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Nano surface engineering of Mn2O3 for potential
light-harvesting application
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Manganese oxides are well known applied materials including their use as efficient catalysts for various

environmental applications. Multiple oxidation states and their change due to various experimental

conditions are concluded to be responsible for their multifaceted functionality. Here we demonstrate

that the interaction of a small organic ligand with one of the oxide varieties induces completely new

optical properties and functionalities (photocatalysis). We have synthesized Mn2O3 microspheres via a

hydrothermal route and characterized them using scanning electron microscopy (SEM), X-ray diffraction

(XRD) and elemental mapping (EDAX). When the microspheres are allowed to interact with the biologically

important small ligand citrate, nanometer-sized surface functionalized Mn2O3 (NPs) are formed. Raman

and Fourier transformed infrared spectroscopy confirm the covalent attachment of the citrate ligand to

the dangling bond of Mn at the material surface. While cyclic voltammetry (CV) and X-ray photoelectron

spectroscopy (XPS) analysis confirm multiple surface charge states after the citrate functionalization of the

Mn2O3 NPs, new optical properties of the surface engineered nanomaterials in terms of absorption and

emission emerge consequently. The engineered material offers a novel photocatalytic functionality to

the model water contaminant methylene blue (MB). The effect of doping other metal ions including

Fe3+ and Cu2+ on the optical and catalytic properties is also investigated. In order to prepare a prototype

for potential environmental application of water decontamination, we have synthesized and duly

functionalized the material on the extended surface of a stainless steel metal mesh (size 2 cm � 1.5 cm,

pore size 150 mm � 200 mm). We demonstrate that the functionalized mesh always works as a ‘‘physical’’

filter of suspended particulates. However, it works as a ‘‘chemical’’ filter (photocatalyst) for the potential

water soluble contaminant (MB) in the presence of solar light.

1. Introduction

The beauty of nanomaterials lies in their higher surface to
volume ratio compared to that of the bulk material with the
same chemical composition. Therefore, for tailor made appli-
cations, nanomaterials are more promising compared to their
bulk counterpart. In addition, to be used in several practical
applications further surface modifications of nanomaterials are
essential.1–5 Attaching suitable organic ligands to their surface
atoms is one of the most facile route for modification of metal

oxide nanomaterials.6 This leads, e.g. to protection of nano-
particles (NPs) from agglomeration and makes them available
for an interaction with other molecules. Frequent reports
on functionalization of NPs with biocompatible ligands for
catalysis, cancer therapy and biomedical applications exist.7–11

Previously, our group functionalized various NPs with bio-
logically important ligands to allow potential biomedical and
environmental applications.12–15 Our recent attention towards
manganese oxide NPs is due to their emerging use in bio-
medical, photocatalysis, supercapacitor applications and also
because this material is relatively inexpensive, non-toxic, and
naturally abundant.16–20 It has been reported that different
varieties of manganese oxide NPs (MnO, Mn2O3, Mn3O4) with
tunable morphologies can be easily synthesized via different
routes.21–25 By varying the dripping speed of NaOH in the pre-
sence of MnCl2 and H2O2, different Mn3O4 morphologies, like
nanoparticles, nanorods and nanofractals can be obtained.26,27

While hollow and core shell type Mn2O3 nanostructures are
applied in CO reduction,28 the former are reported to be useful
in pollutant adsorption.29 Recently, Chen et al. have shown that
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hierarchical mesoporous manganese dioxide (MnO2) synthe-
sized by a soft interface method is a much efficient catalyst
for degradation of organic pollutants like methylene blue.30 To
make the low band gap material Mn2O3 photocatalytically
active a contact between graphene sheets and Mn2O3 nano-
particles has been made to facilitate easy electron transfer from
the metal oxide to the graphene sheet.31 Functionalized manga-
nese oxide NPs are also reported to have novel optical and
catalytic properties.3 In recent reports from our group we have
shown that the interaction of Mn3O4 NPs with various hydroxyl
and carboxylate containing ligands changes the optical and
magnetic properties of the NPs.32 While a-hydroxy-carboxylate
is found to have an impact on the optical properties of the NPs
through ligand to metal charge transfer (LMCT) and Jahn–
Teller effects, interaction with carboxyl containing ligands is
efficient in controlling the magnetic properties of Mn3O4 NPs.32

Citrate functionalized Mn3O4 NPs containing multiple oxida-
tion states (+2, +3 and +4) have been recently found to be useful
for the treatment of hyperbilirubinemia.13 The balance of
different oxidation states in functionalized NPs is critical to
achieve novel optical and catalytic properties. In this context,
the functionalization of Mn2O3 having only one oxidation state
(+3) and inducing interesting optical properties would be impor-
tant, however, this is only sparsely reported in the literature. This
is one of the motives of the present work. Another important
aspect is doping of Mn2O3 with metal ions in order to improve
the functionality of the native oxide. Patoux et al. have shown
that nickel doped spinel manganese oxides are attractive
materials for Li ion batteries.33 Zinc doped manganese oxides
are efficient coal gas absorbers for desulfurization.34 Recently,
Fe-loaded mesoporous manganese dioxide with urchin-like super-
structures have been successfully used for dye degradation.35

Therefore, we have also investigated the optical and catalytic
properties of doped Mn2O3 upon functionalization with organic
ligands.

