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Multi-functional MnO2 nanomaterials for photo-
activated applications by a plasma-assisted fabri-
cation route†

Davide Barreca, *a Filippo Gri, b Alberto Gasparotto, b Giorgio Carraro, b

Lorenzo Bigiani, b Thomas Altantzis, c Boštjan Žener, d

Urška Lavrenčič Štangar, d,e Bruno Alessi, f Dilli Babu Padmanaban,f

Davide Mariotti f and Chiara Maccato *b

Supported MnO2-based nanomaterials were fabricated on fluorine-doped tin oxide substrates using

plasma enhanced-chemical vapor deposition (PE-CVD) between 100 °C and 400 °C, starting from a

fluorinated Mn(II) diamine diketonate precursor. Growth experiments yielded β-MnO2 with a hierarchical

morphology tuneable from dendritic structures to quasi-1D nanosystems as a function of growth temp-

erature, whose variation also enabled a concomitant tailoring of the system fluorine content, and of the

optical absorption and band gap. Preliminary photocatalytic tests were aimed at the investigation of

photoinduced hydrophilic (PH) and solid phase photocatalytic (PC) performances of the present nano-

materials, as well as at the photodegradation of Plasmocorinth B azo-dye aqueous solutions. The

obtained findings highlighted an attractive system photoactivity even under visible light, finely tailored by

fluorine content, morphological organization and optical properties of the prepared nanostructures. The

results indicate that the synthesized MnO2 nanosystems have potential applications as advanced smart

materials for anti-fogging/self-cleaning end uses and water purification.

1. Introduction

Photoactivated processes have been widely recognized as cost-
effective and environmentally friendly routes for both renewable
energy generation and purification/cleaning technologies.1–3 In
particular, great attention has been devoted to the degradation
of persistent pollutants in effluent wastewaters, such as dyes
from textile, paper and pharmaceutical industries, into harm-
less products.4–6 In addition, increasing efforts have been
focused on photoinduced anti-fogging and self-cleaning appli-

cations promoted by suitable functional systems, for which
surface adsorption phenomena and hydrophobic/hydrophilic
properties directly affect functional performances.7,8

Among the possible candidate materials, MnO2 is an
important transition metal oxide possessing various poly-
morphs, such as α-, β-, γ- and δ-MnO2,

9–18 and has been the
subject of several studies. In fact, thanks to the appealing
variety of chemical and physical properties, MnO2 materials
maintain their signature in many fields, such as Li-ion bat-
teries, supercapacitors, gas sensors, adsorbents and
heterogeneous catalysts.5,9,10,19–28 In addition, their band
gap (EG ≈ 1.5–2.7 eV, depending on the crystal phase and
preparation process)1,2,20,29 enables the utilization of the
renewable and largely available solar energy for photocatalytic
applications,5,13 differently from titania-based materials,
whose absorption is limited to the UV spectral range.13,30

In fact, Mn(IV) and Ti(IV) oxides possess many similarities,
including the presence of O defects and the basic structural
unit, MO6 (with M = Mn or Ti), being the leitmotiv of their
various polymorphs.31 Therefore, MnO2-based systems could
be usefully exploited in curbing environmental pollution and
promoting water purification and safety, thanks also to their
low toxicity, moderate price and high activity.6,15,32–34 So far,
MnO2 materials have been used for the photodegradation of
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organic dyes in wastewater.1,5,6,11,13,34 In a different way,
reports on the reversible hydrophobic/hydrophilic switching
and on solid phase photoactivated pollutant degradation have
been devoted to TiO2

4,35,36 and other oxide materials,7,8 but,
to our knowledge, no MnO2-based systems have ever been
investigated for such applications.

As a general rule, the obtainment of pure crystallographic
phases is highly desirable to control MnO2 functional pro-
perties, though being an open challenge due to the system
structural and morphological complexity.14,19,21,30,37 In
addition, MnO2 properties are directly influenced by their
nano-organization (nanorods, nanoflowers, nanotubes,
nanosheets, etc.9,11,13,22,38), which, in turn, can be tailored by
the adopted synthetic method.12,16,33 As a consequence, efforts
have been dedicated to the fabrication of low-dimensional
MnO2 systems using various techniques,29,34,39,40 among
which liquid-phase routes are by far the most used.6,9,11,14,16,32

However, several studies have been dedicated to
powders,5,9,10,12,26,30,40 whereas supported MnO2 systems,
though being undoubtedly preferable for various appli-
cations,7,36,41,42 are indeed much less investigated.2,20,21,43 In
particular, although previous studies have been done on nano-
structured β-MnO2 as an electrode, as well as catalytic and
magnetic materials,16,17,22,37–39,43,44 the functional investi-
gation of this polymorph, especially in supported forms and
for photoactivated applications, deserves further efforts.6

