8 eV.
6
 Ar

+
 sputtering was carried 

out at 4.0 kV, with an Ar partial pressure of 5×10
8

 mbar. When necessary, peak fitting was 

performed by a least-squares procedure using Gaussian–Lorentzian peak shapes. Atomic 

percentages (at.%) were determined through peak integration using Φ V5.4A sensitivity factors.  

X-ray diffraction (XRD) patterns were collected at an incidence angle of 1.0° using a Bruker D8 

Advance diffractometer equipped with a Göbel mirror and a CuK X-ray source. 

Field emission-scanning electron microscopy (FE-SEM) images were acquired using a Zeiss 

SUPRA 40VP instrument, equipped with an Oxford INCA x-sight X-ray detector for energy 

dispersive X-ray spectroscopy (EDXS) analyses, at primary electron beam voltages of 10-20 kV. 

The mean nanodeposit thickness and nanoaggregate dimensions were estimated using the 

ImageJ
®
 software (http://imagej.nih.gov/ij/). 

The material surface topography and magnetic properties were investigated by atomic and 

magnetic force microscopies (AFM and MFM), using a NT–MDT SPM Solver P47H–PRO 

instrument operating in tapping mode and in air. Root mean square (RMS) roughness values 

were calculated from AFM images by means of the NT-MDT software after background 

subtraction. MFM analyses were performed using cantilever tips (mean height = 15 µm) coated 

http://imagej.nih.gov/ij/
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with a CoCr magnetic film (thickness = 15 nm) on the tip side and by a high-reflectivity Al 

coating on the detector side. Before image acquisition, the tips were magnetized for 60 min. 

Cross-sectional samples for transmission electron microscopy (TEM) observations were 

prepared by focused ion beam (FIB-SEM, FEI HELIOS Nanolab 650), as well as by Ar
+
 ion 

milling. In the latter case, specimens were first mechanically polished down to a thickness of 

approximately 20 μm using an Allied Multiprep System with diamond-lapping films, and, 

subsequently, subjected to Ar
+
 ion milling using a Leica EM RES102 apparatus. During the 

preparation of the sample grown at 400°C, characterized by the presence of long nanorods with a 

relatively low packing density (see below), a carbon coating and a Pt protective layer (high 

contrast regions between the rods) were deposited to embed the structures and prevent them from 

collapsing. Low and high magnification high angle annular dark field-scanning TEM (HAADF-

STEM) images, selected area electron diffraction (SAED) patterns and EDXS elemental maps 

were acquired using an aberration corrected cubed FEI Titan electron microscope operated at 

300 kV, equipped with the ChemiSTEM system.
47

 A probe convergence semi-angle and a 

detector collection inner semi-angle of 21 mrad and 55 mrad, respectively, were used for image 

acquisition. 

The photocatalytic activity was tested in the degradation of RhB aqueous solutions using a 30 

mL teflon photochemical reactor. In a typical experiment, a -MnO2 catalyst was immersed in 20 

mL of the dye solution (initial concentration = 2.0×10
6

 M), stirred in the dark for 30 min in 

order to reach the adsorption equilibrium. Under these conditions, the maximum decrease in the 

dye concentration was lower than 1 % for all the investigated samples. Subsequently, irradiation 

was performed using a Solar Simulator (LOT-Oriel) equipped with a 150 W Xe lamp, using a 

cut-off filter (AM-79765) to obtain the sole Vis irradiation. At different time intervals, 1.5 mL of 
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the aqueous suspension were collected and analysed by a UV-Vis spectrophotometer (Shimadzu 

UV-2450). The photocatalytic activity was evaluated by monitoring the decrease of the 

absorption band of RhB at  = 553 nm as a function of time. The residual dye content was 

calculated as A/A0×100, where A and A0 indicate the actual and reference absorbance values, 

respectively. Control experiments revealed that RhB was not decomposed under irradiation in 

the absence of manganese oxides, indicating that dye degradation was a photocatalytic process 

promoted by the target nanosystems. 