In this work, we have synthesized Mn2O3 microspheres by a
hydrothermal process and duly functionalized them with the
model organic ligand citrate. High resolution transmission
electron microscopy (HRTEM) reveals the formation of Mn2O3

nanoparticles (NPs) from the microsphere as a result of ligand
etching.36,37 We further confirmed the nature of citrate binding
to the NPs by a series of characterization techniques such as
Raman scattering, Fourier transformed infrared (FTIR) spectro-
scopy, cyclic voltammetry (CV) and X-ray photo-emission spectro-
scopy (XPS). We also demonstrated that citrate functionalized
NPs induce multiple photoluminescence (PL) processes. We
further investigated the photocatalytic activity of citrate function-
alized NPs using Methylene Blue (MB) as a model organic
pollutant. The effect of doping metal ions (Cu2+ and Fe3+) on
the photoluminescence and catalytic activity of the NPs has also
been investigated. In order to fabricate prototypes for poten-
tial applications, we have immobilized citrate functionalized
Mn2O3 microspheres on a stainless steel mesh and confirmed
the filtering activity of the mesh to suspended particulates
and catalytic degradation of a model contaminant in the pre-
sence of light.

2. Materials and methods
2.1. Synthesis of materials

Manganese acetate dihydrate, sodium citrate, sodium hydro-
xide, copper chloride dihydrate, ferric chloride, methylene blue
and Nafion were purchased from Sigma Aldrich. Potassium
bromide and ethylene glycol were obtained from Merck. The
stainless steel mesh was purchased from Shangyu metal mesh
company, China. All other chemicals employed were of analy-
tical grade and used without further purification. In a typical
synthesis of Mn2O3 microspheres, 0.03 mol of manganese
acetate dihydrate and 0.27 mol of urea were added into 30 ml
ethylene glycol to form the solution.38 The resultant mixture
was continuously stirred for 2 hours and then transferred into a
30 mL Teflon-lined stainless-steel autoclave. The Teflon-lined
autoclave was put into an oven at 180 1C for 24 hours. The
system was then cooled to ambient temperature naturally. The
final product was collected and washed with distilled water and
absolute alcohol at least five times. Then as-prepared samples
were further annealed at 500 1C for 10 hours in air.39 The syn-
thesis of metal ion doped manganese oxides microspheres
designated as Cu–Mn2O3 and Fe–Mn2O3 was carried out by
addition of 0.003 M copper chloride dihydrate and 0.003 M
ferric chloride, respectively, under similar reaction conditions.

For the citrate functionalization of the Mn2O3 microspheres
(C–Mn2O3 NPs), 0.5 M sodium citrate was prepared in Milli-Q
water. Then 10 mg of Mn2O3 microspheres were added, followed
by extensive mixing for 16 hours in a cyclo mixer. Finally, the non-
functionalized bigger particles were filtered out and the resulting
filtrate solution was used. In the same way, citrate functionalized
doped Mn2O3 NPs (C–Fe–Mn2O3 and C–Cu–Mn2O3) were synthe-
sized. For the surface modification of the citrate functionalized
NPs the pH of the solution was adjusted to 12 by addition of
1 M sodium hydroxide. The resulting solution was then finally
heated at 60 1C for 12 hours. Finally, the solution became highly
photoluminescent and the color of the solution turned into
yellowish-brown. Generally, Mn3+ in an acid/neutral solution
is unstable and has a tendency to disproportionate into Mn2+

and Mn4+, whereas in an alkali medium it is stabilized by
comproportionation of Mn4+ and Mn2+.40 The C–Fe–Mn2O3 and
C–Cu–Mn2O3 samples can also become highly luminescent by
the above-described treatment.

In order to prepare microspheres on a stainless steel mesh,
initially the mesh was cleaned through bath sonication in acetone
for 30 min and dried on a hot-plate at 60 1C. Then deposition of
C–Mn2O3 on the mesh was done using a nebulizer followed by
annealing at 400 1C for 10 hours, which has been used as a
seeding layer for the synthesis of Mn2O3 microspheres. Then,
0.03 mol of manganese acetate dihydrate and 0.27 mol of urea
were dissolved into 30 ml ethylene glycol. The resultant mixture
was continuously stirred for 2 h and then transferred into a
30 mL Teflon-lined stainless-steel autoclave containing the mesh.
The Teflon-lined autoclave was put into an oven at 180 1C for 24 h.
The system was then cooled to ambient temperature. Then the
mesh was washed thoroughly with water to remove excess
unreacted reagents. The as-synthesized Mn2O3 microspheres
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on the mesh were further annealed at 500 1C for 10 h in air. The
Cu–Mn2O3 and Fe–Mn2O3 microspheres on the mesh were
synthesized by following the above-mentioned conditions with
the addition of 0.003 M copper chloride dihydrate and ferric
chloride, respectively. Then the functionalization of the micro-
spheres by citrate was performed accordingly.