Herein, we report the preparation of phase-pure supported
β-MnO2 nanomaterials, whose applications in Vis-light photo-
activated processes are scarce, by means of plasma-enhanced
chemical vapor deposition (PE-CVD), exploiting the unique
gas-phase and surface chemistry of cold plasmas.8,45 So far,
only one work is available on the PE-CVD of MnOx thin films,
but the control of phase composition has been proven to be
difficult.41 In particular, our attention is devoted to the fabrica-
tion of F-doped MnO2 nanomaterials starting from a fluori-
nated Mn(II) precursor. As a matter of fact, fluorine doping has
been demonstrated to favourably affect the structural, optical,
electrical and catalytic properties of different oxides for
various applications, such as gas sensing, Li-ion batteries and
photocatalysis,46–51 but it has never been reported so far for
MnO2-based materials. To this aim, one of the main novel
characters of this work is the synthesis of nanostructured
β-MnO2 with a fine control of F content and morphology as a
function of the growth temperature. For the first time, the
functional behaviour of the developed systems is investigated
in relation to: (a) their photoinduced hydrophilicity (PH) and
solid phase photocatalytic (PC) activity in methyl stearate
degradation,7 in view of anti-fogging and self-cleaning appli-
cations; and (b) the photodegradation of aqueous solutions of
the monoazo-dye Plasmocorinth B. The latter was chosen as a
model compound thanks to its environmental stability and the
absence of coloured degradation by-products, enabling us to
follow its decomposition by means of ultraviolet-visible
(UV-Vis) spectroscopy.36 The most attractive results in view of
possible future implementations are presented and critically
discussed as a function of material properties.

2. Experimental section
2.1 Synthesis

PE-CVD growth processes were performed using a two-elec-
trode custom-built apparatus equipped with a radio frequency
(RF) generator (ν = 13.56 MHz), adopting Mn(tfa)2·TMEDA
(tfa = 1,1,1-trifluoro-2,4-pentanedionate; TMEDA = N,N,N′,N′-
tetramethylethylenediamine) as a precursor.52 Fluorine-doped
tin oxide (FTO)-coated glass substrates (Aldrich®; ≈7 Ω sq−1;
FTO thickness ≈600 nm), subjected to an established pre-
cleaning procedure,53 were mounted on the grounded elec-
trode, whereas RF-power was delivered to the second electrode.
Electronic grade Ar and O2 were used as plasma sources. The
precursor was placed in an external glass vessel heated at
85 °C using an oil bath and transported toward the deposition
zone by an Ar flow [rate = 60 standard cubic centimeters per
minute (sccm)] through feeding lines maintained at 150 °C.
Two additional independent gas-lines were used to introduce
Ar (rate = 15 sccm) and O2 (rate = 5 sccm) directly into the
reactor. For all depositions, the interelectrode distance, total
pressure, RF-power and process duration were set at 6 cm,
1.0 mbar, 20 W and 60 min, respectively. The growth tempera-
ture was varied between 100 °C and 400 °C.

2.2 Characterization

X-ray diffraction (XRD) patterns were collected at an incidence
angle of 1.0° on a Bruker D8 Advance X-ray diffractometer,
equipped with a Göbel mirror and a Cu Kα X-ray source (40 kV,
40 mA).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using a Perkin-Elmer Φ 5600ci spectrometer and a
standard Al Kα source (1486.6 eV). All binding energies (BEs;
standard deviation = ±0.2 eV) were referenced to the adventi-
tious C 1s component at 284.8 eV (Fig. S1†). After a Shirley-
type background subtraction, atomic compositions were evalu-
ated using Φ V5.4A sensitivity factors. When necessary, peak
fitting was carried out using a least-squares procedure, using
Gaussian–Lorentzian peak shapes. Ar+ sputtering was carried
out at 4.0 kV (argon partial pressure = 5 × 10−8 mbar).

Field emission-scanning electron microscopy (FE-SEM) and
energy dispersive X-ray spectroscopy (EDXS) measurements
were carried out using a Zeiss SUPRA 40VP microscope,
equipped with an Oxford INCA x-sight X-ray detector, at accel-
eration voltages between 10 kV and 20 kV. ImageJ® software
(http://imagej.nih.gov/ij/) was used to estimate deposit thick-
ness and aggregate size.

Atomic force microscopy (AFM) images were obtained using
an NT-MDT SPM Solver P47H-PRO instrument operating in the
tapping mode and in air. Root mean square (RMS) roughness
values were calculated at a window size of 5 μm × 5 μm, after
background subtraction and plane fitting.