RESULTS AND DISCUSSION 

The surface chemical composition and elemental states of the fabricated samples were examined 

by XPS. Irrespective of the adopted growth temperature, only Mn, O, F and C peaks could be 

observed in survey scans (see Figure 1a and Supporting Information (SI), Figure S1a). The 

disappearance of carbon after Ar
+
 erosion for 10 min evidenced the high material purity. The F1s 

signal (Figure 1a, inset; Figure 1b and SI, Figure S1b) could be always fitted by means of two 

different components. The low BE band (I, BE = 684.8 eV) was ascribed to lattice fluorine 

substitutional to oxygen atoms in the oxide network, whereas the high BE one (II, BE = 688.5 

eV) was attributed to undecomposed CFx precursor residuals.
5,34,39-40,45

 Similarly to the carbon 

signal, the latter band was reduced to noise level after 10 min of Ar
+
 erosion (see SI, Figure 

S1b), indicating that the presence of contaminating fluorine species was limited to material 

surface. Conversely, lattice F (component (I)) was present both on the material surface (Figure 

1c) and in the inner system region (SI, Figure S1b). Interestingly, fluorine loading could be 

tailored by variations of the sole deposition temperature, whose increase resulted in a progressive 

decrease of both the total fluorine content and lattice one [component (I)], the latter disappearing 
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for TG = 400°C (Figures 1b-c).  

The present data highlight the successful fluorine incorporation in the target systems, thanks to 

the  

 

Figure 1. (a) Surface wide-scan XPS spectrum of a manganese oxide deposit synthesized at TG = 

200°C. The corresponding F1s and Mn2p photopeaks are displayed as insets. Dependence on 

growth temperature of the surface total F content (b) and lattice fluorine content (c).  
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use of the above mentioned fluorinated compound as PA-CVD precursor. The obtainment of 

fluorine doping, already reported in the PA-CVD growth of iron and cobalt oxide nanosystems 

from M(hfa)2•TMEDA derivatives (M = Fe, Co; hfa = 1,1,1,5,5,5-hexafluoro-2,4-

pentanedionate)
40,45,48-49

 similar to the present Mn(tfa)2•TMEDA precursor, was traced back to 

the generation of F radicals from the diketonate ligand fragmentation in the used plasmas. The 

adsorption of these radicals onto the growing material results in F incorporation into the target 

system.
48

 The trend in fluorine concentration (see Figures 1b-c) could be explained taking into 

account that, at the lowest temperatures, the adsorption of the above radicals is more efficient. 

This phenomenon is also accompanied by the binding of CFx precursor residuals, but, as already 

observed, their presence is confined to material surface. Upon increasing TG, the higher thermal 

energy supply triggers the formation of F-containing volatile byproducts, ultimately leading to 

the disappearance of lattice fluorine signals at a temperature of 400°C. 

As regards Mn chemical state, the Mn2p signal shape and position (Figure 1a, inset and SI, 

Figure S1c; BE(Mn2p3/2) = 642.7 eV; spin-orbit separation = 11.6 eV) were in line with literature 

data for pure Mn(IV) oxide.
27

 Nevertheless, since the distinction of the various Mn oxides based 

on the sole analysis of the Mn2p peak might be ambiguous,
23

 the Mn3s core level spectrum was 

also collected (SI, Figure S1d).
33

 The Mn3s multiplet splitting separation (4.8 eV, irrespective 

of the deposition temperature) confirmed indeed the occurrence of the sole Mn(IV) valence 

state
1,26

 for all the analyzed specimens. Calculation of the O/Mn ratio (see also the O1s signal, 

SI, Figure S1e) yielded a mean value of 1.7, lower than the one expected for stoichiometric 

MnO2, suggesting thus the occurrence of oxygen vacancies. The presence of the latter, already 

reported in various studies on the -MnO2 polymorph, has been reported to beneficially impact 

on MnO2 catalytic and electrochemical activity.
11,16-17
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In this work, particular attention was devoted to the system structural and morphological 

characterization as a function of the adopted processing conditions by the combined use of 

complementary analytical techniques. The system structure was initially investigated by XRD 

(Figure 2a), and the obtained patterns revealed a marked dependence on the adopted deposition 

 

Figure 2. (a) XRD patterns of manganese oxide specimens deposited at various temperatures. -

MnO2
50

 and -Mn2O3
51

 reflections are marked by symbols  and , respectively. Dependence 

of the sample microstrain (b) and dislocation density (c) on the growth temperature. 

temperature. As can be observed, crystalline deposits could be obtained at TG as low as 100°C, 

an appreciably lower temperature than those used in the molecular beam epitaxy and the atomic 
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layer deposition of MnO2 films,
22,32

 as well as in the thermal CVD of Mn fluorides and oxides 

from an analogous diketonate-diamine Mn(II) precursor, thanks to the unique activation exerted 

by cold plasmas.
34

 For TG  200°C, the recorded patterns showed a single diffraction peak, 

attributable to the (101) crystallographic planes of tetragonal -MnO2 (space group: P42/mnm; a 