2.2. Characterization

Field emission scanning electron microscopy (FESEM, QUANTA
FEG 250) investigations were performed by applying a diluted
drop of NPs on a silicon wafer. Transmission electron micro-
scopy (TEM) grids were prepared by applying a diluted drop of
the citrate functionalized NP samples to carbon-coated copper
grids. The particle sizes were determined from micrographs
recorded at a magnification of 100000X using an FEI (Technai
S-Twin, operating at 200 kV) instrument. X-ray diffraction (XRD)
patterns of the samples were obtained by employing a scanning
rate of 0.021 S�1 in the 2y range from 201 to 801 using a PANalytical
XPERTPRO diffractometer equipped with Cu Ka radiation (at
40 mA and 40 kV). FTIR spectra of the as prepared samples were
recorded on a JASCO FTIR-6300 spectrometer, using a CaF2

window. Raman scattering experiments were performed in back-
scattering geometry using a micro-Raman setup consisting of
a spectrometer (LabRAM HR, Jobin Yvon) and a peltier-cooled
charge-coupled device (CCD) detector. An air cooled argon ion
laser with a wavelength of 488 nm was used as the excitation light
source. Raman spectra of all the samples have been recorded at
room temperature in the frequency range 50–4000 cm�1. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a Kratos Axis Ultra DLD spectrometer equipped with a
monochromatic Al Ka X-ray source (hn = 1486.6 eV) operated at
150 W, a multichannel plate, and a delay line detector under a
vacuum of 1.3 � 10�19 Torr. More details can be found else-
where.41 For steady state and time resolved optical study we have
followed the methodology as described in our earlier work.42

Fig. 1 FESEM images of (a) Mn2O3, (b) Fe doped Mn2O3 and (c) Cu doped
Mn2O3 microsphere samples. (d) XRD pattern of Mn2O3, Fe doped Mn2O3

and Cu doped Mn2O3.

Fig. 2 (I) (a) SEM image, (b) Mn, (c) Fe, and (d) O elemental mapping images of Fe doped Mn2O3 microspheres. (e) EDAX spectrum of Fe doped Mn2O3

microspheres. (II) (a) SEM image, (b) Mn, (c) Cu, and (d) O elemental mapping images of Cu doped Mn2O3 microspheres. (e) EDAX spectrum of Cu doped
Mn2O3 microsphere.
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For electrochemical measurements cyclic voltammetry (CV) was
carried out in an electrochemical cell using 0.01 M KCl electro-
lyte. 2 mg of Mn2O3 sphere and 6 mg of C–Mn2O3 were dissolved
in 50 ml of ethanol containing 5 wt% Nafion as a binder. Then
10 ml of sample solution were deposited on glassy carbon (work-
ing electrode). CV was carried out using CH Instruments and
swept at 50 mV S�1 between 0 and 3 V applied versus an Ag/AgCl
reference electrode.

For photocatalysis studies, citrate functionalized NPs were
taken in deionized water (DI) and methylene blue in DI was
used as the test contaminant. An 8 W UV source was used as an
irradiation source in this study. The mixture of photocatalyst
and contaminant was irradiated with UV irradiation and absor-
bance data were collected continuously by using a setup reported
earlier.43 The percentage degradation (%DE) of MB was deter-
mined using:

%DE ¼ I0 � I

I0
� 100 (1)

where I0 is the initial absorption intensity of MB at lmax =
660 nm and I is the absorption intensity after UV irradiation.

3. Results and discussion

Fig. 1a–c show the morphology of the as-synthesized Mn2O3

microspheres without and with Fe+3/Cu+2 doping as revealed
from FESEM. The average sizes of the native, Fe (Fe–Mn2O3) and Cu
(Cu–Mn2O3) doped Mn2O3 microspheres are found to be 6–8 mm,
4–6 mm and 5–7 mm, respectively. Fig. 1d shows XRD patterns of
native Mn2O3, Fe–Mn2O3 and Cu–Mn2O3, respectively. XRD pat-
terns of Fe–Mn2O3 and Cu–Mn2O3 are similar to that of native bare
Mn2O3 and consistent with the diffraction pattern of pristine bulk
Mn2O3 reported in the literature.38 During doping of bulk Mn2O3,
the Cu2+ ion can easily replace Mn3+ in the crystal lattice due to the

Fig. 3 TEM image of Mn2O3 microspheres (a), C–Mn2O3 (b), Fe doped
C–Mn2O3 (c) and Cu doped C–Mn2O3 (d) NPs (inset shows size distribu-
tion of NPs). (e) UV-vis absorption spectrum of C–Mn2O3 NPs (at pH B12
and 70 1C for 12 h).

