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Fes04—Mn3z0,4 nanocomposites with moderate
magnetism for in vitro cytotoxicity studies on
macrophagesf

Hasimur Rahaman,® Anupam Nath,? Rimi Paul,® Mahuya Sengupta®
and Sujit Kumar Ghosh*?

Dual magnetic iron oxide/manganese oxide nanocomposites have been synthesised by alkaline hydrolysis of
a manganese precursor in the presence of preformed polyethylene glycol (PEG)-stabilised magnetite (FezO4)
nanoparticles. The formation of the nanocomposites has been characterised by absorption spectroscopy,
Fourier transform infrared spectroscopy, transmission electron microscopy, high resolution transmission
electron microscopy, dynamic light scattering, selected area electron diffraction patterns, energy dispersive
X-ray analysis, elemental mapping, X-ray diffraction patterns, Raman spectroscopy, thermogravimetric
analysis and vibrating sample magnetometry. It has been shown that the synthesised FezO4—MnzO,4
nanocomposites exhibit reduced magnetism compared to the superparamagnetic FesO4 nanoparticles. The
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DOI 10.1039/c6ra17493k moderate magnetism of the FezO4—Mnz0O,4 nanocomposites offers a viable platform for in vitro cytotoxicity
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1. Introduction

The integration of nanotechnology with molecular biology has
emerged as nanobiotechnology that has pioneered exciting
opportunities for discovering new materials, processes, and
phenomena.* At the present age of human civilisation, due to
increased stress conditions, the mind and body are, signifi-
cantly, making an impact on the immune system that is
responsible for the etiologic as well as pathologic mechanisms
of various diseases.? It is, now, well established from animal
studies that macrophages play an important role in the defence
mechanism against host infection by innate and acquired
immunity.® Macrophages are robust cells, known for their
capability to kill pathogens or kill altered self-cells, viz., tumor
cells or virus infected cells or trigger lymphocytes to produce
antibodies during the development of specific immunity and
also increase the phagocytic activity and inflammatory
responses in eliminating foreign matter.® In the process of
phagocytosis, the macrophages produce cytokines, reactive
oxygen species (ROS) and reactive nitrogen species (RNS) that
are involved in the destruction of pathogens. To overcome the
immunosupression and immunodepression that would
hamper the resistivity against pathogens, cell viability and
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cytotoxicity assays are used for screening of certain chemicals
that are able to destroy living cells. Based on these perspectives,
the ability to accurately measure cytotoxicity is indispensable in
identifying compounds that might pose certain health risks in
humans and in the process of developing therapeutic anti-
cancer drugs.*

Magnetic nanoparticles have engendered potential applica-
tions in a myriad of biological events, such as, magnetic bio-
separation and biosensing, medical diagnosis and therapy,
targeted drug delivery and biological labels.>” Amongst the
lexicon of magnetic nanoparticles, the superparamagnetism of
magnetite along with low toxicity and excellent biocompatibility
have been fascinated in biology and medicine, including,
magnetohyperthermia,®® diffusion through blood-brain barrier
under magnetic field," simultaneous magnetic resonance
imaging and chemotherapy of ovarian cancer' etc. Among the
series of manganese oxides available in various oxidation states
of manganese(u, u, v), hausmannite (Mn3;0,) has been utilised
as a platform for targeted magnetic resonance, fluorescence
imaging of cancer cells,"” as an intracellular drug delivery
carrier” and so on. However, it has been experienced that the
iron oxide nanoparticles synthesised as colloidal dispersion are
highly magnetic and hydrophobic in nature that render their
inherent tendency to agglomerate and limit their utility in
numerous biomedical applications.* To impart stability and
ensure nontoxicity under physiological conditions, researchers
have often adopted the concept of molecular functionalisation
with judiciously selected proper ligands, which ideally should
have a high affinity for the iron oxide core, be nonimmunogenic
and nonantigenic and prevent opsonisation by plasma
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proteins.**® On the other hand, the conjugation of magnetic
nanoparticles with quantum dots or metallic components
produces nanocomposites with enhanced dispersity and
provides a platform for improved medical imaging and
controlled drug delivery, respectively.'® As the third avenue to
these two well-reputed roadmaps, the coupling of super-
paramagnetic Fe;0, with relatively weak magnetic species could
pave an effective strategy to avoid the tendency to agglomera-
tion in colloidal dispersion. Magnetic iron oxide/manganese
oxide nanocomposites have been found to possess potential
applications in converting from superparamagnetic to antifer-
romagnetic materials,"” environmental cleaning,'® degradation
of dye pollutants," water oxidation catalysts** and magnetic
resonance imaging of cancer cells* and so on. In this article, we
demonstrate that reduced magnetism through the formation of
Fe;0,-Mn;0, nanocomposites could offer a viable platform for
in vitro cytotoxicity determination on splenic macrophages in
cell culture of mice. The advantages of maneuvering of Fe;0,-
Mn;0, nanocomposites are three folds: first, moderate
magnetism to ensure good water dispersibility, colloidal
stability and non-toxicity under physiological conditions;
second, cytocompatibility of the average size distribution of the
particles and third, benign and cost-effective synthetic strategy.

2. Experimental
2.1 Reagents and instruments

All the reagents used were of analytical grade reagent. Ferric
chloride hexahydrate (FeCl; - 6H,0), ammonium ferrous sulphate
hexahydrate [(NH,),Fe(SO,),-6H,0], manganese acetate tetrahy-
drate  [Mn(OOCCHj;),-4H,0], Histopaque 1077, 3-(4,5-
dimethylazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were
purchased from Sigma Aldrich and used as received. Other
chemicals, PEG-13 (BroadPharm, San Diego, USA), nitroblue
tetrazolium (NBT) (Sisco Research Laboratories, India), sulfanil-
amide (Himedia), o-phenylenediamine (Himedia), naph-
thylethylenediamine dihydrochloride (S. D. Fine Chemicals,
India) and ammonium hydroxide (S. D. Fine Chemicals, India)
were used without further purification. Animals were housed,
handled and euthanised as per the regulations of Institutional
Animal Ethics Committee, Assam University, Silchar. All animals
were given standard rodent food and water ad libitum. All
experiments were approved by Assam University Ethics
Committee, Assam Universuty, Silchar (IEC/AUS/B/2013-015
dated 27-11-2013).

Absorption spectra of the samples were recorded in the solid
state in a Perkin-Elmer Lambda 750 UV-vis-NIR digital spectro-
photometer. Transmission electron microscopy (TEM) was
carried out on a Zeiss CEM 902 microscope with a magnification
of 200 kv. Samples were prepared by placing a drop of solution
on a carbon coated copper grid. High resolution transmission
electron micrograph (HRTEM) and selected area electron
diffraction (SAED) pattern were obtained using the same instru-
ment. Dynamic light scattering (DLS) studies were performed
using a Malvern Zetasizer Nano ZS instrument after filtering the
sample solution with a millipore syringe filter (0.2 mm pore size).
Energy dispersive X-ray (EDX) analysis and elemental mapping
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were performed by Bruker's QUANTAX microanalysis system.
Fourier transform infrared (FTIR) spectra were recorded in the
form of pressed KBr pallets in the range (400-4000 cm™') in
Shimadzu-FTIR Prestige-21 spectrophotometer. The powder X-
ray diffraction patterns were obtained using a D8 ADVANCE
BROKERaxs X-ray Diffractometer with CuK,, radiation (A = 1.4506
A); data were collected at a scan rate of 0.5° min~" in the range of
10-80°. Raman scattering measurements were carried out on
silicon substrate in backscattering geometry using a fiber-
coupled micro-Raman spectrometer equipped with 488 nm
(2.55 eV) of 5 mW air cooled Ar' laser as the excitation light
source, a spectrometer (model TRIAX550, JY) and a CCD detector.
Thermogravimetric analysis was carried out on a PerkinElmer
STA 6000 with the sample amount of 10 mg. The measurements
were performed under nitrogen with heating from 30-800 °C
(rate: 10 °C min ") and then, maintained at 800 °C for half an
hour. Before TGA measurements, the samples were dried over-
night in vacuum oven at 50 °C. Magnetism of the nanostructured
materials was measured at room temperature with a vibrating-
sample magnetometer (Quantum Designed Physical Property
Measurement System) in the presence of magnetic field in the
range of £15 kOe. Samples, in powder form, were immobilised in
an epoxy resin to prevent any movement of the nanoparticles/
nanocomposites during the measurements. Splenic macro-
phages were isolated from spleen tissue homogenate by density
gradient centrifugation using Histopaque 1077 for character-
isation of the biological events. Absorption spectra for the
determination of cell cytotoxicity were measured in a Perki-
nElmer Lambda 750 spectrometer using 1 cm quartz cuvette at
room temperature.

2.2 Synthesis of Fe;O0, NPs and Fe;0,-Mn;0, NCs

Synthesis of Fe;O, nanoparticles. Polyethylene glycol-
stabilised (PEG with hydroxyl end groups has been used,
named PEG-13) iron oxide nanoparticles have been synthesised
by mixing 1:2 molar ratio of Fe**:Fe*" by following the
method reported by Gillich et al.** In a typical synthesis, 1.99 g
(NH,),Fe(S0,),-6H,0 and 5.41 g FeCl;-6H,0 were dissolved in
50 mL distilled water in a beaker. In a separate beaker, an
aqueous NH,OH (30% w/w) solution was prepared. After that,
polyethylene glycol (18.6 g) was added ataratioof M: L=1: 10
(9.3 g each) to both the above solutions to get precursor solu-
tions I and II, respectively. Then, precursor solution II was
added to solution I dropwise under stirring condition at 40 °C.
Just after mixing the solutions, colour of the solution changes
from light brown to black indicating the formation of Fe;0,
nanoparticles. The stirring was continued for another 45 min.
The precipitate so obtained was washed thrice by centrifugation
at 1000 rpm for 30 min and redispersion in distilled water.
Finally, the as-obtained precipitate was dispersed in distilled
water and stored in the vacuum desiccator.

Synthesis of Fe;0,-Mn;0, nanocomposites. Dual magnetic
metal oxide nanocomposites have been synthesised by alkaline
hydrolysis of manganese precursor in the presence of as-
synthesised Fe;O4 nanoparticles. In a typical synthesis, 1.0 mL
aqueous dispersion of as-synthesised Fe;O, nanoparticles (0.01
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mmol) was added to an aqueous solution containing 0.1 mmol
of Mn(ac),-4H,0 so as to maintain the final volume to 25 mL in
a double-necked round bottom flask. The faint yellow colour
reaction mixture was stirred for 30 min at room temperature
and subsequently, hydrolysed at 65 °C. Initially, when the
temperature was reached to 50 °C, ammonium hydroxide
solution (30%, 2.0 mL) was added dropwise and a distinct
colour change from faint yellow to brownish red was seen. The
heating and stirring was continued for another 90 min. After
that, the reaction mixture was cooled down to room tempera-
ture and stirring was continued overnight. The brownish red
colour dispersion so obtained was washed thrice by centrifu-
gation at 1000 rpm for 15 min (to avoid the precipitation of
individual components) and redispersion in distilled water.
Finally, the as-obtained precipitate was dispersed in distilled
water and stored in the vacuum desiccator.

2.3 In vitro cytotoxicity studies on the macrophages with
Fe;04,-Mn;0, nanocomposites

Now, in vitro cytotoxicity in the splenic macrophages was
determined with the moderately magnetic Fe;0,-Mn;O0,
nanocomposites in a dose variant manner following the
protocol reported in the literature.”* The nanocomposites were
found to be, adequately, dispersed at the selected concentra-
tions for, at least, 72 h that was sufficient to perform cell culture
experiments.

Isolation of splenic macrophages from mice. Spleen tissue
was collected from individual mice and it was homogenised in
Alsever's solution using Frosted glass slide. This homogenate
was poured on Histopaque 1077 in 1 :1 ratio and performed
density gradient centrifugation. After centrifugation at 1500
rpm for 30 min, splenic macrophages were isolated from
interface.

Cell viability assay. In a typical experiment, 10° cells were
seeded in 96 well tissue culture plate and were kept overnight in
CO, incubator. Then, the cells were treated with different
concentrations of Fe;0,~Mn;0, nanocomposites (1.8 x 10° to
1.8 x 10" particles per mL) for 24 h. At the end of NCs expo-
sure, toxicity was measured by 3-(4,5-dimethylazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) assay. In control experi-
ment, cells were followed without any NCs treatment. Then, the
cell viability was measured depending on the enzymatic
reduction of MTT, a yellow tetrazolium salt to purple formazan
at 570 nm with reference wavelength of 630 nm using micro-
plate reader (i-Spectra plus; Bio-Rad). A schematic presentation
showing the conversion of MTT to formazan in the presence of
microbial reductase is shown in Scheme 1. All the experiments
have been repeated thrice and an average of three determina-
tions has been taken. The cell viability has been shown in
percentage comparison to control that has been considered as
100%. All the raw data obtained have been followed by calcu-
lation and validated with statistical tools, such as, ANOVA, SEM,
mean and variance etc. The data has been presented in mean +
SEM format and the significance has been tested at P < 0.05.

Nitroblue tetrazolium reduction (NBT) assay. Nitroblue
tetrazolium (NBT) assay was performed in order to get the
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Scheme 1 Schematic presentation showing the conversion of MTT to
formazan.

quantitative estimation of superoxide present in different test
samples. The formation of formazan by the reaction of super-
oxide in the samples with NBT supplied in presence of EDTA
catalyst gives blue colour measurable in visible spectra, which
indicates the amount of superoxide present in the sample and
their alteration upon nanoparticle treatment. From the NBT
assay, the concentration of NBT was calculated from the OD at
630 nm and the extent of ROS present was determined.