= 4.399 Å, c = 2.874 Å).
4,24,50

 -MnO2, the most thermodynamically stable manganese (IV) 

oxide polymorph under ambient conditions, possesses a rutile-type structure, characterized by 

MnO6 octahedra linked along edges to form chains, which, in turn, connect via corner sharing 

yielding a tunneled structure.
2,8,10,46

 The absence of the (110) signal at 2  28.7°, the most 

intense one in the reference -MnO2 pattern,
50

 suggested the possible occurrence of preferential 

orientations and/or anisotropic crystallite growth (see also FE-SEM data below).
34,39

 At TG = 

300°C, the reflections at 2θ = 28.8°, 37.3° and 42.8° were assigned to (110), (101) and (111) 

planes of β-MnO2. No signal pertaining to other crystalline phases could be observed, 

evidencing, for 100°C  TG  300°C, the formation of phase-pure -MnO2 systems, at variance 

with previous results obtained in the PA-CVD of MnOx thin films.
33

 The I(110)/I(101) intensity ratio 

was reversed with respect to the powder spectrum,
50

 suggesting even in this case the presence of 

texturing effects and/or anisotropic growth. A similar observation held also for the specimen 

prepared at TG = 400°C, in which the (110) -MnO2 peak could not be detected. In this case, 

however, the system phase composition turned out to be different. In fact, the pattern also 

revealed the presence of diffraction signals at 2θ = 23.2°, 33.1° and 49.4°, related to (211), (222) 

and (431) planes of -Mn2O3,
51

 whose formation could be ascribed to a partial MnO2 thermal 

decomposition at the adopted growth temperature.
32

 These results indicated that the temperature 

window useful to obtain pure -MnO2 under the present experimental conditions corresponds to 

100°C  TG  300°C. The apparent discrepancy between XRD and surface XPS results, which 
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showed the presence of the sole MnO2 for TG = 400°C, suggested that Mn2O3 was confined in the 

inner material regions close to the substrate, as confirmed by TEM data (see below). The average 

MnO2 nanocrystal size D underwent a progressive increase with the deposition temperature (SI, 

Figure S2). 

In general, the relatively low peak intensity and the line broadening in the XRD patterns of the 

target materials suggested a low system crystallinity. This phenomenon, already observed in the 

liquid phase synthesis of MnO2 powders,
8-9,32

 could be mainly related to the structural disorder 

induced by fluorine introduction in the fabricated systems, especially for TG = 100°C.
38

 In fact, a 

careful analysis of XRD data revealed a progressive shift of the (101) β-MnO2 reflection towards 

lower angular values upon decreasing TG. This effect could be traced back to the parallel increase 

of fluorine content (Figure 1), resulting in a strain of the lattice structure
41-44

 and in a (101) peak 

location at 2θ = 36.7°, 0.6° lower than the reference β-MnO2 value.
50

 In any case, the absence 

of peaks related to secondary F-containing phases proved a successful fluorine insertion in the 

oxide lattice.
38

 It is worth highlighting that the low crystallinity and high defectivity of the 

present materials, resulting in a high density of surface active sites, could be in principle 

advantageous in view of (photo)catalytic applications, such as the removal of dyes from aqueous 

solutions and the oxygen evolution reaction.
2-3

 

Additional important information was provided by the calculation of microstrain () and 

dislocation density () values (SI, § S-1.2). For both these parameters, Figures 2b-c evidenced an 

exponential decrease upon increasing the deposition temperature, suggesting that an enhanced 

thermal energy supply resulted in a lowered defect content and a higher material crystallinity.
41-42

 

The obtained  values were similar to those reported for manganese oxide systems with similar 

crystallite dimensions (see also SI, Figure S2).
14,39
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In order to investigate in detail the system nano-organization, both plane-view and cross- 

sectional FE-SEM analyses were performed, and the results revealed a remarkable dependence 

of material morphology on the adopted growth temperature (Figure 3). The specimen fabricated 

at 100°C was characterized by densely interconnected wheat-ear shaped structures growing 

almost perpendicularly to the substrate surface (mean height = (320±10) nm). As a result, a 

surface   



 15 

 

Figure 3. Plane-view (left) and cross-sectional (right) FE-SEM micrographs for samples 

synthesized at different temperatures.   
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topography dominated by the uniform interconnection of evenly distributed lamellar aggregates 

could be observed (lamellae length and width = (80±15) nm and (25±5) nm, respectively). For 

TG = 200°C, the deposit was less compact and the mean height of nanostructures increased to 

(370±20) nm. In a different way, the specimen prepared at 300°C presented elongated aggregates 

(average length up to 400 nm; diameter = (70±10) nm) outgrowing from a relatively compact 

granular underlayer in contact with the Si(100) substrate. The presence of the latter was observed 

even at TG = 400°C, but in this case the images revealed the formation of outgrowing pointed-tip 

nanorods (length  1050 nm; diameter = (70±20) nm; aspect ratio = length/diameter = 15), 

whose assembly gave rise to the formation of a highly porous material. 