Fig. 4 (a) Raman spectra of the citrate, Mn2O3, Fe doped Mn2O3, Cu
doped Mn2O3, C–Mn2O3, Fe doped C–Mn2O3 and Cu doped C–Mn2O3.
(b) FTIR spectra of citrate, C–Mn2O3 and Mn2O3 respectively.
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smaller radius of the Cu2+ ion (0.057 nm) compared to that of
Mn3+ (0.066). Similarly the substitution of the Mn3+ ion by Fe3+

occurs due to the smaller radius of the Fe3+ ion (0.063).44,45

In order to confirm the uniform distribution of Fe and Cu
atoms in the Fe–Mn2O3 and Cu–Mn2O3 microspheres we have
performed elemental EDAX mapping as shown in Fig. 2. From
the EDAX measurement, it is observed that 2.5 wt% of Fe is
doped into the Mn2O3 crystal and 1.96 wt% of Cu is doped into
the Mn2O3 crystal lattice. TEM was used in order to investigate
the microscopic structure of as synthesized Mn2O3 microspheres
(Fig. 3a). Upon interaction with citrate ligands the Mn2O3 micro-
spheres become water soluble and smaller in size as evident
from the HRTEM image (Fig. 3b). The citrate functionalized
Mn2O3 nanoparticles (C–Mn2O3 NPs) are found to have a size
distribution with an average diameter of 29.01 � 0.27 nm (inset
of Fig. 3b). The HRTEM images of C–Mn2O3 NPs also show the
high crystallinity of the NPs. The inter-planar distance between
the fringes is found to be about 0.268 nm consistent with (222)
planes of bulk Mn2O3.46 The citrate functionalized Fe doped
Mn2O3 and Cu doped Mn2O3 NPs are found to have an average
size of 43 � 0.16 and 40.38 � 0.45 nm respectively. HRTEM
images also indicate the highly crystalline nature of citrate
functionalized Fe doped Mn2O3 and Cu doped Mn2O3 NPs.

Fig. 5 Cyclic voltammogram of bare Mn2O3 (cyan line) and Mn2O3 after
functionalization with citrate (green line) recorded at a scan rate 50 mV S�1

in the range of 0 to 3 V using Ag/AgCl as a reference electrode.

Fig. 6 XPS spectra of C–Mn2O3 NPs (a) Mn 2p, (b) O 1s, and (c) C 1s. XPS spectra of Fe doped C–Mn2O3 NPs (d) Mn 2p, (e) Fe2p, and (f) O 1s (inset shows
C 1s). XPS spectra of Cu doped C–Mn2O3 NPs (g) Mn 2p, (h) Cu2p, and (i) O 1s (inset shows C 1s).
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The effect of citrate functionalization of the NPs is evident in
the UV-Vis absorbance spectra of the NPs at room temperature.
While the citrate ligand and native Mn2O3 do not show any
characteristic peak in the wavelength range of 300–600 nm,
functionalized NPs show several absorption peaks (at 335, 365
and 430 nm) in the wavelength window (as shown in Fig. 3e).3,47

The observed peak at 335 nm may be assigned to high energy
ligand to metal charge transfer (LMCT) processes involving
citrate–Mn3+ interactions. The other peaks at 365 and 430 nm
correspond to the d–d transitions of Mn3+ in Mn2O3 NPs since
Mn3+ (d4) forms a high spin complex. The ground state term of
Mn3+ (d4) is 5E in Mn2O3 from the high spin complex which
undergoes a Jahn–Teller distortion due to functionalization
with citrate. This leads to band transitions of 5B1–5E, 5B1–5B2

and 5B1–5A1.48,49 Fig. 4a shows Raman spectra of the ligand,
bare Mn2O3 and C–Mn2O3 revealing the structural modification
of Mn2O3 NPs upon functionalization with the citrate ligand.