Myeloperoxidase (MPO) release assay. For the myeloperox-
idase release assay, a volume of 200 pL of cell suspension from
different groups was taken into microcentrifuge tubes and
stimulated with lipopolysaccharide (LPS) (100 ng mL™") at 37 °C
for 1 h and centrifuged at 13 000 rpm for 10 min. The super-
natant, thus, obtained from different sets was recovered sepa-
rately and kept at —20 °C until further use. The cell free
supernatant was used for assay of the partial MPO release for
different groups. The pallet that was recovered from the groups
was lysed in 0.01% SDS and then, centrifuged again; the
supernatant was recovered as before for total MPO release assay.
Subsequently, 100 pL of cell free supernatant as well as from
cell-lysates was allowed to react with 100 pL substrate buffer and
kept at 37 °C for 20 min after which the reaction was stopped by
adding 100 pL of 2.0 N H,SO, and absorbance of the solution
was measured at 492 nm.

Nitric oxide (NO) release assay. For nitric oxide release assay,
a volume of 100 puL of macrophage cells were isolated from
respective groups from 10° cells per mL dilution and then,
suspended in DPBS-BSA. The cells were, then, stimulated with
LPS (100 ng mL™ ") at 370 °C for 1 h and centrifuged at 13 000
rpm for 10 min. The cell free supernatants were transferred to
separate microcentrifuge tubes for nitric oxide release assay.
Then, 100 pL of Griess reagent was added and incubated at
room temperature for 10 min. The absorbance of the solutions
was measured in the UV-vis spectrophotometer at 550 nm and
compared with a sodium nitrite standard curve.

3. Results and discussion

In this experiment, Fe;0,~Mn;O, nanocomposites have been
synthesised by alkaline hydrolysis of manganese precursor in
the presence of preformed polyethylene glycol-stabilised Fe;0,
nanoparticles. The nanostructures have been examined by
absorption spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, transmission electron microscopy (TEM), high
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resolution transmission electron microscopy (HRTEM),
dynamic light scattering (DLS), selected area electron diffrac-
tion (SAED) pattern, energy dispersive X-ray (EDX) analysis,
elemental mapping, X-ray diffraction (XRD) pattern, Raman
spectroscopy, thermogravimetric analysis (TGA) and vibrating
sample magnetometry (VSM).

The morphology, composition and crystallinity of the Fe;0,
NPs and Fe;0,-Mn;0, NCs are described in Fig. 1. Represen-
tative transmission electron micrographs of Fe;0, (panel a) and
Fe;0,-Mn;0, (panel b) exhibit that the particles are spherical or
nearly spherical with average diameter 8 £ 1 and 12 £ 2 nm,
respectively. Inset in panel (b) shows that the number distri-
bution hydrodynamic diameter of Fe;0,-Mn;0,4 NCs is ca. 15 £
5 nm. The small discrepancy in the particle size obtained from
TEM and DLS measurements could be attributed to factors
associated with the high vacuum conditions of TEM and the
hydrodynamic and electrokinetic effects operative in DLS
measurements.” Selected area electron diffraction pattern of
the Fe;0, nanoparticles (panel c) exhibits five diffraction rings
of (220), (311), (420), (511) and (440) that confirm a typical
magnetite crystalline structure.® Selected area electron
diffraction pattern of the Fe;0,-Mn;0, nanocomposites (panel
d) is consistent with diffraction rings of magnetite as well as
tetragonal Mn;O, with strong ring patterns due to (101), (103)
and (220) planes. The observation of distinct ring patterns in
the nanocomposites implies that the presence of preformed
magnetite favours the formation of an ordered and single phase
of Mn;0, in the nanocomposites. High resolution transmission
electron micrograph (panel e) of Fe;0,-Mn;0, nanocomposites

Fig. 1
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displays two distinct lattice spacings of 0.254 nm resulting from
a group of (111) planes of Fe;0, (ref. 25) and 0.249 nm which
corresponds to the distance between the (211) planes of the
Mn;0, (ref. 26) tetragonal crystal lattice. Elemental mapping of
the nanocomposites (panel f) exhibits the appearance of the
blue, green and red coloured micrographs revealing the pres-
ence of oxygen (O), manganese (Mn) and iron (Fe), respectively.

Further insights into the nanocomposites have been
augmented from multiple control experiments. Absorption
measurements and band gap determination (ESI 1t) of Fe;0,
NPs and Fe;0,-Mn;O0, NCs reveal the electronic interaction
amongst the components in the nanocomposites.”” Represen-
tative energy dispersive X-ray spectrum of Fe;0,-Mn;O, nano-
composites (Fig. 2) reveals that the particles are composed of Fe,
Mn and O elements. Fourier transform infrared spectra (Fig. 3)
of the as-prepared of Fe;O, NPs and Fe;0,-Mnz;O, NCs eluci-
date the presence of two bands at 512 and 619 cm ™~ due to Mn-
O and Fe-O vibrations, respectively, confirming the presence of
both the species in the composites.” For the structural char-
acterisation of synthesised materials, comparative powder X-ray
diffraction patterns of Fe;O, NPs and Fe;0,-Mn;0, NCs are
shown in Fig. 4. All diffraction peaks of trace a implying
a crystalline structure can be indexed to the presence of inverse
spinel structure of magnetite (JCPDS# 89-0691). Upon conju-
gation with the manganese oxide, the presence of all the
diffraction peaks in trace b implying a crystalline structure can
be indexed to the presence of inverse spinel structure of
magnetite (JCPDS# 89-0691) and tetragonal hausmannite
(JCPDS#t 24-0734) with space groups Fys, and I4;4ma,

(@ and b) Representative transmission electron micrographs and (c and d) selected area electron diffraction patterns of FezO,4 nano-

particles and FesO4,—MnsO,4 nanocomposites, respectively; (e) high resolution transmission electron micrograph and (f) elemental mapping of
Fez04—Mnz04 nanocomposites. Inset in panel (b) shows the dynamic light scattering spectrum of the FezO4—MnzO4 nanocomposites.
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respectively, which indicate that preformed magnetite favours

Intensity (a. u.)

the formation of an ordered and single phase Mn;O, in the
nanocomposites.” The room temperature Raman spectrum
(ESI 27) of Fe;0,~Mn;0, nanocomposites shows that the peak
positions are, substantially, shifted to that of the original
positions which authenticates the formation of Fe;0,-Mn;0,
nanocomposites.***' Thermogravimetric analysis (ESI 31) of the
as-dried powder sample shows two weight loss steps implying
that the polyethylene glycol molecules employed for the stabi-
lisation of Fe;O4 nanoparticles are, even, incorporated into the
nanocomposites.*?

The magnetic hysteresis curves of the synthesised Fe;O, NPs
and Fe;0,-Mn;0,4 NCs over the range of —15 < H < 15 kOe at
room temperature are presented in Fig. 5. It is seen that the
both types of particles are superparamagnetic; the saturation
magnetisation of Fe;0, NPs and Fe;0,-Mnz;O, NCs are 24.97
and 14.26 emu g ', respectively. It is, thus, evident that the
saturation magnetisation value of Fe;0,~-Mn;0, NCs is lower
compared to that of the Fe;O, NPs.** Inset shows the digital
camera photograph of the response (for a time span of 30 min)
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Fig. 2 Energy dispersive X-ray spectrum of Fes04~MnsO4 of the Fe;0, NPs and Fe;0,-Mn;04 NCs in the presence of a bar
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Fig. 3 Fourier transform infrared spectra of the as-prepared (a) FesO4 NPs and (b) FesO4—MnzO4 NCs.
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Fig. 4 X-ray diffraction patterns of (a) FesO4 NPs and (b) FezO4—
MI’]304 NCs.
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Fig. 5 Magnetic hysteresis curves of FesO4 NPs and FezsO4—Mnz04
NCs. Inset shows the digital camera photographs showing the
response of the nanostructures in the presence of a magnetic bar.

that magnetism of the iron oxide particles are reduced upon
conjugation with the Mn;0, entities. The Fe;0,-Mn;0,4 nano-
composites dispersion (right bottle), apparently, seems cloudy
due to incomplete magnetic separation by the bar magnet. The
decrease of the saturation magnetisation can, mainly, be
attributed to the co-existence of weakly magnetic Mn;0, in the

This journal is © The Royal Society of Chemistry 2016
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composites. Therefore, the Fe;0,-Mn;0, NCs with reduced
magnetism may hold a great promise to be utilised as a nano-
platform for sensing of different biological species and
processes.

Now, the moderately magnetic Fe;O,~Mn;O, nano-
composites have been exploited to study in vitro cytotoxicity in
the splenic macrophages. Assuming that the particles are nearly
spherical and the density of Fe;O, NPs and Fe;0,~-Mn;0, NCs
as 5.17 and 12.87 g cm ™ (taking an average of the density of
Fe;0, and Mn;0,) respectively, the number of Fe;0, and Fe;0,-
Mn;O, particles is ca. 2.16 x 10" and 3.58 x 10" mL™,
respectively.**** Proliferation of splenocytes was evaluated by 3-
(4,5-dimethylthiazole-2-y1)-2,5-diphenyltetrazolium
(MTT) assay and immunomodulatory activity of the extract was
examined on murine macrophage phagocytosis by nitro-
bluetetrazolium (NBT) dye reduction, myeloperoxidase (MPO)
activity and nitric oxide (NO) estimation assay. Apart from
assessing cytotoxic effect of the nanocomposites on splenic

bromide

macrophages, we have also explored many other cell types, like,
alveolar macrophages (macrophage cells of the lung) and
Kupffer cells (liver macrophages) etc. The toxicity profiles of
these cell types, including, those from the lungs, were not found
to be significantly different from that of the splenic macro-
phages. Therefore, for the sake of simplicity, the cytotoxicity
studies on splenic macrophages have been elaborated in detail.

Fig. 6 shows the histograms representing the in vitro cyto-
toxicity studies on the splenic macrophages with Fe;0,-Mn;0,
nanocomposites. A MTT assay has been used for assaying cell
survival and proliferation based on the concentration of for-
mazan generated which is directly proportional to the cell
number.* It is seen that the cell viability displays a concentra-
tion-dependent effect (top left panel). Nanoparticle doses, as
determined by MTT assay, have been fitted in a non-linear dose
response curve (as shown in the inset) and it is seen that the
ICs, (inhibitory concentration with 50% viability) of NCs is ca.
3.83 x 10° particles per mL of the solution. Therefore, for the
rest of the studies, the effective concentration of the nano-
particles has been so chosen that it should fall below the value
of ICso and has been selected as 1.8 x 10° particles per mL of
the solution. However, it is to be mentioned that while the ICs,
value of the Fe;0,-Mn;0,4 nanocomposites is 3.83 x 10° parti-
cles per mL of the solution, that of Fe;O, and Mn;O, nano-
particles is ca. 2.034 x 10® and 4.572 x 10"" particles per mL of
the solution, respectively. The ICs, value of Fe;O,~Mn;O,
nanocomposites has been determined with the particles after
washing by repeated centrifugation and re-dispersion so as to
avoid the presence of unreacted Fe;O, or MnzO, particles.
These results imply that the cytotoxicity factor of the nano-
composites might, largely, be due to the inherent toxicity of the
Fe;0, rather than the Mn;O, components.

The phagocytosis of the particles by macrophages is, usually,
accompanied by a burst of oxidative metabolism allowing the
generation of oxygen species which can be detected through
reduction of nitroblue tetrazolium dye.*® The higher reduction
in NBT assay represented higher activity of the oxidase enzyme
reflecting the stimulation of phagocytes in proportion to the
foreign particles ingested. The oxidative burst, as evident from

RSC Adv., 2016, 6, 83146-83153 | 83151
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Fig.6 Histograms showing the in vitro cytotoxicity studies on the splenic
panel shows the determination of ICsq of the cell viability assay.

the NBT reduction assay, shows a dose-dependent gradual
increase (top right panel). However, the non-significant
response for effective dose in NBT assay indicates that the
cells are not in hypoxic condition and still maintain the nor-
moxia which means that the cells do not experience the oxygen
stress.

Again, myeloperoxidase is a heme protein secreted by
neutrophils and macrophages which use the oxidizing potential
of H,0, to convert C1™ into HOCI, a potent bactericidal agent.?”
A deficiency of MPO is indicative of an autosomal recessive
genetic disorder featuring deficiency, either in quantity or of
function of the enzyme. It is seen that the NCs did not show any
visible effect on MPO release (bottom left panel) that could be
because of the indigenous Fe of the enzyme itself. The non-
significant level of MPO suggests that the particles are not
imposing any oxidative stress.

Lastly, nitric oxide has been found to be the main effector
molecule produced by macrophages by inducible nitric oxido-
synthetase (iNOS) for cytotoxic activity and can be used as
a quantitative index of macrophage activation.®® It is seen that
the NCs could determine the nitrosative stress on the splenic
macrophages as revealed by the increase in NO release till 1.6 x
10° dose after which the NCs become cytotoxic. The significant
level of NO release indicates that the particles generate reactive
nitrogen species, largely, indicating the effect of NCs on the
intracellular metabolic status in splenic macrophages.