Cross-sectional samples for transmission electron
microscopy (TEM) observations were prepared using a focused
ion beam system (FIB-SEM, FEI HELIOS NanoLab 650). During
sample preparation, due to the high length of the rods and
their low packing density, a carbon coating and a Pt protective
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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 elec-
tron microscope operated at 300 kV, equipped with the
ChemiSTEM system.54 Image acquisition was performed using
probe convergence and detector collection inner semi-angles
of 21 mrad and 55 mrad, respectively.

Optical spectra were recorded in the transmittance mode
using a Varian Cary 50 spectrophotometer, using a bare FTO-
coated glass substrate as a reference. In all cases, the substrate
contribution was subtracted. The band gap (EG) of the samples
was evaluated using the equation:3,46,47

ðαhνÞn ¼ Aðhν� EGÞ ð1Þ
where α and hν are the absorption coefficient and the photon
energy, respectively, A is a constant and n = 2 (direct allowed
transitions) for various MnO2 polymorphs.1,20,29,34,55 EG values
were obtained by extrapolating the straight portion of experi-
mental curves to intersect the energy axis at α = 0.

Valence band XPS measurements were carried out in a
Kratos Axis Ultra DLD X-ray photoelectron spectrometer at
≈10−9 mbar base pressure using an Al Kα (1486.6 eV) X-ray
source operated at 15 kV and 10 mA, with an analyser pass
energy of 20 eV. For each sample, three measurement spots
were taken with a spot size of 400 µm2.

The absolute Fermi energy was determined by Kelvin probe
(KP) measurements (KP Technologies APS04) with a 2 mm
gold plated tip. A sputtered Au-on-Si reference was used for the
calibration of the tip work function and samples were kept in
the dark for 24 h before analysis. Values of Fermi energy were
scanned over a 4 mm × 4 mm area and averaged to the final
value.

2.3 Photocatalytic tests

PH properties were analysed by following the evolution of the
H2O contact angle (WCA) vs. illumination time. After storage
in the dark, samples were subjected to front side irradiation by
three UV lamps (Actinic BL, Philips, 2 × 20 W and 1 × 40 W).
For each irradiation time, a water droplet (volume = 4 μL) was
deposited on the sample surface and the average WCA
values were determined by three independent measurements
using a Theta Lite (Biolin Scientific) instrument. For solid
phase PC oxidation tests, samples were preliminarily irradiated
with the above UV light source in order to start from a “clean”
hydrophilic surface, subsequently dip-coated with a 0.2 M
solution of methyl stearate in n-hexane (withdrawal speed =
10 cm min−1), and finally dried in air. This procedure resulted
in the formation of a uniform fatty compound coating onto
the MnO2 sample surface.7 The photoinduced methyl stearate
degradation was investigated by measuring WCA values vs.
irradiation time, using the above reported conditions, immedi-
ately after the application of the fatty compound layer. The

reproducibility of the system activity was confirmed by three
contamination/illumination cycles with WCA measurements.

Liquid phase photocatalytic tests were performed using a
custom built photoreactor by immersing two identical samples
(total geometrical area ≈ 5 cm × 5 cm) in 50 mL of a
Plasmocorinth B dye solution (initial concentration = 2.3 ×
10−5 M), continuously purged with gaseous oxygen throughout
the process. Irradiation was carried out by a set of six different
lamps arranged radially around the reactor [Blacklight Blue,
Philips, for UV (36 W m−2) illumination; Lumilux De Luxe
Daylight, Osram, for Vis (73 W m−2) illumination]. To investi-
gate the dye photodegradation process, UV-Vis absorption
spectra on the working solution were recorded at regular time
intervals (30 min) using an Agilent Cary 60 UV-Vis spectro-
photometer. The photocatalytic activity was evaluated by moni-
toring the dye absorbance maximum (λmax = 527 nm) as a func-
tion of irradiation time.4,42,56 The residual dye content for
each illumination time was calculated as:

A=A0 � 100 ¼ C=C0 � 100 ð2Þ
with A (C) and A0 (C0) being the absorbance (concentration)
values for the sample and the control solution, respectively.34

3. Results and discussion
3.1 Materials characterization

The system structure was preliminarily analyzed using XRD
(Fig. 1). The recorded patterns showed a limited number of
broad and relatively weak diffraction peaks, as already
observed for manganese oxide systems,32 suggesting that the
obtained specimens were formed by small-sized crystalline
domains with highly defective structures,13,16 as also con-
firmed by TEM data (see below). For a growth temperature
of 100 °C, no appreciable signals were observed. In a different
way, the sample grown at 200 °C presented a weak reflection at