The main characteristic peak observed at 650 cm�1 of Mn2O3 NPs
corresponds to M–O stretching vibrations,50 and C–O stretching
vibration of the citrate ligand located at 843 cm�1 are perturbed
upon functionalization with citrate. This indicates the covalent
binding of the citrate ligand with the NP surface. Similar changes
are observed for Fe–Mn2O3 and Cu–Mn2O3 after citrate function-
alization as shown in Fig. 4a. A strong electronic coupling of the
ligand with Mn2O3 NPs is also evident from FTIR spectra as shown
in Fig. 4b. Bare Mn2O3 shows two characteristic bands at 576 and
521 cm�1 corresponding to M–O stretching vibrations of Mn2O3

NPs.51 After functionalization with citrate ligands, the bands are
distinctly diminished indicating strong interaction between Mn2O3

NPs and the citrate ligand. It is also observed that two sharp bands
at 1156 and 1076 cm�1 responsible for the C–O stretching modes of
citrate52 are broadened in C–Mn2O3 NPs. This observation is
consistent with the fact that the carboxylate functional group in
the citrate makes covalent bonding with the NP surface.

Fig. 7 (a), (c) and (e) are normalized steady-steady PL spectra collected from C–Mn2O3, Fe doped C–Mn2O3 and Cu doped C–Mn2O3 NPs respectively
at three different excitation wavelengths at pH B 12. Figure (b), (d) and (f) are the excitation spectra of C–Mn2O3, Fe doped C–Mn2O3 and Cu doped
C–Mn2O3 NPs, respectively, at different PL maxima.
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A clear change in the redox property of bare Mn2O3 upon
citrate functionalization is evident from CV measurements
as shown in Fig. 5. It is known that for bare Mn2O3, the first
reduction process at B1.1 V corresponds to the reduction of
Mn3+ to Mn2+.53 As evident from Fig. 5, the reduction peak at
1.06 V for bare Mn2O3 is significantly perturbed upon function-
alization and a new peak at B0.35 V appears for Mn2O3 NPs.
This peak can be attributed to the oxidation of Mn+3/Mn+4

species.54 This implies that after functionalization in Mn2O3

the charge state of Mn3+ disproportionates and is generate
dominantly by the +4 charge state. It has to be noted that the
formation of the +2 state as a result of disproportionation is
not clear from these CV studies, however, evident in the XPS
spectrum. Fig. 6 shows XPS spectra of Mn2O3, Fe–Mn2O3 and
Cu–Mn2O3 after citrate functionalization. As reported in the
earlier studies Mn2O3 shows two Mn 2p peaks at 642.40 and
654.13 eV, which are attributed to Mn 2p3/2 and Mn 2p1/2,
respectively.55 A spin energy gap of 11.73 eV is reported to be a
significant signature of Mn3+ in Mn2O3.56 As shown in Fig. 6a
the XPS spectrum (Mn 2p) for C–Mn2O3 can be deconvoluted
into four peaks at 640.27, 640.46, 642.23 and 653.18 eV. While
640.27 eV can be attributed to Mn2+, 640.46 and 642.23 eV
correspond to Mn3+ and Mn4+ respectively.57,58 The Mn 2p1/2 at
653.18 eV indicates a +3 oxidation state of Mn assuming the
peak at 646.09 eV to be a shake-up satellite.32 The deconvoluted
O 1s line spectra are composed of three peaks. The O 1s line at
530.72 eV corresponds to the surface hydroxyl groups and the
peaks at 531.54 and 535.25 eV indicate the presence of adsorbed
water molecules.59 Again, the deconvoluted C 1s line spectra
were recorded with three peaks to analyze the interactions
between the citrate ligand and NPs. The C 1s peak at 284.56,
286.50 and 288.10 eV can be assigned to carbon present in citrate
in the form of C–C, C–OH and COO, respectively.60 Therefore,
functionalization with citrate suppresses the +3 oxidation state
of Mn and generates +4 and +2 states via a disproportionation
mechanism.61 As shown in Fig. 6, similar changes in the

oxidation state of Mn for Fe–Mn2O3 and Cu–Mn2O3 NPs after
citrate functionalization are evident. The XPS spectrum of Fe
doped Mn2O3 shows two Fe 2p peaks at 710.19 and 724.51 eV
which can be attributed to Fe 2p3/2 and Fe 2p1/2 respectively.62,63

This indicates incorporation of Fe into the lattice of Mn2O3.The
XPS spectrum of Cu doped Mn2O3 illustrates two Cu 2p peaks at
932.9 and 952.8 eV, which can be attributed to Cu 2p3/2 and
Cu 2p1/2, respectively.38,64,65 The observation confirms the incor-
poration of Cu into the lattice of Mn2O3.