83152 | RSC Adv., 2016, 6, 83146-83153

macrophages with Fes04-Mnz04 nanocomposites. Inset in the top left

4. Conclusions

In a nutshell, Fe;0,-Mn;0, nanocomposites have been syn-
thesised by alkaline hydrolysis of manganese precursor in the
presence of preformed polyethylene glycol-stabilised Fe;O,
nanoparticles. It has been investigated that conjugation of weakly
magnetic MnzO, with the superparamagnetic Fe;O, nano-
particles renders the nanocomposites to be moderately magnetic
that ensures good water dispersibility, colloidal stability and non-
toxicity under physiological conditions. The integration of
magnetism in multicomponent Fe;O0,~Mn;O, nanocomposites
has been exploited for in vitro cytotoxicity determination on
splenic macrophages of mice. The present study clearly demon-
strates that moderately magnetic nanocomposites could act as
viable substrates to measure the oxidative and nitrosative stress
of the immune competent cells. Further studies can be elicited to
study the effect of these nanocomposites in vivo experiments in
living systems and their therapeutic potential could be adjudged
in physiological environments.
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Soft-templated synthesis of Mhz;O4
microdandelions for the degradation of alizarin red
under visible light irradiationy

Hasimur Rahaman and Sujit Kumar Ghosh*

A facile wet chemical approach has been developed for the soft-templated synthesis of self-assembled
MnzO,4 microdandelions through an effective dye/surfactant (viz., fluorescein isothiocyanate—dextran
2000S/cetyltrimethylammonium bromide) interaction. Addition of FITC D-2000S to an aqueous solution
of CTAB results in the formation of aggregates that act as soft templates for the formation of MnzOy4
microdandelions upon addition of a weak base, diethanolamine to manganese acetate as the precursor
under mild refluxing conditions. The morphology of these hybrid materials has been characterised by
UV-visible, Fourier transform infrared (FTIR) and energy dispersive X-ray (EDX) spectroscopy, high
resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), X-ray

) 45t D ber 2015 diffraction (XRD) technique, selected area electron diffraction (SAED) pattern and thermogravimetric
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Accepted 23rd December 2015 analysis (TGA). The surface area of the microdandelions has been determined by Brunauer—Emmett—
Teller (BET) analysis. The MnzO, microdandelions, bearing high surface area, exhibit potential

DOI: 10.1039/c5ra25935¢ photocatalytic activity towards the degradation of dye, viz., alizarin red under visible light irradiation

www.rsc.org/advances under ambient conditions.

1. Introduction

In recent years, the fabrication of metal oxide superstructures
has fascinated scientists for studying the physics of materials in
two- or three-dimensions and their potential technological
applications.' Self-organisation of metal oxide nanostructures
provides extraordinary richness of morphological and physico-
chemical diversity for emerging unprecedented architectures.**
Manganese oxides are materials of considerable importance
due to their interesting structural, electronic and magnetic
properties that arise from their outstanding structural flexibility
combined with novel physical and chemical properties.”®
Moreover, manganese oxides are ubiquitous in nature and
environmental friendly that deserve their applications in
catalysis, renewable energy, and environmental remediation.**"
Among the series of manganese oxides available in various
oxidation states of manganese (II, III, IV), Mn;0, (hausmannite)
has been found to be an effective and inexpensive catalyst in
versatile reactions.”"” The corresponding surface energy values
of Mn;0, (0.96 + 0.08 ] m~?), Mn,O; (1.29 + 0.10 J m~?), and
MnO, (1.64 4 0.10 ] m™?), suggest considerable thermodynamic
stability of Mnz;O, over other oxidation states.’® Moreover,
Mn;0, possess several special structural attributes:" (i) it shows

Department of Chemistry, Assam University, Silchar-788011, India. E-mail: sujit.
kumar.ghosh@aus.ac.in; Fax: +91-3842-270802; Tel: +91-3842-270848
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surface area. See DOI: 10.1039/c5ra25935e
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semicovalent character in tetrahedral sites (Mn II occupancy
with Mn-O distance of 1.812 A) and in the apical bonds of
octahedral sites (Mn III occupancy with Mn-O lengths of 2.386
A); (ii) the remaining bonds of the octahedra display ionic
character with a Mn-O length of 2.977 A; and (iii) the observed
distortion in the octahedra found in both phases can be
explained by a Jahn-Teller effect due to the d* state of the Mn III
atoms in high spin configuration. Bulk Mn;O, is a p-type
semiconductor with a wide direct band gap of 2.3 eV and is
the stablest among all the manganese oxides possessing
tetragonally distorted spinel structure.”®

The removal of the non-biodegradable organic chemicals is
a global ecological problem. Dyes are an important class of
synthetic organic compounds which are commonly used in
textile industries and therefore, are common industrial pollut-
ants. However, due to the inherent stability of modern dyes,
conventional biological treatment methods for industrial waste
water are ineffective. Photocatalysis, where photons are used for
catalytically activating chemical reactions on the surface of
photosensitized catalysts, remains one of the leading hubs of
research for harvesting the solar light.**** The efficiency of
a photocatalytic process, mostly, depends on the nature of
photosensitized catalyst, suitable photon source for excitation,
the substrate which can rapidly accept the photogenerated
charge carriers and the spatial distance between the catalyst
and substrate.* Typically, photocatalysts generate the charge
carriers on excitation and under suitable conditions, these are
transferred from the catalysts to the reaction medium, which in
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turn initiate the chemical reaction.” Since the pioneering work
of Fujishima and Honda in 1972, photocatalysis by semi-
conductor metal oxide particles has been proven to be a prom-
ising technology for alleviating the global environmental
pollution.*

Alizarin red, an industrially important synthetic textile dye of
anthraquinone family, is a widespread polluting dye, whose
inexpensive and environmental friendly elimination from
effluents is a serious challenge. Although, the chemical and
electrochemical degradation of alizarin red have been carried
out by immobilized 5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phine-Mn(m) as a biomimetic peroxidase-like catalyst,* electro-
Fenton process using a graphite-felt cathode,”® hybrid gas—
liquid dielectric barrier discharge,* the photochemical degra-
dation of the dye has, mainly, be relied upon the advent of
semiconductor nanocatalysts. While the visible light-driven
photocatalytic degradation of alizarin red has been carried out
using nanostructures of TiO,,* Bi-doped TiO,,** ZnO,** Ag-
impregnated ZnO,* CdS,** TiO,-In,0; composites,* UV-light
assisted degradation has been pursued by TiO,,** nanometer
TiO, film,*” electrospun bismuth oxoiodide nano/microtectonic
plate-like structures®® etc. In addition, sonophotocatalytic
degradation of the dye has also been experimented with TiO,
nanostructures.*® Therefore, it is revealed that the photo-
catalytic degradation of alizarin red has, mostly, been experi-
mented with TiO, or ZnO nanostructures or their composites.
Based on these perspectives, Mn;O,, bearing many special
structural attributes'**® and with the possibility of designing
high surface area hierarchical 3D nano/microstructures** could
offer an alternative low-cost, earth abundant, semiconductor,
heterovalent-Mn photocatalyst for the degradation of alizarin
red under visible light illumination.

Several synthetic strategies have been adopted, so far, in the
literature for the fabrication of size and shape-selective manga-
nese oxide nanocrystals and their assemblies using different types
of soft templates and their application in catalysis. Chen and
group*” have described the synthesis of octahedral Mn;0, nano-
crystals by soft-template of cetyltrimethylammoniumbromide/
poly(N-vinyl-2-pyrrolidone) mixture and the crystallites have been
found to act efficient catalysts for the degradation of methylene
blue. Ahmed and co-workers® have reported the synthesis
of nanosized Mn;0, single crystals using polyol method and
investigated their catalytic activity towards the decomposition
of aqueous hydrogen peroxide and degradation of methylene
blue at room temperature. Takada and colleagues* have illus-
trated microorganism-mediated synthesis of nano- and micro-
architectural manganese oxides that catalyse the selective
bromination of hydrocarbons under irradiation of fluorescent
light. Huang and co-authors* have reported the synthesis of
Mn;0, nanoparticles and hexagonal nanoplates by a solvothermal
oxidation process and these materials were found to be catalyti-
cally active towards oxidation of aldehydes. Hu and co-workers*®
have described the synthesis of well-dispersed ultrafine Mn;0,
nanoparticles on graphene, which act as promising catalysts for
one-step thermal decomposition of ammonium perchlorate at
a fairly reduced temperature. Yitai group” have described
hydrothermal process for the synthesis of branched mesoporous
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Mn;0, nanorods by using potassium permanganate and poly(-
ethylene glycol) as starting materials. It was noted that the mes-
oporous nanorods are efficient catalysts for the degradation of
methylene blue in the presence of H,0, at 80 °C. It is, therefore,
apparent that copious amount of reports on the synthesis and to
study the catalytic activity of Mn;O, particles are limited at the
nanoscale. Moreover, during the past decade, much attention has
been paid to investigations into the photocatalytic degradation of
organic pollutants with metal oxide particles under UV light
radiation.*® Based on these perspectives, the synthesis of high
surface area Mn;O, superstructures and their application as
photocatalysts could be investigated.

In this article, we have described the synthesis of dandelion-
shaped Mn;0,4 microstructures using dye/surfactant assemblies
as soft-templates. The assemblies so formed have been char-
acterised by absorption spectroscopy, FTIR, HRTEM, SEM, EDX,
SAED, XRD and TGA analysis. The surface area of the particles
has been measured by BET analysis. The catalytic activity of the
particles has been screened by studying the photocatalytic
degradation of an aqueous solution of alizarin red under visible
light illumination.

2. Experimental section

2.1. Reagents and instruments

All the reagents used were of analytical reagent grade. Man-
ganese(n) acetate tetrahydrate [Mn(ac),-4H,0], fluorescein iso-
thiocyanate-dextran 2000S (FITC-D 2000S), cetyltrimethyl-
ammonium bromide (CTAB), alizarin red and diethanolamine
(DEA) were purchased from Sigma Aldrich and were used
without further purification. The dye, FITC-D 2000S is one of the
major derivatives of fluorescein isothiocyanate and is available
as a dark orange-yellow powder that is slightly soluble in water
and alcohol. Cetyltrimethylammonium bromide is a cationic
surfactant with critical micellar concentration of 0.92 mM at
25 °C. Double distilled water was used throughout the course of
the investigation. A 0.1 mM aqueous (water : methanol =95 : 5
v/v) solution of alizarin red was used as a stock solution. The
temperature was 298 + 1 K during the experiments.
Absorption spectra were measured in a Shimadzu UV-1601
digital spectrophotometer (Shimadzu, Japan) taking the
sample in 1 cm well-stoppered quartz cuvette. High-resolution
transmission electron microscopy was carried out on a JEOL
JEM-2100 microscope with a magnification of 200 kV. Samples
were prepared by placing a drop of solution on a carbon-coated
copper grid and dried overnight under vacuum. Selected area
electron diffraction pattern was obtained using the same micro-
scope. Energy dispersive X-ray analysis was performed on an
INCA Energy TEM 200 using an X-ray detector. Scanning electron
micrographs were recorded by using JEOL JSM-6360 instrument
equipped with a field emission cathode with a lateral resolution
of approximately 3 nm and acceleration voltage 3 kV after sput-
tering the sample on silicon wafer with carbon (approx. 6 nm).
Thin films were prepared by drop-coating from the methanolic
solutions of the respective samples onto silicon wafers. Fourier
transform infrared spectra were recorded in the form of pressed
KBr pallets in the range (400-4000 cm ') with Shimadzu-FTIR

This journal is © The Royal Society of Chemistry 2016
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Prestige-21 spectrophotomeéter. X-ray diffraction patterns were
obtained using a D8 Advanced Broker AXS X-ray Diffractometer
with CuK,, radiation (1 = 1.4506 A); data were collected at a scan
rate of 0.5° min~" in the range of 10-80°. The powder specific
surface area was measured by BET analysis using a Micromeritics
Tristar 3000 surface area analyzer. Thermogravimetric analysis
was carried out on a Perkin-Elmer STA 6000 with the sample
under nitrogen with heating from 40-800 °C (rate: 10 °C min ")
and then, maintained at 800 °C for half an hour. Before TGA
measurements, the samples were dried overnight in vacuum
oven at 50 °C. Photocatalytic reaction was carried out by a 60 watt
tungsten lamp (Institute of Electric Light Source, Beijing) that
was positioned inside a cylindrical Pyrex vessel and surrounded
by a recirculating water jacket (Pyrex) to cool the lamp. A cut-off
filter was placed outside the Pyrex jacket to completely remove
wavelengths shorter than 420 nm and to ensure that irradiation
was achieved by visible light wavelengths only.

2.2. Synthesis of Mn;0, microdandelions using dye-
surfactant composites

The superstructures of manganese oxide have been synthesised
using dye-surfactant conjugates in a particular molar ratio and
manganese acetate tetrahydrate as the precursor salt. In
a typical synthesis, an aliquot of aqueous FITC-D 2000S (0.5 nM)
was added to an aqueous solution of CTAB (10 uM) in double-
necked round-bottom flask so that the total volume of the
solution is 25 mL and the mixture was stirred overnight at room
temperature. Now, an amount of 0.245 g Mn(ac),-4H,O was
dissolved in the dye-surfactant mixture by refluxing on a water
bath at 65 °C. After complete dissolution of the precursor, 100
uL diethanolamine was added and refluxing was continued for
another 6 h. After about 30 min, the reaction mixture, suddenly,
turned into yellowish brown from a colourless solution indi-
cating the formation of manganese oxide superstructures. As
the refluxing was continued, the colour slowly changed into
deep brown pointing out to the aggregation between the ultra-
small manganese oxide particles. Then, the water bath was
removed and the reaction mixture was stirred for 12 h at room
temperature. The particles formed by this method was washed
five times with slightly hot water and finally, dispersed in water.
The manganese oxide nanoparticles prepared by this method
are stable for a month and can be stored in the desiccator for
several days without any significant agglomeration or precipi-
tation of the particles.