The obtained MnO2-based nanosystems were further investigated by means of cross-sectional 

EDXS analyses, carried out in parallel to FE-SEM ones. The corresponding results (SI, Figure 

S3) revealed a homogeneous in-depth composition, without the presence of any impurity, in 

accordance with XPS data, and an even fluorine distribution throughout the investigated 

thickness. 

The joint use of AFM and MFM enabled to analyze the surface topography and the 

corresponding distribution of magnetic domains in the target nanomaterials. Figure 4 displays 

AFM (left) and MFM images (right), both revealing an appreciable evolution as a function of the 

growth temperature. In line with FE-SEM results, AFM analyses highlighted the progressive 

formation of rougher surfaces at higher TG values, with a less regular surface topography for TG 

= 300 and 400°C, in line with the evolution towards pointed-tip nanorods (see Figure 3). In 

particular, RMS roughness values were evaluated to be 1, 4, 44 and 50 nm for TG = 100, 200, 

300 and 400°C, respectively (SI, Figure S4). Especially in the latter case, the resulting highly 

porous morphology has a great potential interest for technological applications requiring a high 
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surface area, such as gas sensing and photocatalysis (see below).
7,49

 It is worthwhile noting that 

the direct measurement  
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Figure 4. Topographic AFM images (left) and MFM micrographs (right) for manganese oxide 

specimens obtained at different growth temperatures.  

2.0 
2.5 

1.5

3.0 

0
0.5 

1.0 

2.0 
2.5 

1.5

3.0 

0.5 
1.0 

nm

0
40
80

120

μm μm

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm

2.0 
2.5 

1.5

3.0 

0
0.5 

1.0 

nm

μm

0

200
100

2.0 
2.5 

1.5

3.0 

0
0.5 

1.0 

nm

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm μm

0
100

300
200

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm

0

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm

nm

0
100
200

2.0 
2.5 

1.5

3.0 

0
0.5 

2.0
2.5 

1.5

3.0 

0.5 
1.0 1.0 μmμm

0

4

nm

2.0 
2.5 

1.5

3.0 

0
0.5 

1.0 

2.0
2.5 

1.5

3.0 

0.5 
1.0

0 

8

μmμm

4

12 

nm

2.0 
2.5 

1.5

3.0 

0
0.5 

1.0 

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm

nm

0
10
20

μm

2.0 
2.5 

1.5

3.0 

0

0.5 
1.0 μm

2.0 
2.5 

1.5

3.0 

0.5 
1.0 μm

nm

0
80

160

100  C

200  C

300  C

400  C

8



 19 

of surface area values for supported nanosystems like the present ones is indeed a critical issue. 

In fact, in such cases conventional N2 or Kr physisorption methods fail, as the extremely low 

mass of the active material cannot be estimated with accuracy.
37

 In this regard, Root Mean 

Square (RMS) roughness values obtained by AFM measurements provide valuable information, 

since the effective surface area is typically larger for a rough surface
45

 and therefore the RMS 

values display the same trend as the surface area ones. 

MFM images (Figure 4) showed domain structures reflecting the magnetic polarization at the top 

end of nanoaggregates. The magnetic properties shown by the developed manganese oxide 

materials could be related to the presence of oxygen vacancies,
22

 in line with XPS data (see 

above). A careful analysis of morphological data revealed that the dimensions of magnetic 

domains sampled by MFM were different from those of the aggregates in AFM and FE-SEM 

micrographs, especially for TG > 300°C. This evidence suggested that each of the observed 

domain comprises various aggregates with a very close alignment. For 100°C  TG  300°C, the 

relatively uniform distribution of bright/dark regions, corresponding to a higher local 

concentration of positive/negative poles,
52

 revealed a long-range magnetic ordering. A different 

situation was observed at 400°C, due to the above observed quasi-1D anisotropic morphology. 