Fig. 7a shows normalized fluorescence spectra of C–Mn2O3

NPs at room temperature at pH 12. C–Mn2O3 NPs show multi-
ple photoluminescence (PL maxima at 392, 462 and 491 nm)
upon excitation at different wavelengths (335, 365 and 430 nm,
respectively). Fig. 7b shows excitation spectra of C–Mn2O3 NPs
with different emission wavelengths. The ligand field theory
can be useful in order to understand the multiple PL of the
C–Mn2O3 NPs.66,67 Multiple PL of the C–Mn2O3 NPs arise
mainly due to the LMCT (citrate–Mn3+) excited states and the
ligand field excited states of the metal (Mn3+) d-orbitals. Thus
the PL peak at 392 nm arises due to LMCT from HOMO (highest
occupied molecular orbital, centered in the ligand) to LUMO
(lowest unoccupied molecular orbital, centered in the metal
centre). On the other hand, PL peaks at 462 and 492 nm arise
due to d–d transition of the Mn3+ ion, in the presence of the
citrate ligand. Similarly, multiple PL (maxima at 411, 456 and
509 nm) arises in C–Fe–Mn2O3 NPs and C–Cu–Mn2O3 NPs upon
excitation at different wavelengths (335, 365 and 435 nm,
see Fig. 7c and e). Fig. 7d and f shows excitation spectra of
C–Fe–Mn2O3 NPs and C–Cu–Mn2O3 NPs detected at different
PL maxima. It is observed that unfunctionalized Mn2O3,
Fe–Mn2O3 and Cu–Mn2O3 have no such PL properties due to
absence of LMCT and the J–T phenomenon. The multiple PL
of the citrate functionalized NPs is further recorded under a
fluorescence microscope, see Fig. 8. Fig. 8a–c shows bright field
images and two fluorescence images of C–Mn2O3 NPs (excitation
at 365 and 436 nm) respectively. C–Mn2O3 NPs upon 365 nm

Fig. 8 Fluorescence microscopic images of the C–Mn2O3 NPs and mesh-C–Mn2O3 under white light (a and d) and light of two different wavelengths
365 nm (b and e) and 436 nm (c and f), respectively.
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excitation show cyan emission and 436 nm excitation show
green emission. Fig. 8d–f shows similar PL of functionalized
Mn2O3 microspheres on the stainless steel mesh.

In order to investigate a detailed mechanistic insight into
the origin of the multiple PL of the functionalized NPs, we have
performed picosecond-resolved fluorescence studies. From Fig. 9,
the fluorescence decay of the C–Mn2O3, C–Fe–Mn2O3 and C–Cu–
Mn2O3 NPs was determined at different PL maxima of 456 and
507 nm using lasers as an excitation source at 375 and 445 nm,
respectively. The lifetime values for 456 and 507 nm emission
(upon excitation by 375 and 445 nm laser sources) decays are
shown in Table 1. From this table it is shown that the average
lifetimes of C–Mn2O3 are 2.01 and 1.95 ns when the PL is
measured at 456 and 507 nm, respectively, upon 375 nm laser
excitation, while it is 0.59 ns when PL is measured at 507 nm
upon 445 nm laser excitation. The lifetime data clearly suggest
that the Jahn–Teller distortion leads to PL maxima at 456 and
507 nm upon excitation at 375 and 445 nm, respectively. Here it is
observed that after doping the J–T distorted d–d transition leads
to PL maxima at 456 and 507 nm. The average lifetimes of C–Fe–
Mn2O3 are 0.76 and 0.94 ns, respectively, upon 375 laser excita-
tion, while it is 0.34 ns when PL is measured at 507 nm upon
445 nm laser excitation. The decrease in the average lifetime after
iron doping may be attributed to the faster electron transfer from
C–Mn2O3 to Fe+3. The average lifetimes of C–Cu–Mn2O3 are 0.74
and 0.91 ns upon 375 nm laser excitation while it is 0.33 ns when
PL is measured at 507 nm upon 445 nm laser excitation. The
decrease in average lifetimes indicates an additional nonradiative
time scale in the excited state which can alter the fluorescence
lifetimes. The apparent rate constant (knr) is determined for the
nonradiative processes by comparing the lifetimes of citrate
functionalized Mn2O3 NPs in the absence (t0) and presence (t)
of the doping metal ion, using the equation.

knr ¼
1

th i �
1

t0h i
(2)

The apparent rate constant values for Fe doped C–Mn2O3 and
Cu doped C–Mn2O3 are shown in Table 1 which indicates the
excited state electron transfer from C–Mn2O3 to Fe and Cu.

It has been reported that adsorption plays an important role
in the removal of pollutants.68–71 However, in our case the as
prepared microsphere has insignificant ability for methylene
blue adsorption (data not shown). During the photocatalytic
reaction, MB forms a well-known colorless product leucomethylene
blue (LMB)72,73 as shown in eqn (3).