2.3. Photocatalytic reaction

The photocatalytic activity of Mn;O, microdandelions was
tested by following the degradation of an organic dye, alizarin
red in aqueous solution. The as-synthesised Mn;O, micro-
dandelions was annealed at 500 °C in argon atmosphere for 1 h
to remove the organics so as to avoid any influence of the FITC-
D 2000S or CTAB in the catalytic reaction. In the photocatalytic
experiments, 25 pg of the dried catalysts was dispersed with 3.0
mL of 2.0 uM aqueous solution of the dye and the solution was
stirred in the dark for 2 h to reach adsorption-desorption
equilibrium between the catalysts and alizarin red. Then,
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the mixture was irradiated by a 60 W tungsten lamp and the
progress of the reaction was followed in the absorption
spectrophotometer.

3. Results and discussion

The as-synthesised superstructures so formed have been char-
acterized by absorption spectroscopy, FTIR, HRTEM, SEM, EDX,
SAED, XRD and TGA analysis. The absorption spectral features
of the Mn;0, particles in the solid state are shown in Fig. 1. The
dye or the surfactant molecules do not exhibit any characteristic
absorption spectral features in the prescribed low concentra-
tion (1.0 nM) employed for this experiment although FITC in
aqueous medium shows a sharp absorption maximum at 289
nm and a broad absorption band with maximum at 490 nm at
a certain higher concentration range.* The electronic absorp-
tion spectrum of assemblies shows three well-defined regions:
the first portion from 220 to 300 nm, the second from 310 to 500
nm (with a maximum at 325 nm), and the third one finishing at
800 nm. The first portion is attributed to charge transfer tran-
sitions, and the last two can be, reasonably, related to d-
d crystal field transitions, *Eg(G) « *Tig, *Asg(F) < *Tyg, *Ase(G)
— Tigy *Tog(H) — Ty, *Tig(H) < *Tig and *Ey(H) < °Tyy, on
octahedral Mn®" species corresponding to manganese oxide
particles in the superstructures.”® The appearance of a strong
peak at around 325 nm is due to the allowed 0>~ — Mn*" and
0®~ — Mn*' charge transfer transitions.** These results indi-
cate that manganese oxide particles are embedded in the dye or
surfactant or dye-surfactant hybrid assemblies. The direct band
gap energy (E,) for the manganese oxide superstructures could
be determined by fitting the absorption data to the direct band
gap transition equation as,*

(ahv)* = A(hw — Eg) (1)

where, « is the absorption co-efficient, 4v the photon energy and
A a constant. The absorption coefficient («) is defined as: « =
2.303A/Lc, where, A is the absorbance of the sample, ¢ the
loading of sample (g L™"), L the path length (=1 cm). Profile
showing a plot of (ahv)* as a function of hv is shown in panel
b and the extrapolation of linear portions of the curve towards
absorption equal to zero offers a measure of the direct band gap
transitions, E,. The estimated direct band gap of the Mn;0, was
found to be 1.302 eV; this value is considerably different from
the reported value of bulk Mn;0,.”° The conjugation of FITC-D
2000S/CTAB through effective intermolecular complexation
between complementary binding sites on dye and surfactant
molecules and the presence of manganese precursor led to
synergistic effect in the formation of superstructures.*

The morphology, composition and crystallinity of the as-
prepared Mn;O, assemblies synthesised at the dye-surfactant
conjugates are described in Fig. 2. Low resolution scanning
electron micrograph (panel a) shows Mn;0, nanobuilding units
are self-assembled into micrometer-sized aggregates with
dandelion-like appearances. Inset shows the photograph of
a real dandelion showing the morphological resemblance with
the particles. At a relatively higher resolution (panel b), flower-
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Fig. 1 (a) Solid state absorption spectrum and (b) plot of (ahw)® as
a function photon energy of MnzO,4 microdandelions in dye—surfac-
tant conjugates.
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Fig. 2 (a—c) Scanning electron microscopic images of MnzO4
microdandelions in dye-surfactant assemblies; (d) high resolution
TEM, (e) selected area electron diffraction, and (f) electron diffraction
X-ray spectrum. Inset in panel a shows the photograph of real
dandelions to show the resemblance with the MnzO4 microstructures.

like arrangements with average diameters ca. 1.0 pm is seen. At
higher resolution (panel c), petals of the flowers are apparent
that demonstrate adequate stabilisation of the nanoparticles
with a high degree of organisational selectivity.*® High resolu-
tion TEM image (panel d) of Mn;O, microdandelions displays
the interplanar distance between the fringes is about 0.249 nm
which corresponds to the distance between the (211) planes of
the Mn3;0, tetragonal crystal lattice. Selected area electron
diffraction pattern (panel e) of the Mn;0, particles is consistent
with tetragonal Mn;O, with strong ring patterns due to (101),
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(103) and (220) planes and therefore, confirms the crystallinity
of the particles.> Representative energy dispersive X-ray spec-
trum (panel f) of Mn;0, particles of dye-surfactant/manganese
oxide hybrid assemblies reveals that the particles are composed
of Mn, O, C elements. The signals of C, O and Cu elements come
from the stabilizer dye, surfactant and the supporting TEM grid.

The formation of manganese oxide particles in the dye-
surfactant conjugates have been seen through FTIR spectros-
copy. Fig. 3 shows a comparison of the FTIR spectra for pure
FITC-D 2000S/CTAB conjugates and the composite dye-
surfactant/manganese oxide superstructures. In trace a, the
FTIR spectrum of dye-surfactant conjugates shows the charac-
teristic -N=C=S peak located at the region of 2333-2359 cm "
along with the presence of aromatic ~OH at 3163 cm™ ' and the
ether linkage at 1105 cm ™" corresponding to FITC-D 2000S, and
C-N stretch at 1207 ecm ™" corresponding to CTAB are seen.* It is
observed that, in the conjugates, the intensities for nearly all of
the vibrations are weakened and furthermore, several vibrations
are missing, pointing out to the complexation between dye and
surfactant molecules. In trace b, the band at 457 cm ™', which is
marked with a shadowed area, is the characteristic stretch of
Mn-O indicating the formation of manganese oxide in the
superstructures. The two absorption bands located at 2924 and
2852 cm ™" could be assigned to the symmetric and asymmetric
stretching modes of the -CH, groups of the CTAB surfactant
bound to the surface of Mn;0,, respectively.>

The X-ray diffraction pattern of the Mn;0, microdandelions
is shown in Fig. 4. Trace a is of the manganese oxide/dye-
surfactant hybrid assemblies; all diffraction peaks implying
a crystalline structure can be indexed to the tetragonal haus-
mannite structure with lattice parameters, a = b = 5.762 A, and
¢ =9.469 A and space group I4;/,,q, which are consistent with
the standard values of bulk Mn;O, (JCPDS# 24-0734). The
Mn;0, structures are, further, characterised by their chemical
transformation under thermal toughening condition (trace b).
After heating at 500 °C in argon atmosphere for 1 h, the peaks
become sharpened and in addition, no additional diffraction
peaks are seen suggesting excellent crystalline quality of the
manganese oxide particles.>

Thermogravimetric analysis (Fig. 5) of the as-dried powder
sample shows two weight loss steps in the curve: 3.5 wt% loss
corresponding to the water desorption (up to 200 °C), and
a weight loss of 17.5 wt% over 200-800 °C as a result of the
decomposition of dye/surfactant assemblies, verifying that the
dye/surfactant conjugates are, indeed, incorporated into the
microstructures.”” Since amphiphilicity is the molecular basis of
the self-assembly for the dye-surfactant systems, it is imperative
that by tuning the amphiphilicity of the building blocks, the
process of self-assembly could be manipulated. To interpret the
relative importance of the amphiphilicity of the dye molecules in
designing dye-surfactant assembly, the interaction of FITC-
dextran 2000S with the surfactant molecules has been eluci-
dated. An unpredictably lower concentration of the CTAB solu-
tion is required to occur an indispensable interaction between
the dye and surfactant molecules. As the formation of dye-
surfactant aggregate is successful when the surfactant concen-
tration is insufficient to form micelles and the sugar molecules

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 FTIR spectra of (a) FITC-D 2000S/CTAB and (b) after formation of MnsO,4 microdendelions in FITC-D 2000S/CTAB soft template at room
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Fig. 4 X-ray diffraction patterns of manganese oxide/dye—surfactant
hybrid assemblies (a) as-prepared and (b) after calcinations at 500 °C
for 1 h in argon atmosphere.

are not surface-active, authenticates the importance of amphi-
philicity of the dye molecules in manufacturing hybrid assembly
to act as soft-template for preparation of manganese oxide
superstructures.”” A plausible mechanism of the formation of

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Thermogravimetric analysis of the MnzO,4 microdandelions/
dye—surfactant hybrid assemblies as-dried in air.

Mn;0, microdandelions using dye-surfactant composites could
be enunciated as follows. Addition of manganese acetate
precursor to the dye-surfactant mixture results in the binding of
Mn(u) to the dye-surfactant conjugates®™ and subsequent hydro-
lysis governs the formation of Mn;O, microstructures with
dandelions-like morphology.® A schematic presentation of the
evolution of Mn3;O, microdandelions using dye-surfactant
composites is shown in Scheme 1.
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Scheme 1 Schematic presentation showing the formation of MnzO4
microdandelions at the dye—surfactant assemblies.

The textural properties of the as-dried powder sample of
Mn;0, microdandelions have been characterised by Brunauer—
Emmett-Teller (BET)* gas-sorption measurements performed
at 77 K under vacuum. The specific surface area and Langmuir
surface area of the microstructures have been measured to be
ca. 15.76 and 25.81 m* g, respectively which are higher than
that of the commercial Mn;0, (0.9 & 1.8 m* g~ *).%* Therefore, it
is evident that Mn;O, microdandelions, synthesised in the
present experiment, manifest higher BET surface area to
provide a platform for the photocatalytic degradation of organic
dye molecules.®”” A comparative account of the surface area in
the bulk and nano dimension of the Mn;0, microdandelions
and some other manganese oxides-based catalysts®**“* is
shown in ESI 1.

To assess the photocatalytic activity of these Mn;O, micro-
structures, the degradation of alizarin red was selected as the

Time (min)
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0.12
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400 500
Wavelength(nm)
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Fig. 6 Absorption spectral changes of aqueous solution of alizarin red
(2.0 uM) in the presence of 25 ng MnsO,4 under visible light irradiation.
Inset shows the molecular structure of the dye.
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Fig. 7 Plot of In(Ag/A) as a function of time for the degradation of
alizarin red in the absence and presence of MnsO4 microdandelions
under visible light irradiation.

model reaction. Alizarin red or 1,2-dihydroxyanthraquinone,
also known as ‘Turkey Red’, is an organic dye belonging to
alizarin family, derived from the roots of plants of the madder
genus and has been used as a prominent red dye, especially, for
dyeing textile fabrics.** The photocatalytic degradation of aliz-
arin red was employed as the model reaction as its degradation
can, easily and quantitatively, be monitored via its absorption
spectroscopy. Moreover, alizarin red was chosen because of its
high stability against spontaneous photobleaching in the
absence of a photocatalyst.®* In the photocatalytic reaction, 25
ug of the as-prepared catalysts was dispersed with 3.0 mL of 2.0
uM aqueous solution of the dye molecules and the progress of
the reaction was followed in the absorption spectrophotometer.
Fig. 6 shows the absorption spectral changes during the pho-
tocatalytic degradation of alizarin red in aqueous medium. The

100

% of dye degradation

1 2 3 4 5 6
Number of cycle

Fig. 8 Histogram showing the percentage of the degradation of the
dye in each cycle.
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Table 1 A comparative account of the catalytic activity of the visible light photocatalysts for alizarin red degradation

Particle Catalyst loading  Reaction rate
Catalysts size (nm) Reaction conditions (g™ (min™") Reference
TiO, nanostructures 8+2 500 W halogen lamp 0.5 0.084 Liu et al.*®
Bi-doped TiO, 30 + 10 150 W Philips bulb, 0.025 0.0232 Sood et al.*

wavelength 420-520 nm

Cds nanostructures — pH ~ 8.4 0.05 0.0169 Patil et al.**
TiO,-In,0; nanocomposites ~ 8-12 Pen Ray lamp of 4400 yW cm™> 0.1 0.0058 Rodriguez-Gonzalez et al.*
TiO, 10-12 Photolysis, ultrasonication 0.03 0.0225 vinu et al.*
Mn;0, microdandelions 1000 £+ 200 60 W tungsten bulb, room temp.  0.008 0.0067 Present work

molecular structure of the dye is shown in the inset. The dye
molecules exhibit a very intense absorbance band centered
around 503 nm along with a less intense vibrational shoulder,
centered around 308 nm corresponding ton — w*and w — 7*
transitions and molar extinction coefficient, ¢ ~ 29 100 M ™!
cm ' corresponding to the monomeric form of the dye.*® As
controls, an aqueous solution of alizarin red (3.0 mL, 2.0 uM)
was exposed to the same tungsten lamp under identical exper-
imental conditions. It was observed that, in the absence of the
catalysts, the degradation of the dye is very slow in the experi-
mental time scale. To check whether absorbance decrease is
a result of alizarin red absorption, we have mixed the dye and
Mn;0, microdandelions at the experimental concentrations
and allowed to equilibrate overnight under vacuum. Only
a slight decrease in the absorbance of the dye was seen; thus,
the possibility of the absorbance decrease as a result of alizarin
red absorption could be ruled out. As control experiment, the
influence of only FITC-D 2000S or CTAB at the concentrations
that may be present in the microdandelions employed for the
photocatalytic reaction has been tested. It was noted that pure
dye or surfactant does not bear any influence on the photo-
catalytic degradation of the dye molecules. The degradation of
the dye, also, does not take place in the absence of light.
Therefore, it could be conceived that Mn;O, microstructures are
indispensable for the visible light-assisted degradation of the
dye molecules.