Fig. 1 XRD patterns of the target manganese oxide samples fabricated
at different growth temperatures. Reflections pertaining to β-MnO2,
Mn2O3 and FTO substrates are marked for clarity.
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2θ ≈ 37.3° related to the (101) planes of β-MnO2, the equili-
brium phase of manganese dioxide at standard temperature
and pressure13,44 (space group: tetragonal – P42/mnm, with
lattice constants a = 4.39 and c = 2.87 Å).33,38,40 The absence of
the (110) peak at 2θ ≈ 28.7°, the most intense one in the refer-
ence powder spectrum for this polymorph,57 suggested the
possible occurrence of preferential orientation/texturing
effects, although the modest diffracted intensity precluded
more detailed observations. An increase of the growth temp-
erature to 300 °C resulted in the appearance of the (110)
β-MnO2 reflection. Finally, at 400 °C the peaks located at 2θ =
23.2° and 33.0° were attributable to (211) and (222) planes,
respectively, of body-centred cubic Mn2O3, whose presence
accounted also for the low intensity (400) peak, detected as a
shoulder on the FTO signal at 2θ ≈ 38.2°.58 Nevertheless, a sig-
nature for the β-MnO2 presence was provided by the reflection
at 2θ ≈ 37.3°, appearing as a shoulder on the most intense
FTO signal. The co-presence of MnO2 and Mn2O3, already
observed during the liquid-phase synthesis of MnO2

materials,19,31,37 could be attributed to a partial MnO2 thermal
decomposition under these preparation conditions.25,59

The surface chemical composition of the target systems was
analysed using XPS, yielding qualitatively similar results irre-
spective of the adopted deposition temperature. Survey spectra
(Fig. 2a) displayed the presence of C (see also Fig. S1†), O, Mn
and F signals. For a growth temperature ≤300 °C, the Mn 2p
peak shape and position (Fig. 2b; BE(Mn 2p3/2) = 642.7 eV;
spin–orbit splitting = 11.5 eV) were in agreement with the pres-
ence of MnO2

12,17,21,27,31,32 free from other manganese oxides
in appreciable amounts, as also confirmed by the Mn 3s multi-
plet splitting separation (Fig. 2c; 4.7 eV).2,15,18,33,52 In a
different way, at 400 °C the Mn 2p spectrum (BE(Mn 2p3/2) =
642.3 eV) and the Mn 3s band spacing (5.4 eV) were in line
with the presence of Mn2O3.

24,31,40,41 Nevertheless, the energy
difference between the BE(Mn 2p3/2) maximum and the O 1s
lowest BE component (112.2 eV) was intermediate between
those of Mn2O3 and MnO2.

10,17,21,25,33

The surface O/Mn atomic ratio (≈1.7–1.5 upon going from
100 °C to 400 °C) was lower than the stoichiometric value for
manganese dioxide. The O 1s peak (Fig. 2d) was decomposed
by means of two components located at BE = 529.9 eV (I) and
531.6 eV (II). Whereas the former could be assigned to lattice
oxygen in the Mn–O–Mn network,6,10,15,24,43 the latter (typically
≈30% of the total O content) was due to the concurrence of
hydroxyl groups and atmospheric oxygen adsorbed onto
surface defect sites.9,16,30,33,59 Non-stoichiometric O vacancy-
rich β-MnO2 is indeed well documented23,37,60 and the pres-
ence of “active oxygen” as lattice defects or adsorbed species
onto the surface has been reported to enhance its catalytic
activity in various processes.15,24,33,37,38 This feature favourably
impacts even on the system photocatalytic performances, as
discussed in detail in section 3.2. Finally, the surface F 1s peak
(Fig. 2e) was characterized by two components located at BE =
684.9 eV (III) and 688.5 eV (IV). The former, consistent with
the presence of lattice F, revealed a successful fluorine incor-
poration into the oxide lattice due to the used fluorinated pre-

cursor in the plasma-assisted processes, leading to F-doped
β-MnO2 systems. The second component, related to precursor-
derived CFx groups (see also Fig. S1†),49–53 could be removed
after Ar+ erosion for 5 min, indicating that its presence was
limited to the specimen surface. The uniform in-depth F distri-
bution was confirmed by EDXS analyses (Fig. S2†). As can be
observed from Fig. 2f, in line with previous studies,48,50,53 both
F components underwent a decrease upon increasing the
growth temperature, highlighting the possibility of tailoring F
doping in the target MnO2 systems by the sole variation of this
parameter.