2MB + 2e� + H+ = MB + LMB (3)

In order to confirm the formation of leucomethylene blue, the
degradation of methylene blue was performed in the presence
of citrate capped Mn2O3 NPs under UV light irradiation and the
absorption spectra were monitored at different time intervals.
As shown in Fig. 10a, the methylene blue peak at 664 nm decreases
with time whereas another peak at 246 nm corresponding to
the leucomethylene blue formation increases during photo-
catalysis. As shown in Fig. 10b, no degradation of MB is observed
in the absence of light. With our experimental time window,

MB shows o10% degradation under light illumination in the
absence of NPs. Under UV light illumination, C–Mn2O3 NPs
show a 50% MB degradation after 80 minutes. It is important
to note that with our experimental conditions (pH 3), Mn3+

ions easily disproportionate into Mn2+ and Mn4+. So there is a
possibility of d–d transitions involving Mn2+/4+ ions on the
C–Mn2O3 NP surface. According to the selection rules of
fundamental electronic spectroscopy, LMCT bands (involving
the interaction between the highest occupied molecular orbital

Fig. 9 (a) and (b) are the picosecond-resolved PL transients of C–Mn2O3

NPs, Fe doped C–Mn2O3 NPs and Cu doped C–Mn2O3 NPs measured at
emission wavelengths 456 nm (I) and 507 nm (II) upon excitation at a wavelength
of 375 nm. (c) Picosecond-resolved PL transients of C–Mn2O3 NPs, Fe doped
C–Mn2O3 NPs and Cu doped C–Mn2O3 NPs measured at an emission
wavelength of 507 nm upon excitation at wavelength of 445 nm.
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of citrate and the lowest unoccupied molecular orbital Mn2+/4+)
are mainly responsible for photocatalytic degradation of the
model pollutant, MB. After doping with Fe, the photocatalytic
activity of C–Fe–Mn2O3 NPs shows 65% MB degradation under
UV light illumination. However, in C–Cu–Mn2O3 NPs the photo-
catalytic activity decreases to 20%. As compared to other

catalysts reported in the literature, the photocatalytic activity
of citrate functionalized Fe doped Mn2O3 NPs used in this work
shows better catalytic activity.20,21,31,74–76 In order to find out
the effect of the surface on photocatalysis, the Langmuir–
Hinshelwood (L–H) kinetics has been studied using different
concentrations of MB. From Fig. 10c and d it is observed that

Table 1 Lifetimes of picosecond time-resolved PL transients of C–Mn2O3, Fe doped C–Mn2O3 and Cu doped C–Mn2O3 NPs, detected at various PL
maxima upon excitation at different wavelengths. The values in parentheses represent the relative weight percentages of the time components

System lex (nm) lem (nm) t1 (ns) t2 (ns) t3 (ns) tavg (ns) knr (1010 s�1)

C–Mn2O3 375 456 0.08(58) 1.5(23) 8.6(19) 2.01
507 0.14(58) 1.65(26) 9.04(14) 1.95

445 507 0.04(80) 0.85(10) 4.59(10) 0.59

Fe doped C–Mn2O3 375 456 0.06(69) 1.1(22) 5.35(9) 0.76 8.14
507 0.15(62) 1.17(10) 5.4(10) 0.94 5.51

445 507 0.03(88) 0.99(7) 5.26(5) 0.34 12.46

Cu doped C–Mn2O3 375 456 0.06(71) 1.13(20) 5.54(9) 0.74 8.53
507 0.14(65) 1.2(26) 5.53(9) 0.91 5.86

445 507 0.11(88) 0.9(6) 4.63(6) 0.33 13.35

Fig. 10 Photocatalytic degradation of MB in the presence of (a) C–Mn2O3 (b) C–Mn2O3, Fe doped C–Mn2O3 and Cu doped C–Mn2O3 NPs in solution
under UV light illumination. (c) Ct/C0 versus time with various concentrations of methylene blue. (d) Langmuir–Hinshelwood plot (L–H) for photocatalytic
degradation of methylene blue using citrate functionalized Mn2O3 nanoparticles (solid line is the model fitting and solid circles are experimental data).
(e) Photocatalytic degradation of MB in the presence of hydrogen peroxide under UV light illumination. (f) Photocatalytic degradation of MB in the
presence of sodium azide under UV light illumination. The recyclability study of C–Mn2O3 (g) Fe doped C–Mn2O3 (h) and Cu doped C–Mn2O3 (i) NPs
under UV light illumination.
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the surface does not play any role in photocatalysis since a huge
deviation of the model from experimental data is evident.

In order to investigate the catalytic pathway, we further
studied the photocatalytic activity of citrate functionalized NPs
in the presence of a radical initiator (H2O2) and radical quencher
(sodium azide) separately. The photocatalytic activity of citrate
functionalized NPs increases in the presence of H2O2 indicating a
role of reactive oxygen species (ROS) in the degradation of MB.32