In the presence of Mn;O, microdandelions, alizarin red
molecules start to degrade upon visible light illumination. With
increase in irradiation time, the intensity of alizarin red (Amax ~
505 nm) decreases sharply. After a certain time (¢ = 30 min), the
intensity at 505 nm decreases and the intensity at 270 and
295 nm increases. These changes in the absorption spectral
features indicate that with increase in irradiation time alizarin
red undergoes photocatalytic degradation and forms small
fragmented organic products.**® Under visible light irradia-
tion, dyes rather than Mn;O, particles are excited by visible
light to appropriate singlet and triplet states, subsequently,
followed by electron injection from the excited dye onto the
conduction band of metal oxides, whereas the dyes are con-
verted to the cationic dye radicals, dye’".*! The injected electron
of Mn;0, (e”) reacts with pre-adsorbed O, to form oxidising
species (O,"”, HOO" and then "OH radicals) that can bring
about photooxidations. The major component of the peroxides
produced is H,0,, CO, and to smaller carbonyl species; the

This journal is © The Royal Society of Chemistry 2016

principal intermediate produced is phthalic acid.** Thus, metal
oxide nanoparticles play an important role in electron transfer
mediation, even, though itself is not excited.

Profile showing the plot In(4,/4) where, 4, is the absorbance
at ¢t = 0 and A the absorbance at time ¢ = ¢, as a function of time
is presented in Fig. 7. It is, apparent, that the reaction follows
first-order kinetics and corresponding rate constants were
calculated to be 1.9 x 10™* and 6.7 x 10> min " in the absence
and presence of the catalysts, respectively which indicate that
the rate of reaction is enhanced by approximately 35 times in
the presence of the Mn;0, microdandelions.

In this reaction, Mn;O, microdandelions act as heteroge-
neous catalysts which are inorganic materials.®”*® It is observed
that the catalysts could be reused up to six cycles of operations
without any apparent loss of activity. Therefore, the catalysts
were separated from the reaction mixture by centrifugation or
natural sedimentation at the end of the degradation reaction
and subsequent drying in air. A histogram showing the
percentage of the degradation of the dye in each cycle is pre-
sented in Fig. 8. A comparative account of the nano/
microstructured catalysts for the photocatalytic degradation of
alizarin red under visible light irradiation has been presented in
Table 1. Therefore, it could be conceived that Mn;O, micro-
dandelions could be employed as alternative catalysts for the
degradation of alizarin red under visible light irradiation.

4. Conclusions

In conclusion, the cumulative effect of the FITC-dextran 2000S/
CTAB assemblies have been exploited for synthesis of high
surface area Mn;O, microdandelions. The microstructures were
found to act as effective catalysts for the degradation of alizarin
red under visible light illumination. The dye-surfactant conju-
gates could be exploited as soft-templated system for the
synthesis of other inorganic materials with controlled
morphological superstructures and unusual functionalities.
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Fabrication of Mn,Oz nanorods: an efficient
catalyst for selective transformation of alcohols to
aldehydesfy
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A facile wet chemical approach has been devised for the preparation of self-assembled, high surface area,
nanostructured Mn,Os through an effective polymer—surfactant interaction. Its outstanding catalytic
property for the selective transformation of alcohols to aldehydes has been reported. The polyethylene
glycol/sodium dodecyl sulphate conjugates act as soft templates for the formation of manganese oxide
nanorods upon treatment of a weak base, namely, diethanolamine, with manganese acetate as a

precursor under mild refluxing conditions. The Mn,O3z nanorods were found to be efficient and selective
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low catalyst loading. The precursor alcohols bearing activated and unactivated aromatic rings, double

DOI: 10.1039/c5ra02504d and triple bonds, and chiral sugar moiety were tolerated in this direct oxidative transformation strategy
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1. Introduction

Catalysts are the work-horses in synthetic chemistry.”® The
robust reactivity and selectivity of catalysts lead to the efficient
transformation of raw materials into the desired pharmaceuti-
cals, fuels, agrochemicals, pigments, polymers, commercial and
natural compounds, which are essential for our highly
demanding modern society. In this context, nanomaterials have
tremendous potential to serve as catalysts with significantly
improved performance because of their active surface and
interfacial atom effect, innovative new chemical property, high
reactivity, low catalyst loading, environmentally benign nature,
easy recovery and reusability.**° In recent years, the size and
shape-controlled synthesis of manganese oxides (MnO,) nano-
materials has attracted considerable interest from both
academia and industry due to their tuneable physicochemical
properties and applications in®** high-density magnetic storage
media," ion-exchange,* molecular adsorption,* electronics,"®
biosensors,"” energy storage,'® batteries’ and catalysts.*
Manganese oxides are the most attractive inorganic materials
owing to their structural flexibility and availability of different
oxidation states of manganese (II, III and IV), which are
responsible for their structural, transport and magnetic
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of synthesized materials, reaction schemes, catalysis details with tables. See
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This journal is © The Royal Society of Chemistry 2015

developed under benign reaction conditions.

21-24 25-27

properties in a diverse range of niche applications.
Among the different oxidation states of manganese oxides,
Mn,0; is well-known as a cheap and environmentally friendly
catalyst and could be employed as an ideal candidate for the
removal of CO and NO, from waste gas,”® decomposition of
H,0, into hydroxyl radicals in the catalytic peroxidation of
organic effluents® and as an oxygen storage component.*
Although catalytic activities over transition metal oxide catalysts
are lower than those over noble metal catalysts, the inherent
advantages of metal oxide catalysts, such as low cost, high
thermal stability, and high mechanical strength, make them a
promising alternative for outstanding catalytic applications.**
The catalytic activity of these materials at the nanoscale
dimension depends strongly on their surface properties, while
the reactivity and selectivity of nanoparticles can be tuned
through controlling the morphology because the exposed
surfaces of the particles have distinct crystallographic planes
depending on their shape.*> Therefore, the synthesis of Mn,0;
nanoparticles with well-controlled morphology and a narrow
size distribution is desirable for achieving practical applications
such as catalysis.

Diverse synthetic approaches have been implemented in the
literature for the fabrication of size and shape-selective Mn,0;
nanostructures, and their physical and chemical properties
have been exploited in a wide range of applications. Ganguli
and co-authors prepared nanorods of anhydrous manganese
oxalate as a precursor to synthesize single phase nanoparticles
of various manganese oxides, such as MnO, Mn,0; and Mn;0,,
under specific reaction conditions and studied their field-
dependent magnetization properties.*® Han and co-workers
reported the synthesis of Mn,O; nanocrystals by the

RSC Adv., 2015, 5, 33923-33929 | 33923
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thermolysis of manganese(u) acetyl acetonate on a mesoporous
silica, SBA-15, and the nanocomposites showed significant
catalytic activity toward CO oxidation below 523 K.** Chen and
He described a facile synthesis of mono-dispersed Mn,0;
nanostructures by treating a mixture of KMnO, solution and
oleic acid at low temperatures (below 200 °C) and have
demonstrated the application of these particles as efficient
water purifiers.®® Polshettiwar et al. devised a simple strategy
using an aqueous solution of K;Mn(CN)s] under microwave
irradiation to afford a nanomaterial.’> Gnanam and Rajendran
described the preparation of a-Mn,0O; nanoparticles by drop-
wise addition of an aqueous ammonia solution to manganese(u)
chloride tetrahydrate (MnCl,-4H,0) in methanol with vigorous
stirring and reported the optical properties of the synthesized
materials.*® Yang et al. reported the size-controlled synthesis of
monodispersed Mn,0; octahedra assembled from nano-
particles by a mediated N,N-dimethylformamide solvothermal
route, and the particles were found to exhibit catalytic activity
towards CO oxidation.*” Qiu et al. described the synthesis of
hierarchically structured Mn,0O; nanomaterials with different
morphologies and pore structures from precursors containing
the target materials interlaced with the polyol-based organic
molecules and examined their potential as anode materials for
lithium ion batteries.*® Cao et al. reported large-scale synthesis
of Mn,0; homogeneous core/hollow-shell structures with cube-
shaped and dumbbell-shaped morphologies, and the particles
were found to exhibit an excellent performance in waste water
treatment.* Najafpour et al. described the synthesis of nano-
sized Mn,O; particles by the decomposition of an aqueous
solution of manganese nitrate at 100 °C, and it was observed
that the particles possessed catalytic activities towards the water
oxidation and epoxidation of olefins in the presence of cer-
ium(v) ammonium nitrate and hydrogen peroxide, respec-
tively.*® We envisioned the fabrication of Mn,0; nanorods by a
soft-template strategy, which will provide a roughened high
surface area to offer an ideal platform for high and innovative
chemical activity towards novel catalysis processes such as the
most demanding direct synthesis of aldehydes and ketones
from alcohols under oxidative conditions.

Aldehydes are valuable compounds and one of the most
frequently used ingredients of organic synthesis in industry and
academia. The tremendous importance of this class of
compounds is supported by the development of enormous
methodologies for their synthesis reported in the literature.*~**
The direct oxidative transformation of alcohols to aldehydes is a
fundamental organic reaction. This approach suffers from a
serious drawback of the generation of a large quantity of the
corresponding acid*® as a by-product because the trans-
formation of acid from the in situ generated desired aldehyde is
more energetically favourable than the oxidation of alcohol to
aldehyde. Thus, with the advent of synthesising metallic
nanomaterials, silver, gold, palladium, ruthenium and plat-
inum nanoparticles are utilized under basic and/or stringent
reaction conditions for the oxidation of alcohol to aldehyde.****
To improve the substrate scope, selectivity and versatility in the
catalytic dehydrogenation process, we envisioned using
calcined manganese oxide nanorods and A*-hypervalent
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Mn,0;-NPs (Catalyst)

Hypervalent iodane,
1 solvent, benign condition

R—CH,0H R—CHO

+ R—CO,H
2
(Desired product) (Undesired byproduct)

Scheme 1 Direct synthesis of aldehydes using Mn,Oz-nanorods
catalyst.

iodane***” as a stoichiometric oxidant under neutral and benign
reaction conditions (Scheme 1). In this article, we have reported
an innovative approach to fabricate rod-shaped Mn,0; nano-
structures using a polymer-surfactant assembly as a soft-
template, and their catalytic activity is discovered towards the
selective oxidation of alcohols to valuable aldehydes, chiral
analogues and ketones using phenyliododiacetate [PhI(OAc),]
as an oxidizing agent.

2. Experimental
2.1 Reagents and instruments

All the reagents used were of analytical reagent grade. Man-
ganese(u) acetate tetrahydrate, diethanolamine (DEA), poly-
ethylene glycol (PEG-400), sodium dodecyl sulphate (SDS) and
phenyliodoacetate (PhI(OAc),) were purchased from Sigma
Aldrich and were used without further purification. Double
distilled water was used throughout the course of the investi-
gation. The temperature was maintained at 298 + 1 K during
the experiments.

Absorption spectra were measured using a Shimadzu
UV-1601 digital spectrophotometer (Shimadzu, Japan) by
placing the sample in a 1 cm well-stoppered quartz cuvette. The
surface and structural morphologies of Mn,0; samples were
studied by scanning electron microscopic (SEM) images, which
were recorded using a JSM-6360 (JEOL) instrument equipped
with a field emission cathode having a lateral resolution of
approximately 3 nm by applying an acceleration voltage of 3 kV
after sputtering the sample on a silicon wafer with carbon
(approx. 6 nm). Thin films were prepared by drop-coating the
aqueous-methanolic solutions of the respective samples onto
silicon wafers. Transmission electron microscopy was carried
out on a JEOL JEM-2100 microscope operating at 200 kV.
Samples were prepared by placing a drop of solution on a
carbon-coated copper grid and drying overnight under vacuum.
High-resolution transmission electron micrographs and
selected area electron diffraction (SAED) pattern were obtained
using the same JEOL JEM-2010 instrument, operating at 200 kV.
Energy dispersive X-ray (EDX) analysis was performed on an
INCA Energy TEM 200 using an X-ray detector. Fourier trans-
form infrared (FTIR) spectra were recorded in the form of
pressed KBr pellets in the range of 400-4000 cm™ ' with a
Shimadzu-FTIR Prestige-21 spectrophotometer. The powder
X-ray diffraction patterns were obtained using a D8 Advanced
Bruker axs X-ray Diffractometer with CuK, radiation
(A = 1.540589 A); data were collected at a scan rate of 0.5° min~*
in the range of 10-80°. Raman scattering measurements were
carried out on a silicon substrate in the backscattering geometry
using a fiber-coupled micro-Raman spectrometer equipped
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with a 488 nm (2.55 eV), 5 mW air-cooled Ar" laser as the exci-
tation light source, a spectrometer (model TRIAX550, JY) and a
CCD detector. The powder specific surface area was measured
by BET analysis using a Micromeritics Tristar 3000 surface area
analyzer. Thermogravimetric analysis was carried out on a
Perkin-Elmer STA 6000 with a sample amount of 10 mg. The
measurements were performed under nitrogen with heating
from 40-800 °C (rate: 10 °C min '), and then maintaining at 800
°C for half an hour. Before TGA measurements, the samples
were dried overnight in a vacuum oven at 50 °C.