The nanosystem morphology, investigated by the combined
use of FE-SEM and AFM analyses (Fig. 3), revealed a significant
dependence on the adopted growth temperature. At 100 °C
(Fig. 3a–c), the specimen was characterized by hierarchical
dendritic structures (mean lateral dimension = 200 nm; overall
deposit thickness = 330 nm) uniformly protruding from the
FTO substrate, resulting from the assembly of low-sized lamel-
lar aggregates (length and width = 75 nm and 20 nm, respect-
ively). A similar morphology was obtained even for the sample
grown at 200 °C (Fig. 3d–f ), although the formation of bigger
and denser nanostructures (mean dimension = 230 nm; length
and width of the lamellar aggregates = 115 nm and 30 nm,

Fig. 2 (a) Surface wide-scan XPS survey of a representative MnO2

sample synthesized at 200 °C. Detailed Mn 2p (b), Mn 3s (c), O 1s (d) and
F 1s (e) regions are also displayed. Panels (b) and (c) display signals
related to samples grown at 200 °C and 400 °C (red and green traces,
respectively). (f ) Evolution of CFx (red points, left axis) and lattice F con-
tributions (blue points, right axis) as a function of the growth tempera-
ture. X(FCFx) and X(Flattice) were calculated as X(FCFx) = {(% at. FCFx)/[(% at.
FCFx) + (% at. Mn)]} × 100 and X(Flattice) = {(% at. Flattice)/[(% at. Flattice) + (%
at. Mn)]} × 100.
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respectively) gave rise to a tightly packed cross-sectional
arrangement. In a different way, a net morphological evolution
took place for the specimen obtained at 300 °C (Fig. 3g–i), that
was characterized by pointed nanothorns (average length and
diameter = 900 and 80 nm, respectively; mean aspect ratio =
11.2) protruding from a more compact underlayer ≈300 nm
thick. At 400 °C (Fig. 3l–n), the increased thermal energy
supply produced more elongated quasi-1D nanostructures
(average length and diameter = 900 nm and 50 nm, resulting
in an aspect ratio of 18.0), with a thinner underlayer
(≈180 nm). The morphology of the 300 °C and 400 °C deposits
likely arises from the initial formation on the substrate of a
granular layer, subsequently self-catalysing the growth of an-
isotropic nanothorns in a process assisted by O deficiencies
(see the above XPS data), resulting, in turn, from the material
bombardment by O-related species.45,52 The surface topogra-
phy was also probed using AFM, and images recorded on
different sample areas enabled ascertaining surface homogen-
eity. The results, in line with FE-SEM data, confirmed the
above discussed morphological evolution, highlighting the for-
mation of highly rough materials. In particular, the calculated
RMS roughness values, that can be used as an estimation of
surface area,4,7,48 increased exponentially with growth temp-

erature (Fig. S3†), i.e. with decreasing F concentration,47

leading to very high values at 400 °C. Thanks to their open and
highly porous morphology, such nanostructures could be
deemed to have potential advantages for photocatalytic appli-
cations, due to their reduced lateral size and high contact area
with the reaction medium.1,3,34,36

In order to investigate in detail the system structure at the
nanoscale, HAADF-STEM and EDXS analyses were carried out
on representative specimens fabricated at 200 °C (Fig. 4) and
300 °C (Fig. 5). An overview HAADF-STEM cross-sectional
image of the sample grown at 200 °C, together with EDXS
elemental maps for Sn, Mn, O and F, is shown in Fig. 4a,
revealing the FTO//MnO2 stacking and a homogeneous spatial
distribution of the analysed elements. The presence of hier-
archical dendritic structures is in line with the results obtained
using FE-SEM (compare with Fig. 3). Fig. 4b displays a high
resolution HAADF-STEM (Z-contrast) micrograph, together
with the fast Fourier transform (FFT) pattern, shown as an
inset. The FFT corresponds to the [001] zone axis of the
β-MnO2 polymorph, the sole crystalline phase detected in the
present specimen, in agreement with XRD results (see above).
Many stacking faults could be observed, as indicated by the
white arrows in Fig. 4b. SAED analysis (Fig. 4c) highlighted the

Fig. 3 (From left to right) Representative plane-view, cross-sectional FE-SEM images and AFM micrographs of β-MnO2 nanomaterials obtained at
different temperatures.
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polycrystalline nature of the target system, as can be noted by
the presence of discontinuous circles.

Fig. 5a shows an overview HAADF-STEM image of the speci-
men grown at 300 °C, along with EDXS elemental maps. The
micrographs evidence the assembly of quasi-1D high aspect
ratio nanothorns with pointed tips, growing from a relatively
compact underlayer in contact with the FTO substrate, in
accordance with FE-SEM observations. Fig. 5b shows a higher
magnification HAADF-STEM image of a region of the sample,
and Fig. 5c and d display representative high resolution
HAADF-STEM images for the target nanothorns and the under-
layer, collected in the regions marked in Fig. 5b by red and
green squares, respectively. The corresponding FFT patterns
(insets) reveal that both the nanothorn and underlayer struc-
ture correspond to the β-MnO2 polymorph, in agreement with
XRD and XPS analyses.