Indeed, since the magnetic tip used to probe material surface is sensitive to the force gradient 

perpendicular to in-plane magnetic domains, the corresponding MFM image suggested the 

occurrence of a perpendicular magnetic anisotropy, of potential interest for an eventual end-use 

of the developed materials in high-density magnetic recording media.
53

 Furthermore, the 

topography at TG = 400°C reflected a bunching/bundling of quasi-1D structures, which was 

ascribed to the inability of the magnetic tip to spatially resolve individual nanorods. 

In order to investigate in detail the system nanoscale structure, HAADF-STEM and EDXS  
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Figure 5. (a) Cross-sectional HAADF-STEM image and corresponding EDXS elemental maps 

for the sample fabricated at TG = 200°C. (b) High resolution STEM image from the same 

specimen together with the FFT pattern of the region marked by the white square. The crystal is 

oriented along the [111] axis of the β-MnO2 structure. (c) SAED pattern from a region in (a).  
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Figure 6. (a) Cross-sectional HAADF-STEM image and corresponding EDXS elemental maps 

for the specimen fabricated at TG = 400°C. (b,c) High resolution STEM images for the grown 

needles and the underlayer, corresponding to the regions marked by red and green squares 

marked in (a). FFT patterns (shown as insets) indicate that the structure of the needles and of the 

underlayer corresponds to β-MnO2 and -Mn2O3, respectively. In Figure 6c, high contrast Pt 

nanoparticles from the protective layer used during sample preparation are clearly evident.  
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analyses were carried out on two representative specimens fabricated at TG = 200°C (Figure 5) 

and 400°C (Figure 6). An overview HAADF-STEM image of the sample grown at TG = 200°C, 

together with EDXS elemental maps for Si, Mn, O and F, are shown in Figure 5a. Beside 

revealing the Si//MnO2 stacking and a uniform element spatial distribution, the results evidenced 

the presence of columnar structures, in agreement with FE-SEM observations (compare Figure 

3). Figure 5b displays a high resolution HAADF-STEM (Z-contrast) micrograph, together with 

the fast Fourier transform (FFT) pattern of the crystal indicated by the white square, shown as 

inset. The FFT corresponds to the [111] zone axis of β-MnO2,
50

 the sole polymorph detected in 

the present specimen, in line with XRD data (see above and Figure 2a). The circles observed in 

SAED analysis (Figure 5c) highlighted the polycrystalline nature of the target system. Figure 6a 

reports an overview HAADF-STEM image of the sample fabricated at TG = 400°C, along with 

EDXS elemental maps. The micrographs evidenced the assembly of quasi-1D high aspect ratio 

nanorods with pointed tips, outgrowing from a relatively compact underlayer in contact with the 

FTO substrate. Figures 6b-c display representative high resolution HAADF-STEM images for 

the target nanorods and the underlayer, collected in the regions marked in Figure 6a by red and 

green squares, respectively. The corresponding FFT patterns showed that the nanorod structure 

corresponded to β-MnO2,
50

 whereas the underlayer was composed by the sole -Mn2O3, in 

agreement with XRD analyses that revealed the co-presence of β-MnO2 and -Mn2O3 at TG = 

400°C.  

As a whole, the above results enabled us to propose a tentative growth mechanism involving a 

thermally activated vapor-solid auto-catalytic process (see Figure 7). In particular, the formation 

of the first nucleation centers during the initial deposition stages is followed by their coalescence 

into a granular coating in contact with the substrate, acting as a ‘seed layer’ and triggering the 
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subsequent material development. Accordingly, an anisotropic grain growth yields the formation  
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Figure 7. Schematic representation of the various steps involved in the PA-CVD growth of 

manganese oxide nanomaterials on Si(100) substrates in the 100400°C temperature range.  

of nanostructures mainly oriented along the (101) crystallographic direction. As a matter of fact, 

this phenomenon is directly affected by the actual temperature of the growth surface, governing 

not only the level of fluorine incorporation (see above and Figure 1), but also the nature of the 

ultimate products. In fact, whereas at the lowest adopted temperatures (100 and 200°C) compact 

columnar arrays are observed, a progressive increase in the thermal energy supply (TG ≥ 300°C) 

is responsible for the progressive formation of more open and porous structures. The use of TG = 

400°C promotes a quasi-1D growth, yielding β-MnO2 pointed-tip nanorods protruding from an 

underlayer composed by -Mn2O3. 