2.2 Synthesis of manganese oxide nanorods in polymer-
surfactant conjugates

The nanostructures of manganese oxide were synthesised using
polymer-surfactant conjugates and manganese acetate tetra-
hydrate as the precursor salt. In a typical synthesis, an aliquot of
aqueous polyethylene glycol (PEG) (0.4 mmol dm %) was added
to an aqueous solution of sodium dodecyl sulphate (SDS)
(2 mmol dm ™) in a two-necked round-bottom flask such that
the total volume of the solution was 25 mL, and the mixture was
stirred overnight at room temperature. Then, 0.245 g of
Mn(ac),-4H,0 was dissolved in the polymer-surfactant mixture
by refluxing on a water bath at 65 °C. After the complete
dissolution of the precursor, 100 pL diethanolamine was added
and refluxing was continued for another 6 h. After about 30 min,
the reaction mixture turned yellowish brown from a colourless
solution indicating the formation of manganese oxide nano-
structures. As the refluxing was continued, the colour slowly
changed to deep brown, indicating the aggregation of the
ultrasmall manganese oxide particles to rod shaped nano-
structures. The water-bath was removed and the reaction
mixture was stirred for 12 h at room temperature. The particles
formed by this method were washed five times with slightly hot
water and finally dispersed in water. The manganese oxide
nanostructures prepared by this method are stable for a month
and can be stored in a vacuum desiccator without any signifi-
cant agglomeration or precipitation of the particles.

2.3 General procedure for the synthesis of aldehydes

The precursor alcohol (1 mmol), Mn,0; (1.6 mg, 0.01 mmol),
PhI(OAc), (403 mg, 1.25 mmol) and MgSO, (about 300 mg) were
placed together in ethylenedichloride (EDC, 25 mL) and stirred
magnetically at 45 °C until the reaction was complete. The
progress of the reaction was monitored by TLC. After the
completion of the reaction, the post reaction mixture was
filtered through a sintered funnel and the residue was washed
with EDC (2 x 5 mL). The combined EDC was transferred to a
separating funnel, washed with water (3 x 10 mL) and dried
using activated MgSO,. The solvent was removed using a rotary
evaporator at room temperature under reduced pressure. The
crude product was purified by column chromatography over
silica gel (60-120 mesh) using ethyl acetate-petroleum ether as
eluent to afford the desired aldehyde and corresponding acid
byproduct. Thus, the reaction of benzyl alcohol (1a, 109 mg,
1.0 mmol) afforded benzaldehyde (2a) and benzoic acid (3a)
after purification by column chromatography on silica gel
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(60-120 mesh) with ethyl acetate-petroleum ether (1 : 200, v/v)
as an eluent in yields of 87% (92.5 mg, 0.87 mmol) and 4%
(4.5 mg, 0.04), respectively. The structures of the desired
product (2a) and by-product (3a) were confirmed with the help
of the boiling and melting points available in the literature;
moreover, the recorded NMR (*H and '3C), FT-IR, and mass
(HR-MS) spectra were compared with those available in the
literature. Similarly, other aldehydes (2b-e), ketones (4a and b),
acids (3a-f) and sugar aldehyde (2f) were characterized by
measuring melting/boiling points and recording NMR ("H and
13C), FT-IR, and mass (HR-MS) spectra and optical rotation,
which were verified with the data and spectra reported in the
literature.

3. Results and discussion

In the present study, we have reported an innovative fabrication
approach for rod-shaped Mn,0O; nanostructures using a poly-
mer-surfactant assembly as a soft-template, and their catalytic
activity towards the selective oxidation of alcohols to valuable
aldehydes, chiral analogue and ketones using phenyl-
iododiacetate [PhI(OAc),] as an oxidizing agent has been
investigated.

The absorption spectral features of the as-synthesized
Mn,0; sample in the solid state are shown in ESI 1.7 The esti-
mated direct band gap of the Mn,0; was found to be 1.29 eV;
this value is almost close to the reported value of Mn,0;
nanostructures.”® The morphology, composition and crystal-
linity of the particles synthesized using the polymer-surfactant
mixture are presented in Fig. 1. The representative scanning
electron micrograph (trace a) of the Mn,O; particles shows a
bunch of elongated nanorods with length up to 1 + 0.3 pm and
width of 50 + 10 nm. To further examine the surface
morphology of the microstructures, high magnification SEM
images were recorded (trace b), and it was apparent that the
surface of the particles had roughened edges, which indicates
that the growth and slow transformation to rod-shaped nano-
structures occur through the oriented aggregation of primary
nanocrystals. At the very beginning of reflux, the concentration
of reactants is comparatively high; therefore, some nuclei can
be formed rapidly, resulting in the occurrence of ultrasmall
particles. Subsequently, the nuclei orient and grow fast along
the (211) direction to form one-dimensional nanorods.* The
size and shape of the nanocrystals is further evident from the
transmission electron micrographs (panel c¢) of the Mn,O;
particles formed using the polymer-surfactant assembly. The
high resolution TEM image (panel d) of the Mn,0; nanorods
displays an interplanar distance of about 0.357 nm between the
fringes, which corresponds to the distance between the (211)
planes of the Mn,O; crystal lattice.> The selected area electron
diffraction pattern (panel e) of the Mn,O; nanostructures is
consistent with strong ring patterns due to (211), (222) and (400)
planes, which confirms the crystallinity of the materials.”* The
representative energy dispersive X-ray spectrum (panel f) of
Mn,0; nanorods indicates that the particles are composed of
Mn and O elements. The formation of manganese oxide parti-
cles in the polymer-surfactant conjugates has been studied
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Fig. 1 (a) Scanning electron micrograph, (b) high resolution scanning
electron micrograph, (c) transmission electron micrograph, (d) high
resolution transmission electron micrograph, (e) selected area elec-

tron diffraction pattern, and (e) energy dispersive X-ray analysis of the
manganese oxide microrods in polymer—surfactant conjugates.

through FTIR spectroscopy (ESI 27). It is seen that an Mn-O
bond stretching frequency appears in the range of 450-680
cm ! along with two strong peaks at 630 and 525 cm ™', which
arise due to the stretching vibration of Mn-O and Mn-O-Mn
bonds,* indicating the formation of Mn,0O; in the polymer-
surfactant conjugates.”® The X-ray diffraction pattern of the
representative hybrid rod-shaped assemblies is shown in ESI 3;
all diffraction peaks, implying a crystalline structure, are
consistent with the standard values of bulk Mn,0O; [JCPDS no.
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Fig. 2 Raman spectrum of the manganese oxide/polymer—surfactant
hybrid assemblies dried in air.

33926 | RSC Adv., 2015, 5, 33923-33929

Paper

41-1442].** Fig. 2 shows the Raman spectrum of the as-prepared
nanorods under ambient condition. The structure of Mn,O;
belongs to Ia; symmetry group with a = 9.41 and possesses
cubic bixbyite structures.®® The bands at 310, 366 and 655 cm ™
could be ascribed to the out-of-plane bending modes of Mn,03,
the asymmetric stretch of bridge oxygen species (Mn-O-Mn)
and the symmetric stretch of Mn,03, respectively,>* in corre-
spondence to that obtained for bulk MnOx particles.>®

Thermogravimetric analysis (ESI 47) of the as-dried powder
sample shows two weight loss steps in the curve: 8.9 wt% loss
corresponding to the water desorption (up to 200 °C) and a
weight loss of 32.1 wt% over 200-800 °C as a result of the
decomposition of polymer-surfactant assemblies, verifying that
the polymer-surfactant conjugates are, indeed, incorporated
into the nanostructures.”” The textural properties of the Mn,03
microrods were investigated by Brunauer-Emmett-Teller (BET)
gas-sorption measurements performed at 77 K for the as-dried
powder sample under vacuum, as shown in ESI 5.f The
specific surface area and Langmuir surface area of the micro-
rods were measured to be ca. 13.60 m* g~* and 22.27 m”> g,
respectively, from which it is evident that Mn,0; nanorods
synthesised in the present experiment manifest high BET
surface areas to provide a platform for the catalytic organic
transformation.3®®

In the initial experiments, we decided not to apply a high
temperature for the desired catalytic oxidation (Scheme 1) of
our model substrate, benzylalcohol (1a, R = Ph, shown in ESI
61) to benzaldehyde (2a) using A*-hypervalent iodane;***”>
thus, the possibility of forming byproduct benzoic acid (3a,
entry 1, Table 1) could be avoided. After several experiments
using as-synthesised Mn,0; nanorods (1 mol%), we discovered
its catalytic property for the oxidative dehydrogenation reaction
using PhIO* (1.25 mmol), which revealed about 60% conver-
sion at 50 °C to afford benzaldehyde (2a; yield: 45%) with high
selectivity (2a : 3a = 9 : 1). The yield (68%) was improved when
PhICI, (entry 2) was used. Gratifyingly, utilizing commercially
available PhI(OAc),,” the conversion (100%), reaction rate (2 h),
yield (96%) and selectivity (2a: 3a = 47 : 3) were significantly
improved under the similar reaction conditions (entry 3). The
optimized oxidation process was found to utilize as low as
0.01 mol% of the nanorods as described in the entry 7, which
was obtained (entries 5-8) by changing the reaction tempera-
ture (50-40 °C) and catalyst loading (1-0.005). The reaction rate
(70% in 12 h), yield (48%) and selectivity (2a : 3a = 2 : 3) were
drastically reduced in the absence of the Mn,05-NPs (entry 9).
Ethylene dichloride was found to be the suitable solvent
because the other polar aprotic solvents such as dichloro-
methane (CH,Cl,), tetrahydrofuran (THF) and acetonitrile
(entries 10-12), nonpolar toluene (entry 13) and protic meth-
anol or water (entries 14 and 15) were not effective for the
unprecedented catalytic process.

The diverse catalytic activity of the Mn,03-nanorods was
evaluated utilizing various types of alcohols under the opti-
mized reaction conditions (entry 1, Table 2 as shown in ESI 67).
The benzyl alcohols bearing activated (1b) and deactivated (1c)
aromatic moieties (entries 2 and 3, Table 21) were tolerated in
this reaction to afford the corresponding aldehyde with
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Table 1 Synthesized aldehydes, sugar aldehyde and ketones
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Reagent & Conversion  Desired aldehyde (2) or Yield
Entry  Alcohol (1) Catalyst conditions (%) ketone (4) Acid (3) (%, 2 : 3)
©/\OH O O
) Mn,0; PhI(OAc),, EDC, ©/‘\H+ ©/'\0H 91
1= (0.01 mol%) 45°C4.0h (24:1)
2a:96% 3a:4%
OH O O
) e Mn,0, PhI(OAc),, EDC, /©)J\H /@/U\OH 89
.
b (0.01 mol%)  45°C4.5h Meo Meo (19:1)
2b:95%% 3b:5%
OH O O
s o Mn,0;, PhI(OAc),, EDC, /©/'\H+ ©/”\0H 95
e (0.01 mol%) 45°C3.0 h ©aN O.N (23:2)
2¢c:92% 3c: 8%
OH O O
. ©/=/ Mn,O, PhI(OAc),, EDC, I — ~on 90
= (0.01 mol %) 45°C4.0h (19:1)
2d:95% 3d:5%%
OH O O
= Mn,0; PhI(OAc),, EDC, < >—<: + < >—<: 9
> O/ (0.01 mol %) 45°C4.0h 100 2e:0506 M 3e:52% % (19:1)
le
HOH,C o, - OHC o, - HO,C o, -
N ., & Eorey ) her
H‘SL?"’O Mn,0; PhI(OAc),, EDC, O\ “Q HSQ"’O 76
6 MO F T (0.0l mol%)  45°C4.0 h 100 MO oo MO T TN (01:9)
it 2f:91% 31: 9%
OH O
Me Mn,0, PhI(OAc),, EDC >
/ g‘\ (0.02mol%) 45°Ceoh 100 3a (not detected)
1z 42:92%
OH O
.
= M PhI(OAc),, ED =
8 d\ 1205 (OAc),, EDC, 100 ©)I\ 3a (not detected)

(0.02 mol%)  45°C5.0 h

excellent yield and selectivity (entries 2 and 3). Interestingly, in
the presence of the strongly electron withdrawing -NO, group,
the reaction rate was enhanced (from 4.5 to 3 h) with respect to
the activated aromatic nucleus (1b), which simultaneously
reduced the selectivity from 19 : 1 to 23 : 2 (entries 2 and 3).
The diverse catalytic activity of the Mn,0j3-nanorods was
evaluated utilizing various types of alcohols under the opti-
mized reaction conditions (entry 1, Table 2+). The benzyl alco-
hols bearing activated (1b) and deactivated (1c) aromatic
moieties (entries 2 and 3, Table 21) were tolerated in this
reaction to afford corresponding aldehyde with excellent yield
and selectivity (entries 2 and 3). Interestingly, in the presence of
strongly electron withdrawing -NO, group, the reaction rate was
enhanced (from 4.5 to 3 h) with respect to the activated
aromatic nucleus (1b), which simultaneously reduced the
selectivity from 19 : 1 to 23 : 2 (entries 2 and 3). Another inter-
esting feature observed in this reaction is the high chemo-
selectivity. Even the oxidation prone double and triple bond-
bearing allyl (1d) and propargyl (1e) alcohols (entries 4 and 5)
smoothly underwent oxidation to corresponding aldehydes with
90-92% yield and outstanding selectivity (19 : 1). We turned our
attention to applying this benign strategy for the oxidation of
sugar-based chiral alcohol (1f, entry 6), and under the similar
reaction conditions it afforded corresponding optically pure
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aliphatic aldehyde (2f) with high yield (76%) and selectivity
(91 : 9). The diverse catalytic activity of the Mn,0O3z-nanorods was
also successfully exploited on functionalized secondary alco-
hols (1g and 1h) to obtain corresponding ketones (4a and 4b,
entries 8 and 9) without the formation of the by-product, ben-
zoic acid (3a). The catalytic reaction was tested with bulk
Mn,03;, and it was seen that the particles could not selectively
transform the alcohols to aldehydes. A comparative account
highlighting the utility of Mn,0; nanorods and some other
catalysts®* towards the oxidation of alcohols is presented in
ESI 7.} This unprecedented property of Mn,0;-nanorods under
very low catalyst loading (0.01 mol%) provides new prospects
and perspectives in catalysis towards the discovery of new
materials, innovative catalytic activity and novel organic trans-
formation to afford functional molecules for our highly
demanding modern society.