The fabricated materials were also analysed using optical
absorption spectroscopy (Fig. 6a). In general, the recorded
spectra displayed a prominent radiation absorption in the Vis
range, of great importance for photocatalytic applications acti-
vated by Vis light (see below). The spectra were also character-
ized by a broadened absorption tail towards the near-infrared
(NIR) region, consistent with the presence of O vacancies (see

the above XPS data) and resulting in the formation of sub-
band gap states.46,53 From Tauc plots (Fig. 6b), it was possible
to extrapolate EG values as 2.5 eV, 2.2 eV, 2.0 eV and 1.8 eV for
growth temperatures of 100 °C, 200 °C, 300 °C and 400 °C,
respectively. These values were blue-shifted with respect to lit-
erature data for MnO2 (typically close to 1.8 eV 1,13,60,61), a
phenomenon that could be ascribed to the occurrence of size
effects29,46 and to a modified carrier concentration when
oxygen vacancies are saturated by fluorine. This explanation
also accounts for the progressive increase of band gap values
at the lowest deposition temperatures, resulting in a higher F
content (see above and Fig. 2f).47,50,53 For the specimen de-
posited at 400 °C, the obtained band gap (EG = 1.8 eV) was
intermediate between those reported for MnO2 and
Mn2O3,

3,13,34 in line with the system composition (see above).
Fig. 6b also shows that the sample fabricated at 200 °C pos-
sesses a higher absorption coefficient (α) with respect to the
other ones, a phenomenon traced back to a concurrent favour-
able contribution of the system crystallinity and the relatively
high lattice F content.49 This result is of great importance,
since a superior light absorption efficiency positively affects
the functional behaviour36 (see below).

Fig. 6c displays a schematic band energy diagram reporting
conduction band (CB), valence band (VB), and Fermi level (Ef )
positions for the various samples. The energy band diagram of

Fig. 4 (a) Cross-sectional HAADF-STEM image and corresponding
EDXS elemental maps for a specimen fabricated at 200 °C. (b) High
resolution STEM image from the same sample together with the FFT
pattern. The crystal is oriented along the [001] axis of the β-MnO2 struc-
ture. The white arrows mark the presence of stacking faults. The high
contrast particles in b are Pt nanoparticles from the protective layer de-
posited during FIB sample preparation. (c) SAED pattern from a region of
the MnO2 deposit in (a).

Fig. 5 (a) Cross-sectional HAADF-STEM image and corresponding
EDXS elemental maps for a specimen fabricated at 300 °C. (b) Higher
magnification HAADF-STEM image from a sample region. (c, d) High
resolution STEM images from the thorns and the underlayer region,
respectively, as indicated by the red and green squares marked in (b).
FFT patterns (shown as insets) indicate that both structures correspond
to β-MnO2. The high contrast particles in c are Pt nanoparticles from the
protective layer deposited during FIB sample preparation.
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manganese oxides is very controversial in the literature, not
only due to complications arising from the large number of
possible polymorphs, but also because of the complex influ-
ence of oxygen-related defects, grain boundaries and, in the
present case, also of fluorine doping.19,37,60,62,63 In this work,
the energy diagram in Fig. 6c was sketched based on XPS, KP
and optical absorption measurements (see above and
Fig. S4†). While the target samples show a rather high conduc-
tivity, the results reveal a band structure typical of a semi-
conductor. Similar to our previous work on F-doped Fe2O3,

53

the present data suggest that the increase of band gap values
with fluorine content was not due to a Moss–Burstein effect
(involving the partial filling of the CB and increase of n-type
behaviour with fluorine concentration), but to a different
phenomenon, as testified by the progressive increase of the
system p-type behaviour at higher F loadings (i.e. lower depo-
sition temperatures). In fact, oxygen vacancies yield occupied
sub-band gap states above the VB edge, as suggested by optical
absorption data (see above). Due to F incorporation into the
material and the subsequent formation of Mn–F bonds (as
confirmed by XPS), these states become partially empty and
can accept electrons from the MnO2 valence band, generating
holes in the latter. This phenomenon is likely to become pre-
dominant at higher F concentrations, thus explaining the

enhanced p-type character of samples grown at lower
temperatures.