Actually, in the presence of H2O2 and under UV light illumina-
tion, the generation of �OH increases the enhanced photocataly-
tic activity. We further studied the effect of sodium azide (a ROS
quencher) on the degradation of MB by citrate functionalized NPs
under UV light illumination. Fig. 10f clearly shows that in the
presence of sodium azide the degradation rate of MB becomes
slower. This indirectly confirms that the reaction proceeds via a
ROS mechanism. The increase in the photocatalytic activity of
C–Fe–Mn2O3 NPs compared to C–Mn2O3 NPs may be due to the
excited state electron transfer from Mn2O3 to Fe3+. This excited
state electron transfer may facilitate the charge separation. The
regeneration of Fe3+ takes places via ROS generation in an
aqueous medium that eventually enhances the photocatalytic
activity of Fe–C–Mn2O3 NPs.77,78 However, in the case of C–Cu–
Mn2O3 an excited electron transfer from Mn2O3 to Cu2+ takes
place which is evident from the TCSPC data. The regeneration
of Cu2+ may take place efficiently through the ground state
recovery of C–Mn2O3 and not via a ROS generation. To examine
the stability of citrate functionalized nanoparticles, we examined
the photocatalytic degradation of MB up to four cycles under
UV light illumination at room temperature. The recyclability of
C–Mn2O3, C–Fe–Mn2O3 and C–Cu–Mn2O3 NPs is shown in
Fig. 10g–i. These data suggest that C–Fe–Mn2O3 NPs show good
recyclability up to the fourth cycle, whereas the C–Mn2O3 and
C–Cu–Mn2O3 degradation efficiency decreases with each cycle.

In order to explore possible applications of citrate function-
alized NPs for waste water treatment a stainless steel mesh has
been used as a template. Fig. 11a and b show pure Mn2O3 micro-
spheres on the stainless steel mesh at low and high magnification,
respectively. While the low magnification FESEM image of the
mesh confirms attachment of Mn2O3 microspheres, the high
magnification image shows the uniform size distribution of the
microspheres ranging from 2.5–3.5 mm. Upon doping with
Fe3+ and Cu2+ the average size distributions of the synthesized
microsphere are 3.5–4.5 mm and 1.5–2 mm, respectively. We
have successfully functionalized the microspheres in the mesh
with the citrate ligand. Here, the photocatalytic activity of
C–Mn2O3, C–Fe–Mn2O3 and C–Cu–Mn2O3 has been studied
on the mesh using MB as a model contaminant under solar
light illumination. The pH of the solution is maintained at 6.
The area of the mesh used in the photocatalytic study was
2 cm � 1.5 cm. From Fig. 11e it is evident that in the absence of
light the citrate functionalized microspheres show no photo-
catalytic activity. However, under solar light illumination C–Mn2O3

exhibits 25% degradation, while the photocatalytic activity of
C–Fe–Mn2O3 on the mesh increases to 34%. In the case of
copper doping the photocatalytic activity of the sensitized
C–Cu–Mn2O3 on the mesh decreases down to 12%. Under the

same experimental conditions, MB in the absence of function-
alized Mn2O3 microspheres shows no such degradation (7%).
To our understanding such type of system is promising for water

Fig. 11 (a) SEM images of Mn2O3 on the stainless steel mesh (inset shows
high magnification). (b) SEM images of Mn2O3 on mesh in high magnifica-
tion. (c) SEM images of Fe doped Mn2O3 on a mesh in high magnification.
(d) SEM images of Cu doped Mn2O3 on a mesh in high magnification.
(e) Photocatalytic degradation of MB by C–Mn2O3, Fe doped C–Mn2O3

and Cu doped C–Mn2O3 on the mesh under solar light illumination.

Scheme 1 Schematic representation of water purification by citrate func-
tionalized Mn2O3 under solar light illumination.
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purification both by physical (filtration) and chemical (photo-
catalysis) processes. Earlier Ochiai et al. showed that a TiO2

enhanced Ti mesh filter is very much useful in water purification.79

Li et al. showed that a Ti/TiO2 mesh photoelectrode is an excellent
system for photocatalytic degradation of humic acid in an aqueous
solution.80 In comparison with these earlier reports, our system is
more cost effective if large scale water purification systems are
concerned (Scheme 1).

4. Conclusions

In summary, we have successfully synthesized Mn2O3 micro-
spheres via a hydrothermal route. The surface modification of
the synthesized microspheres with citrate leads to new optical
and functional properties. A detail spectroscopic investigation
leads to the conclusion that J–T splitting of the Mn3+ ions and
the LMCT bands are mainly responsible for the origin of such
optical properties. The photocatalytic activity under solar light
illumination of the citrate functionalized microspheres embedded
on a mesh has also been studied using Methylene Blue as a model
contaminant. Tuning of the photocatalytic activity of the micro-
spheres upon doping with metal ions (Fe3+ and Cu2+) has been
demonstrated and correlated with intra-particle electron transfer.
We have also realized a prototype for a larger scale water puri-
fication system using an ‘‘active filter’’, where the citrate func-
tionalized Mn2O3 microspheres are attached on a stainless steel
mesh. The system is supposed to filter suspended particulates
and decontaminate water soluble pollutants in the presence of
solar light.
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