4. Conclusion

In conclusion, the hydrolysis of manganese precursor in the
presence of polymer-surfactant soft template has been found to
be an effective strategy for the fabrication of Mn,0; nanorods.
The nanorods are crystalline and offer roughened surface and
large surface area that installs new and innovative catalytic
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activity such as the direct synthesis of valuable aldehydes
through the oxidation of alcohols in a highly chemoselective
fashion. This new synthetic strategy for low dimensional
manganese oxide materials could be exploited for the fabrica-
tion of novel inorganic materials with controlled superstruc-
tures and unusual functionalities. This unprecedented catalytic
activity of Mn,O; nanorods provides new prospects and
perspectives in catalysis for the pursuance of novel organic
transformations to afford functional molecules for our highly
demanding modern society.
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Gold—manganese oxide nanocomposites were synthesised by seed-
mediated epitaxial growth at the water/n-heptane interface under
mild reflux conditions. These nanocomposites exhibit efficient elec-
trocatalytic activity toward the water oxidation reaction (WOR) and the
simultaneous oxygen reduction reaction (ORR) at a low overpotential
(n = 370 mV) and under neutral pH conditions.

1. Introduction

Industrial scale production of clean energy could replace finite
fossil fuels with abundant, renewable, environmentally benign
energy sources and would lead to the survival of the planet in a
sustainable manner that poses a significant challenge to
humanity in the 21st century."* There is a growing need for
electrocatalytic water oxidation to produce dioxygen for the
conversion of electrical energy to stored chemical energy in the
form of fuels.®* Plants utilize complex catalytic systems for the
breakdown of water into its elements. In nature and in many
protocols designed for artificial photosynthesis, water oxida-
tion, 2H,0 — 4H' + O, + 4e ", is a key step and hence our better
understanding of these systems could pioneer new designs of
effective catalysts.>® The activity of electrocatalysts for water
oxidation is of fundamental importance for the development of
promising energy conversion technologies, including inte-
grated solar water-splitting devices, water electrolyzers, and
lithium-air batteries.” Therefore, to meet future challenges,
water oxidation has become an important area of research,
which is inspired by energy challenges and bioinspired by the
emerging understanding of photosystem II.*° The salient
features of the technical impediments to such a reaction is the
requirement of efficient and inexpensive electrocatalysts
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Bifunctional gold—manganese oxide
nanocomposites: benign electrocatalysts toward
water oxidation and oxygen reductiont
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capable of oxidizing water to drive this energetically highly
unfavorable reaction (AH® = 572 k] mol ").® Several protocols
have been adopted in the literature to design efficient, inex-
pensive and robust electrocatalysts for the water oxidation
reaction based on metallic platinum,"” various oxides and
complexes of iridium," ruthenium,*® nickel,** cobalt,” iron'®
and copper complexes,'” and to evaluate the oxygen evolution
activity in acidic and/or alkaline conditions Amongst the
materials considered so far for water oxidation catalysts, first
row transition metal oxides can are abundant and have
reasonable stability compared with their noble metal
analogues.'®

In particular, manganese oxides are materials of consider-
able importance due to their interesting structural, magnetic
and transport properties that arise from their excellent struc-
tural flexibility combined with novel chemical and physical
properties.’® Among the series of manganese oxides available in
various oxidation states of manganese (u, ui, 1v), Mn;O, (haus-
mannite) has been found to be an effective and inexpensive
catalyst in a number of oxidation and reduction reactions.>® On
the other hand, gold nanoparticles have also attracted
increasing attention due to their unique properties, such as
high biocompatibility, tunable electronic and optical behavior,
good conductivity and high catalytic activity, which make them
fundamental building blocks for the development of innovative
functional materials.”* The assembly of different nanomaterials
with specific optical, magnetic, or electronic properties to
multicomponent composites can change and even enhance the
properties of the individual constituents.”* Bifunctional
composite nanostructures containing gold have found
tremendous importance in the field of nanocatalysis due to the
rich surface chemistry of gold.”® The fabrication of nano-
composites containing two or more different functionalities has
also started attracting attention due to their enhanced catalytic
properties.>*

Several reports have been published in the literature using
manganese oxides and complexes as electrocatalysts for water
oxidation. Dismukes et al.>* described the thermodynamic and

This journal is © The Royal Society of Chemistry 2014
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mechanistic aspects that Nature appears to use for catalyzing in
vitro water oxidation by photosynthesis using bioinspired and
photoactive Mn,O,4-cubane clusters. Drawing inspiration from
the cubane-like CaMn(4)O(x), the biological catalyst found in
the oxygen evolving centre in the photosystem II, Gorlin and
Jaramillo*® investigated the electrocatalytic activity of nano-
structured manganese oxide surfaces that exhibited similar
oxygen electrode activity to the best known precious metal
nanoparticle catalysts, viz., platinum, ruthenium and iridium.
In a recent communication, Jaramillo and colleagues®
demonstrated the addition of Au to MnO, to produce an order
of magnitude higher turnover frequency than that of the best
pure MnO, catalysts and a local, rather than bulk, interaction
between Au and MnO,, which led to the observed enhancement
in the activity of the reaction. Zaharieva and co-authors®
showed that the binuclear manganese molecular complex
[(OH,)(terpy)Mn(p-O),Mn(terpy)(OH,)]**, which is the most
prominent structural and functional model of the water-
oxidizing manganese complexes operating in plants and cya-
nobacteria, could be supported on montmorillonite clay and,
using Ce(1v) as a chemical oxidant, the complex could act as one
of the best manganese-based molecular catalyst toward water
oxidation. Wiechen et al.*® reported the syntheses of layered
manganese oxides, where the interlayer cations, viz., K-, Ca-, Sr-
and Mg-containing birnessites, were varied and also observed
that the oxygen-evolving complex required the presence of
calcium in their structures to achieve maximum catalytic
activity. Spiccia and co-workers®® showed that for the nano-
particulates of manganese oxides, formed in Nafion polymer,
the catalytic activity toward the water oxidation was dependent
on the dispersivity of the nanoparticles. They also reported
synthetic methodologies for the preparation of highly active
mixed valent MnO, catalysts by the partial oxidation of crys-
talline Mn"'O nanoparticles and analysed the catalytic activity in
water splitting devices.** In a review, the group elucidated the
perspectives of a cluster that contains four manganese and one
calcium ions bridged by five oxygen atoms in a distorted chair-
like arrangement in the current structural and mechanistic
understanding of the oxygen evolving complex in photosystem
11> Being inspired by the structural diversity of manganese
oxides that occur naturally as minerals in at least 30 different
crystal structures, Dismukes and colleagues® chose to system-
atically compare eight synthetic oxide structures containing
Mn(m) and Mn(wv) with cubic phases, and concluded that elec-
tronically degenerate Mn(m) imparts lattice distortions, due to
the Jahn-Teller effect, that are hypothesized to contribute to the
structural flexibility, which is important for catalytic turnover in
water oxidation at the surface. Suib and group* compared the
catalytic activity of mixed valent porous amorphous manganese
oxides, cryptomelane-type tunnel manganese oxides, and
layered birnessite as water oxidation catalysts, and observed
that amorphous manganese oxides exhibit significantly higher
turnovers compared to tunnel and layered structures. In spite of
all these investigations with molecular and solid-state electro-
catalysts capable of mediating water oxidation, many funda-
mental questions and practical challenges remain, and clear
improvements are needed in cost, durability, and overpotential.

This journal is © The Royal Society of Chemistry 2014
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In this communication, we have explored the controllable
integration into gold-manganese oxide nanocomposites by
seed-mediated epitaxial growth at the water/n-heptane inter-
face, and also investigated the electrocatalytic activity of the
combinatorial catalysts toward water oxidation and oxygen
reduction at low overpotential (370 mV) and, most importantly,
under neutral pH conditions.

2. Experimental section
2.1. Reagents and instruments

All the reagents used were of analytical reagent grade. Gold(m)
chloride trihydrate (HAuCl,-3H,0, =99.9%), trisodium citrate
(=99%), manganese acetate tetrahydrate (Mn(ac),-4H,0), 4-
aminothiophenol (4-ATP), and phosphoric acid were obtained
from Sigma Aldrich and were used as received. Sodium
perchlorate, sodium hydroxide, methanol, n-heptane, and
ammonia were purchased from Sisco Research Laboratories,
India, and were used without further purification. An aliquot of
0.1 M phosphate buffer saline (PBS) was prepared by mixing an
equimolar solution of phosphoric acid and sodium perchlorate,
followed by the dropwise addition of sodium hydroxide.
Double-distilled water was used throughout the course of the
investigations. The temperature was 298 + 1 K for all
experiments.

Absorption spectra were recorded in a Shimadzu UV-1601
digital spectrophotometer (Shimadzu, Japan), taking the
sample in a 1 cm well-stoppered quartz cuvette. Transmission
electron microscopy (TEM) was carried out on a JEOL JEM-2100
microscope with a magnification of 200 kV. Samples were
prepared by placing a drop of solution onto a carbon coated
copper grid and drying overnight under vacuum. Dark field
scanning tunneling electron micrograph (DF-STEM) and
selected area electron diffraction (SAED) patterns were obtained
using the same instrument. Energy dispersive X-ray (EDX)
analysis was performed on an INCA Energy TEM 200 using an X-
ray detector. Fourier transform infrared (FTIR) spectra were
recorded in the form of pressed KBr pallets in the range (400-
4000 cm™') on a Shimadzu-FTIR Prestige-21 spectrophotom-
eter. X-ray diffraction (XRD) pattern was obtained using a D8
ADVANCE BROKERaxs X-ray diffractometer with CuKa radia-
tion (A = 1.5418 A); data were collected at a scan rate of 0.5°
min~" in the range of 10-80°. Electrochemical measurements
were performed by a CHI-660C electrochemical workstation. A
Ag/AgCl electrode (in 3.0 M KCl) and a Pt wire were used as the
reference and auxiliary electrodes, respectively. Catalytic reac-
tions were performed by the immobilized nanoparticles or
nanocomposites over a 4-aminothiophenol monolayer modified
gold working electrode, with 0.1 M phosphate buffer saline
(pH ~ 7.5) used as the electrolyte and at a scan rate of
100 mV s~

2.2. Synthesis of the nanomaterials

2.2.1 Synthesis of gold nanoparticles (NPs). Gold nano-
particles were synthesized by the Frens citrate reduction
procedure,* where the standard procedure for the preparation
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of 10 nm gold nanoparticles is as follows. An aliquot of 50 mL
aqueous solution of HAuCl,-3H,0 (0.25 mM) is heated to
boiling and 0.5 mL of trisodium citrate (1%) is added. In about
25 s, the boiling solution turns faintly blue (nucleation). After
approximately 70 s, the blue color suddenly changes into a
brilliant red, indicating the formation of gold particles. The
boiling was continued for half an hour and then cooled to room
temperature.

2.2.2 Synthesis of gold-manganese oxide nanocomposites
(NCs). Gold-manganese oxide nanoparticles were synthesised
at the environmentally benign water/n-heptane interface under
mild reflux conditions. In 25 mL binary solvent mixture of water
and n-heptane (3 : 1 v/v), 2.5 mM Mn(ac), 4H,0 was added and
brought to reflux (ca. 65-70 °C) under stirring. After about 30
min, 150 pL of ammonia was added, and immediately after, 1.0
mL of preformed gold nanoparticles (0.25 mM) was added
dropwise for 10 min to the solution under reflux. The refluxing
was continued overall for 1.5 h. After the addition of the gold
colloid, the color of the sol slowly began to change, and finally, a
brownish red coloration was seen at the end of the reaction.
Then, the heating was stopped and the mixture was stirred for
12 h at room temperature. The particles obtained were retrieved
from the solvent mixture by centrifugation at 10 000 rpm for 15
min and subsequently, redispersed into water. The dispersion
was found to be stable for a month when stored in a vacuum
desiccator. Manganese oxide nanoparticles were synthesised
following the same procedure, but without the addition of any
gold nanoparticles.

3. Results and discussion

In the present experiment, the water/n-heptane binary solvent
mixture plays an important role in the evolution of gold-
manganese oxide nanocomposites by epitaxial growth without
any external stabilizing agents.*® The controllable integration of
gold and manganese oxide into single nanostructures was
characterised by absorption, Fourier transform infrared (FTIR)
spectroscopy and by X-ray diffraction (XRD) techniques, which
revealed the epitaxial growth of manganese oxide on the surface
of gold nanoparticles, as described in ESI 2.