3.2 Photoactivated properties

PH tests on the obtained systems were carried out by measur-
ing the evolution of the water contact angle as a function of
irradiation time (Fig. 7a). As can be observed, all samples pre-
sented a relatively fast variation of their initial state upon UV
exposure, yielding appreciably hydrophilic surfaces for
sufficiently long irradiation. The typical time within which the
final hydrophilic state is reached (<1 h) is in line with pre-
viously reported data for other oxide-based materials obtained
by CVD and PE-CVD routes.7,8 Nevertheless, the initial WCA
value at the beginning of the process (in the absence of UV
irradiation) results progressively lower for samples obtained at
higher growth temperatures. This feature could be mainly
traced back to the different fluorine contents of the target
specimens, which, as already discussed, decreases upon
increasing the temperature (see Fig. 2f). In fact, the presence
of a higher CFx group content on the surface resulted in a
more hydrophobic surface,64 as observed for the samples
obtained at 100 °C and 200 °C (see also XPS data above). In
addition, fluorine presence leads to a passivation of nano-
material defects and, hence, to a reduced content of oxygen
vacancies,48,50,53 the key active sites for water chemisorption,
with the formation of new –OH groups.4,7,8,35 As a conse-
quence, higher fluorine loadings result in an increased initial
hydrophobicity. An additional concurrent contribution to the
trend of the initial contact angles is provided by RMS rough-
ness values, progressively increasing with the growth tempera-
ture (Fig. S3†).7,35

As can be observed, the system behaviour became more
hydrophilic upon irradiation, with a direct dependence on the
deposition temperature. The Δ(WCA) value (difference
between the initial and final contact angles) is in fact reduced
from ≈80 to ≈20° upon going from 100 °C to 400 °C. The
rationale for the above difference lies in the different fluorine
contents of the target materials, since an increase in F content

Fig. 6 Optical absorption spectra (a) and Tauc plots (b) for manganese
oxide samples grown at different temperatures. (c) Schematic band
energy diagram of the same specimens.

Fig. 7 (a) PH behavior of MnO2 nanomaterials: WCA as a function of
irradiation time. Inset: Photographs of H2O droplets on a specimen fab-
ricated at 100 °C at different illumination stages. (b) PC behaviour of the
same samples: water CA vs. irradiation time for methyl stearate-coated
systems.
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(at 100 °C) results in an increase of the Lewis acidity of metal
centres, beneficially affecting the system activity.49 In addition,
at the lowest temperatures, the higher F content is more
effective in passivating material defects, thus reducing detri-
mental electron–hole recombination.53 In a different way,
carrier recombination processes are favoured by lower band
gap values, indeed corresponding to the less active samples
fabricated at higher temperatures. Although for the latter cases
an increased RMS roughness would imply a higher active area
(see above), it appears that this phenomenon (Fig. S3†) cannot
efficiently counterbalance the above effects. In addition, the
formation of Mn2O3/MnO2 heterojunctions at 400 °C does not
improve the separation of photogenerated charge carriers, due
to the unfavourable band edge positions at the interface
between these oxides (Fig. S5†). At the end of PH tests,
samples were stored in the dark for 12 h and subsequent
measurements of initial WCA values revealed the restoring of
initial surface characteristics, highlighting the reversibility of
the discussed behaviour.

In spite of the preliminary character of these studies, our
data highlight that the target nanomaterials are active in
photo-induced superhydrophilicity processes and that, in par-
ticular, the sample grown at 100 °C exhibited a superior
activity with respect to a commercial Pilkington® Activ™
Glass, a reference standard for the target applications.7 These
results are of particular interest due to the environmentally
friendly character of MnO2 and capability of harvesting solar
radiation, differently from TiO2 or ZnO, the most used plat-
forms for such applications.

Solid phase PC performances of the target nanomaterials
were examined in the photodecomposition of methyl stearate,

a well-known model fatty compound, by monitoring WCA evol-
ution vs. illumination time7 (see the Experimental section;
Fig. 7b). As a general rule, the starting WCA values were all
higher than 90°, in accordance with the presence of the hydro-
phobic methyl stearate overlayer. In addition, the initial WCA
values progressively increased with the adopted growth temp-
erature. This trend was traced back to the parallel enhance-
ment of the system RMS roughness upon going from 100 °C to
400 °C (see above), a phenomenon which, in turn, increased
the system hydrophobicity.7 In general, the material activity
resulted directly dependent on the deposition temperature. In
particular, the Δ(WCA) value decreased from ≈50° to ≈30°
upon going from 100 °C to 400 °C, and even in the latter case
the excursion was higher than that exhibited by the reference
Pilkington® Activ™ Glass.7 The best performances of the
100 °C-deposited sample could be mainly related to its higher
lattice F content (see above and Fig. 2f), exerting a beneficial
influence on photocatalytic activity and conductivity and sup-
pressing, in parallel, detrimental electron–hole recombination
processes.46,49,51,53 In this case, a predominant contribution of
RMS roughness could be ruled out since, as already noted, the
corresponding values showed an opposite trend with respect
to that shown in Fig. 7b.