Finally, a preliminary proof-of-principle investigation of material photocatalytic activity was 

carried out in the Vis-light photodecomposition of aqueous RhB solutions.
8,29

 Figure 8 displays 

the relative RhB concentration vs. illumination time in the presence of selected manganese oxide 

nanosystems prepared at the lowest and highest substrate temperatures (100 and 400°C, 

respectively). As can be observed, RhB was progressively degraded under Vis irradiation, and 
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the  

 

Figure 8. Photocatalytic degradation of RhB aqueous solutions (2×10
6

 M) under Vis light in the 

presence of selected MnO2 specimens. 

system performances were directly affected by the material deposition temperature. Although the 

presence of Mn2O3 and the concomitant formation of Mn2O3/MnO2 heterojunctions in the 

specimen prepared at 400°C (see above) might be unfavorable for the separation of 

photogenerated electrons and holes,
8,54

 the decomposition efficiency was higher for the sample 

grown at 400°C with respect to the homologous one obtained at 100°C. This phenomenon could 

be mainly related to contributions from the system surface roughness (a higher roughness likely 

corresponding to a higher active area
45

), which was 50 times higher for the 400°C sample with 

respect to the 100°C one (see above and SI, Figure S4). In addition, the system functional 

performances could be directly affected by the fluorine content. In particular, as can be observed 

in Figures 1b-c, the overall fluorine percentage progressively decreased upon increasing the 

growth temperature. Since a main contribution to the overall F content arose from undecomposed 
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CFx precursor residuals (compare Figure 1a), it can be deduced that especially at TG = 100°C the 

latter moieties, present at material surface, exert a poisoning effect on the catalyst, resulting in a 

decreased activity towards dye degradation and accounting for the diverse sample performances 

reported in Figure 8.
45

 In this regard, the independent control of lattice vs. contaminating F 

content undoubtedly deserves further attention. Nevertheless, it is worthwhile highlighting that 

the preparation route proposed in the present study enables the obtainment of nanosystems with a 

minimal amount of active material, much lower than the typical ones for homologous powdered 

specimens. In addition, supported nanosystems like the present ones are an amenable alternative 

for practical uses, since their adhesion to the substrate prevents the occurrence of unfavorable 

leaching/sintering phenomena affecting powdered systems. 

CONCLUSIONS 

In summary, supported MnO2 nanomaterials with tailored nano-organization were fabricated for 

the first time through a PA-CVD route starting from a fluorinated Mn(II) derivative in Ar/O2 

plasmas. Key points of the proposed approach are: i) the lower processing temperatures with 

respect to those previously adopted in the thermal CVD of manganese oxides/fluorides and in the 

molecular beam epitaxy/atomic layer deposition of MnO2 systems; ii) the absence of catalysts 

and/or templating agents, resulting in high purity products. In particular, this investigation has 

unraveled the interrelations between the processing conditions and the system structural, 

compositional, morphological properties. The versatility of the adopted strategy, which 

represents an amenable alternative for possible large-scale applications, is highlighted by the 

possibility of controlling material characteristics by the sole variation of the growth temperature 

from 100 to 400°C. In particular, fluorine content could be finely modulated, and material phase 
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composition changed from pure -MnO2, for 100  TG  300°C, to a mixed phase MnO2+Mn2O3 

system, for TG = 400°C. In parallel, the system morphology underwent an evolution from wheat-

ear arrays to quasi-1D assemblies, accompanied by a progressive increase of the surface 

roughness and by variations in the shape and distribution of the resulting magnetic domains. 

Preliminary photocatalytic results evidence that the target -MnO2 systems are suitable for RhB 

degradation under Vis light. 

The obtained results provide a general framework on how to control the system morphogenesis 

for advanced technological applications not only in magnetic recording media, but also in gas 

sensors and (photo)catalysts for oxygen evolution. In this regard, future efforts will be addressed 

to a wider screening of processing conditions to verify the possibility of exerting an independent 

control of lattice vs. contaminating fluorine in the prepared materials. 
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SYNOPSIS TOC 

High purity nanomaterials based on -MnO2 were synthesized for the first time by plasma-

assisted chemical vapor deposition from a diketonate-diamine Mn(II) complex with fluorinated 

ligands. The target compound enabled the obtainment of F-doped manganese oxide systems, 

with nano-organization evolving from columnar arrays to quasi-1D assemblies, and 

structural/magnetic features tunable as a function of the adopted growth temperature. Preliminary 

experiments evidenced their applicability in the photocatalytic degradation of aqueous pollutants 

triggered by visible light irradiation. 

 

 