The morphology, composition and crystallinity of the parti-
cles are depicted in Fig. 1. Transmission electron micrographs
(panels a, b and c) of gold, manganese oxide and gold-manga-
nese oxide show that the particles are 10 = 2 nm, 15 + 3 nm and
20 + 5 nm, respectively. In the image of the nanocomposites,
the Au particles appear black, while Mn;0, are light colored,
because Au has a higher electron density and allows fewer
electrons to transmit." Dark field scanning tunneling electron
micrographs (DF-STEM) (panel d) highlight the epitaxial growth
of manganese oxide on gold nanoparticles. The energy disper-
sive X-ray spectrum (panel e) of Au-Mn3;0, particles reveals that
the particles are composed of Mn, C, O, Cu and Au elements.
Among these elements, the signals of Mn, O and Au result from
the Mn;0, and Au particles, which form the product and the
signals of C, while the O and Cu elements come from the
precursor and the supporting TEM grid. From the SAED pattern
of the composites, it is clear that a bright reflection appears

41978 | RSC Adv., 2014, 4, 41976-41981
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Fig. 1 (a—c) Transmission electron micrographs of Au, MnsO4 and
Au-MnzO, nanoparticles, respectively; (d) dark field scanning
tunneling electron micrographs, (e) energy dispersive X-ray and (f)
selected area electron diffraction pattern of Au.

from the (111) plane of the fcc-structured gold and the strong
ring pattern corresponds to the (101), (103) and (211) planes of
the tetragonal hausmannite structure. In addition, a combined
multireflection results, due to the Au-Mn;O, composite
formation, confirming the crystallinity of the resultant
materials.™

Nowadays, Au, Mn;O, and Au-Mn;O, nanoparticles are
employed to investigate the electrocatalytic activity toward the
water oxidation reaction. A detailed procedure of the modifi-
cation of the electrodes is described in ESI 3.

Fig. 2 displays the cyclic voltammogram of 4-ATP/gold (red),
Au NPs/4-ATP/gold (green), Mn;O, NPs/4-ATP/gold (blue) and
Au-Mn;0, NCs/4-ATP/gold (black) electrodes in PBS at
pH ~ 7.5. A specific amount (20 pg) of the catalysts was dis-
solved in 10 mL of water in each case. These dispersions were
then employed for the loading of catalysts by dipping the elec-
trodes and allowing them to equilibrate overnight under
vacuum. It was observed that the Au-Mn;O, nanocomposites
(black) caused a shift of the oxidation potential in the less

Current / 1e-5A

=201 T T T T T

T T T T
130 120 110 100 090 0.80 070 060 050 040 030

Potential / VV vs Ag/AgCI

Fig.2 Cyclic voltammograms of water oxidation in the presence of 4-
ATP/gold (red), Au NPs/4-ATP/gold (green), MnzO,4 NPs/4-ATP/gold
(blue) and Au-MnsO,4 NCs/4-ATP/gold (black) electrodes in PBS at
pH ~ 7.5.

This journal is © The Royal Society of Chemistry 2014
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positive potential and a large increase in the current height
compared to that of the only Au (green) or Mn;O, nanoparticles
(blue). In spite of the ideal electrocatalytic process at its ther-
modynamic potential (for example, at 0.62 V vs. Ag/AgCl,
pH ~ 7.0 and 1 atm O,), the actual electrode reaction occurs
at a more positive potential (i.e. overpotential) whose magni-
tude reflects the electrode kinetics of the solution. It is seen that
Au NPs/4-ATP/gold, Mnz;O, NPs/4-ATP/gold, and Au-Mn;O,
NCs/4-ATP/gold electrodes display an anodic response at +1.13
V(n = 0.51V, pH ~ 7.5), +1.12 V (n = 0.50 V, pH ~ 7.5), and
+0.998 V (n = 0.37 V, pH ~ 7.5) vs. Ag/AgCl, respectively, in the
potential window of 0.3-1.3 V, signifying water oxidation in 0.1
M PBS (pH ~ 7.5) and a corresponding cathodic peak at ~+ 0.5V
for O, + 4H' + 4e — 2H,0 at pH ~ 7.5, which is indicative of the
reversibility of the process,* whereas no such signal appears for
4-ATP/gold electrode. It was noted that the particles synthesized
in the present experiment are stable for a couple of weeks
without any significant agglomeration or precipitation of the
particles. After the deposition of the particles at the electrodes,
the catalytic activity of the particles was measured and the
electrodes were rinsed in distilled water after the experiments. It
was noted that the electrodes retained their catalytic activity
even after 48 h of the loading of the catalysts. Therefore, it could
be conceived that the particles do not suffer from dissolution or
corrosion during the measurement of their electrocatalytic
activity. However, assuming that the particles are nearly
spherical and that the densities of Mn;0, and Au-Mn;0O, are
4.86 and 12.09 g cm? (taking an average of the density of Au
and Mn;0,) respectively, the number of Mn;0, and Au-Mn;O,
particles is ca. 2.3 x 10'* and 3.8 x 10", respectively, and the
corresponding surface areas are ca. 1625 x 10> and 477 x 10"
nm?, respectively.’” Therefore, it is evident that Au-Mn;O,
composites are better electrocatalysts than Mn;0, particles.

The turnover frequency (TOF) of the catalysts could be
calculated using the equations:**

Ieoy = nFAkcalrcat (1)
Teat = OInFA @)

where, I, is the catalytic current density, n is the moles of
electron transfer, F is the Faraday constant, A is the geometric
surface area of the underlying anodic surface, k., is the rate
constant of the electron transfer, I' is the surface coverage in
moles per square centimeter, and Q is the charge obtained by
integrating the cathodic peak (= [idt, where i is the Faradaic
current). However, the concept of turnover frequency is based
on the number of active sites of the catalysts. In the above
equations, the active sites have been replaced by surface area,
which is an apparent value; therefore, the calculated TOFs
provide only apparent values rather than the real TOFs of the
catalysts. In addition, for the catalyst of Au-Mn;O,, the active
sites for Au are different from those for Mn;0, and, as a result,
the calculated TOF is a hybrid or average of that of the
constituent particles. From eqn (1) and (2), we can estimate the
electroactive site turnover rate during O, evolution as:

This journal is © The Royal Society of Chemistry 2014
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kcat = Ical/Q (3)

The catalytic current densities for Au, Mn;0,4, and Au-Mn;O,
are 3.8, 5.8 and 17.4 uA, respectively, and the charges obtained
by integrating the cathodic peak for Au, Mn;0,4, and Au-Mn;O,
is 2.4, 2.6, and 3.8 pC, respectively. Therefore, the turnover
frequencies corresponding to Au, Mn;0,4, and Au-Mn;0, are ca.
1.6, 2.2, and 4.6 s~ !, respectively. The catalytic activity for water
oxidation by Au-Mn;0, nanocomposites is considered as not
only combining the properties of both noble metal and metal
oxides, but also the unique collective and synergistic effects
of its component parts, compared to single component
materials.””*

Variation of the gold particle size in the nanocomposites
shows that the catalytic activity increases with a decrease in the
particle size of the nanocomposites (ESI 47); this study elicits
the reproducible electrocatalytic activity of the nanocomposites.
Therefore, it could be conceived that Au-Mn;0, composites are
more efficient catalysts for the water oxidation reaction than the
individual Au or Mn;0, nanoparticles. The enhanced catalytic
activity of the Au-Mn;O, catalysts could be attributed to the
beneficial presence of higher amounts of oxidizable gold
species and surface oxygen vacancies, resulting from the strong
interaction between Au and the reactive surface of Mn;O,
nanoparticles.”” An increase in the 5d vacancy of Au increases
the interaction of O, and Au, thereby, enhancing the catalytic
activity of Au in the composites.** However, interestingly, it was
noted while the electrode was cycled to the cathodic potential
after several scans through the catalytic anodic wave, an irre-
versible peak was observed at ca. —0.001 V to —0.2 V for
different modified electrode systems, as presented in Fig. 3.
This peak could be attributed to the O,/O,  couple** and indi-
cates that O, evolved from water oxidation on the electrode
surface. A digital camera photograph showing the evolution of
oxygen gas during water oxidation and the corresponding cyclic
voltammogram of the Au-Mn;0, NCs/4-ATP/gold electrodes in
normal and N,-saturated PBS at pH ~ 7.5 is shown in ESI 5.}

0.8
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Fig.3 Cyclic voltammograms for oxygen reduction in the presence of
4-ATP/gold (blue), Au NPs/4-ATP/gold (green), MnzO4 NPs/4-ATP/
gold (red) and Au-MnzO4 NCs/ATP/gold (black) electrodes in PBS at
pH ~ 7.5.
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Under ambient conditions, the current height due to oxygen
reduction is higher than in the N,-sparged solution, which
authenticates that the origin of this peak originated from O,
reduction. In a likewise manner to water oxidation, the higher
cathodic peak current and lower reduction potential with the
Au-Mn;0,4 NCs (black) electrode rather than with the Mn;O, NP
(red) and Au NPs (green)- modified gold electrodes authenticate
that Au-Mn;0, composites are better ORR catalysts than the
individual Au or Mn;0, particles.’” The Au-Mn;O, particles
upon exposure to oxygen form radical species on the surface of
the catalysts. The ability to form such radical species in the
presence of oxygen leads to enhanced performance of the Au-
Mn;0, composites in the oxygen reduction reaction.® It is also
likely that oxygen can dissociate on the Au surface and spill over
from Au to the oxygen vacancies in the oxide, which synergis-
tically promotes the adsorption and dissociation of O,.**
Therefore, the different surface structural features clearly
determine the strength of the metal-support interaction and,
thus, the catalytic activity. The overpotentials for Au, Mn;O,,
and Au-Mn;0, are 514, 505, and 370 mV, respectively. When Au
interacts with transition metal oxides to form a reduced oxide
and an oxidized metal at the interface of the two materials,*>*® it
dissolves at an oxidizing potential relevant to the water oxida-
tion reaction.”” Therefore, the presence of Au during the water
oxidation reaction could lead to an enhancement in the elec-
trocatalytic activity of Mn;O, particles.

The oxidation of water to dioxygen is one of the key reactions
that need to be fully understood for water splitting devices. A
reasonable mechanism for the water oxidation and oxygen
reduction reactions on the nanocomposite surface could be
enunciated as follows. From an electrochemical perspective,
this reaction can be divided into two half reactions, namely,
water oxidation and proton reduction.*® The formation of H,0,
from such species suggests that hydrolysis of an O-O bonded
species proceeds more rapidly than the additional oxidation
steps needed to form O,. In the presence of the catalysts, an
0-0O bonded intermediate undergoes rapid electron transfer in
the material or to the electrode to enable the selective evolution
of O,. In the present experiment, upon the addition of gold to
the metal oxide system, the gold-metal oxide perimeter inter-
face acts as a site for activating the reactants. Therefore, it could
be conceived that the very strong metal-support interactions
after Au deposition® create a unique interface, which results in
enhanced activity for the water oxidation and oxygen reduction
reactions.
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Cyclic voltammetry data of water oxidation and oxygen
reduction in the presence of the nanomaterials are summarized
in Table 1. The overpotential of different manganese-based
systems as a function of experimental conditions has been
discussed elsewhere.”” A comparative account of the pH
conditions of the experiments and the overpotential of the Au-
Mn;0, composite and some other electrocatalysts is presented
in ESI 6.F

Fig. 4 illustrates the cyclic voltammograms at varying pHs of
the PBS with the Au-Mn;0, NCs/4-ATP/Au electrode. A slight
change of current height was observed for the O,/O,~ couple at
—0.18 V, but the anodic peak potential, as well as the peak
current, varying with the change in pH of the solution (Fig. 4A).
A plot of potential vs. pH and the current vs. the pH (Fig. 4B)
show that the potential is optimum at pH ~ 7.5, and that the
electrocatalytic activity for water oxidation increases with the
increasing pH (5.5-9.5) of the solution, respectively.

In conclusion, the synthesis of stabiliser-free gold-manga-
nese oxide nanocomposites by seed-mediated epitaxial growth,
employing an environmentally benign water/n-heptane inter-
face paves a facile strategy through surface attachment for
combinatorial catalyst design. We have successfully overcome
the key challenge in recent research of electrocatalytic water
oxidation, surprisingly, at a nearly neutral pH (pH ~ 7.5) and a
low overpotential of 370 mV, which is beyond the typical range
of many homogeneous water oxidation catalysts (600-900 mV).
As manganese oxides are available in various oxidation states
and exhibit extensive biomimetic chemistry with oxygen, this
result adds a new feather and illuminates ample opportunities
in water oxidation electrocatalysis using a wide variety of inex-
pensive and earth-abundant materials. This facile and
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Fig. 4 (A) Cyclic voltammograms of water oxidation in 0.1 M PBS at
pH ~ 5.5 (blue), 6.5 (brown), 7.5 (green), 8.5 (red), and 9.5 (black) with
Au-Mnz04 modified electrodes; and (B) Profile showing the variation
of current and potential as a function of pH.

Table 1 Cyclic voltammetry data of water oxidation and oxygen reduction in the presence of nanomaterials

Water oxidation

1st oxygen reduction

2nd oxygen reduction

Catalysts potential (Eox, 11,0), V Ipa“ (1A) potential (Ereq, 0,), V Ioe 1) (nA) potential (Ereq, 0,), V I @ (nA)
Au 1.134 —4.5 0.562 3.3 —0.189 2.9

Mn;0, 1.125 —6.8 0.515 6.3 —0.139 3.8
Au-Mn;0,4 0.998 —-171 0.546 15.6 —0.001 11.6

“ Where, I,,, and I, denote the irreversible peak currents at the anode and cathode, respectively.
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Communication

environmentally benign synthetic strategy for nanocomposites
could be upscaled to the industrial level and may offer a
promising future for renewable energy technologies.
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