Finally, the liquid phase PC activity of the target specimens
was tested in the degradation of Plasmocorinth B aqueous
solutions as a function of illumination time. In all cases,
control experiments revealed that no dye decomposition took
place in the dark and/or in the absence of the target materials.
Fig. 8a displays selected optical absorption spectra of the dye
solution in the presence of a manganese dioxide specimen,
showing a progressive absorbance decrease upon increasing

Fig. 8 (a) Optical absorption spectra of Plasmocorinth B aqueous solutions (2.3 × 10−5 M) as a function of UV irradiation time in the presence of a
β-MnO2 specimen synthesized at 200 °C. (b) Solution photobleaching at different illumination times. (c) Photocatalytic performances in the degra-
dation of Plasmocorinth B under UV and Vis illumination for a representative MnO2 sample fabricated at 200 °C. (d) Values of the apparent kinetic
constants (k) and half-life times (t1/2) for specimens obtained at different temperatures.
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UV irradiation time, and pointing out the effectiveness of
these materials to quickly decompose the pollutant. The poss-
ible mechanism of the overall process is described in section
S-1.5.† The solution fading due to dye degradation is visible
also to the naked eye (Fig. 8b). Fig. 8c displays the relative
Plasmocorinth B concentration vs. irradiation time in the pres-
ence of a representative MnO2 sample. Photocatalytic dye
decomposition was carried out utilizing not only UV, but also
Vis light. The obtained results (Fig. 8c) revealed a comparable
sample activity in both cases (see also kinetic constants and
half-life data in Table S1†), an interesting goal from an appli-
cative point of view. In addition, differently from previous
studies,42 cyclability tests (Fig. S6†) did not show any signifi-
cant performance degradation, an issue of vital importance in
view of practical applications.4,30,32,56

As a general rule, all specimens were active in the target
process and the dye decomposition followed a pseudo-first-
order reaction kinetics, as usually reported in similar
cases.5,6,34 The values of apparent first-order rate constants
and half-life are reported in Fig. 8d. Such results were better
than those exhibited in Plasmocorinth B photocatalytic oxi-
dation over supported TiO2 and M/TiO2 (M = Ag, Au)
films,36,42,56 thus highlighting the potential of the present
materials for use in photocatalytic dye degradation processes.

The obtained data suggest the following trend for the
sample photocatalytic activity as a function of the material
growth temperature: 400 °C < 100 °C < 300 °C ≈ 200 °C. This
trend could be apparently surprising, since the specimen
obtained at 400 °C was characterized by the highest RMS
roughness (i.e., by a higher active area), and, at a first glance, it
could have been expected to be the most active. This result
could be explained considering that the system liquid phase
photoactivity is affected not only by the actual roughness
value, but also by other concurring factors: (i) the different
absorption coefficients; (ii) the different lattice F contents; and
(iii) the system optical band gaps. In particular, as already
observed in relation to data shown in Fig. 7a, lower EG values,
corresponding to the samples fabricated at higher tempera-
tures, favour the recombination of photogenerated electrons
and holes. In addition, the formation of Mn2O3/MnO2 hetero-
junctions, occurring for the 400 °C specimen, does not
improve charge carrier separation (see also Fig. S5†), due to
the unfavourable mutual band edge positions. As a result,
taking into account the concomitant effect of the above issues,
the most active specimen was the one obtained at a growth
temperature of 200 °C.

4. Conclusions

This work has reported the PE-CVD fabrication of MnO2 nano-
systems from Ar–O2 plasmas on FTO substrates. The use of a
fluorinated Mn(II) molecular precursor enabled a homo-
geneous F doping of the target systems, with a content directly
tuneable as a function of the adopted growth temperature
(100–400 °C). Concomitantly, nanosystems with hierarchical

morphologies spanning from dendritic structures to quasi-1D
sharp nanothorns, with controllable surface roughness and
optical properties, could be effectively obtained. The fabricated
materials were composed of pure β-MnO2 at a deposition
temperature of 100–300 °C, and by the co-presence of β-MnO2

and Mn2O3 at 400 °C. The validity of the proposed preparation
route is further highlighted by the fact that, at variance with
the preparation of MnO2 polymorphs involving templates and
surfactants, it affords high purity products without any post-
synthesis treatment, that could alter the desired structures.6 A
thorough multi-technique approach enabled the investigation
of the interplay between the preparation conditions and the
resulting system characteristics. Preliminary photo-induced
hydrophilicity/photocatalytic functional tests, both in the solid
and in the liquid phase, highlighted the possibility of finely
tailoring MnO2 nanomaterial performances, which resulted
from a complex interplay between their nano-organization, F
content and optical absorption. In addition, the use of Vis illu-
mination instead of UV one did not result in an appreciable
performance decrease, paving the way to the use of natural
sunlight to activate the target processes. The obtained results,
which, to the best of our knowledge, have no precedents to
date on the target materials, open challenging perspectives for
the development of multi-functional photocatalysts for self-
cleaning and antifogging applications, as well as for waste-
water treatment.
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