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ABSTRACT

The avenues of catalysis and material science are always accepted and it is hoped that a state-of-the-art
catalyst with exceptional intrinsic redox characteristics would be produced. This study focused on devel-
oping a multi-featured catalyst of high economical and commercial standards to meet the multi-
directional applications of environmental and energy demands. Manganese (IV) oxide nanosheets made
of fluffy-sheet-like g-C3N, material were successfully synthesized by pyrolysis method. The electron-rich
g-C3N,4 network and semiconducting metallic oxides of MnO, nanosheets generated high electron density
interfaces within the intra-composite structure. The input of active interfaces along with strong metal-to-
support interactions achieved between two parallel nanosheets in MnO,/g-C3N,4 catalyst intrinsically
boosted up its electrochemical and optical characteristics for it to be used in multi-catalytic fields.
Successful trails of catalysts’ performance have been made in three major catalytic fields with enhanced
activities such as heterogeneous catalysis (reduction of nitrobenzene with rate constant of “K = 0.734
min~!” and hydrogenation of styrene with “100% conversion” efficiency, including negligible change in
five consecutive cycles), photocatalysis (degradation of methylene blue dye model within 20 min with
negligible change in five consecutive cycles) and electrocatalysis (oxygen reduction reactions having
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comparable “diffusion-limited-current density” behaviour with that of the commercial Pt/C catalyst). The
enhanced performance of catalysts in transforming chemicals, degrading organic pollutant species and
producing sustainable energy resources from air oxygen can mitigate the challenges faced in environ-
mental and energy crises, respectively.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The development of human societies has resulted in multiple
environmental and energy crises for the next generation spell.
There are various strategies that can be used to deal with the envi-
ronmental issues either by converting pollutants into useful indus-
trial processes or by degrading them completely into less
hazardous species [1-3]. The issues related to energy sectors were
addressed by introducing renewable energy resources to produce
environmental friendly fuels and to stop the further consumption
of fossil fuels [4,5]. Among all the strategies that have been
adopted, catalysis has remained a basic tool used for each applica-
ble scenario. Furthermore, in examining the good performances of
catalysis, it has been found that catalysts play a key role in opening
up facile routes. Till date, the above discussed scientific tasks have
been made by various noble and non-noble metal elements and
their combinations from bulk to nanoscale level [6-9].

Although there are a lot of success stories related to the devel-
opment of catalysts s, there are various factors that hinder their
potential utilization. These factors need to be considered for the
development of this key constituent of catalysis such as, selection
of materials that are cheap, environmental friendly and abundant
in nature, that can be utilized at upscale projects, and have
enhanced durable catalytic performance with state-of-the-art phe-
nomenon [10-12]. In designing catalysts, carbon and carbon-based
2D graphitic material have been extensively used in the form of
carbon black, carbon nanotubes and graphene to fabricate the
metallic nanoparticles on their surface to boost electrons in the
active sites. In this regard, graphitic materials doped with heteroa-
tom elements (i-e nitrogen, sulphur, phosphorous) have made
their debut as excellent supporting materials for metallic nanopar-
ticles [13-16]. Among these, nitrogen doped graphitic network (g-
C3N,) is a prestigious choice because it has similar chemistry with
graphene. However, its other exceptional chemical properties (i-e
electronic and optical) make it higher than 2D materials, thus t
has various applications in sustainable and renewable energy and
environment sectors [17,18].

The interactions of g-C3N4 network with metallic components
in the form of composites led to the development of high electron
density framework within the material by strong electron transfer
system. This occurs through their connection with semiconducting
metallic oxides particles [19-21]. In these interactions, the parallel
faced metallic oxides nanosheets (with 2D features) and g-C3N,4
porous sheets-like structures may constitute the interfaces within
the catalyst materials [19,22]. These interfaces synergistically
enhance the electrochemical and photo responsive features of cat-
alysts, making them suitable candidates for selective applications
from optoelectronics-to-organic conversion systems. Furthermore,
the g-C3N, materials generate strong metal-to-support interac-
tions with metallic and non-metallic oxide materials due to their
delocalized m-conjugated system that contains a number of coordi-
nation sites acting as nitrogen atoms in network; here the six-
nitrogen lone-pair electrons coordinate the metal ions within the
plane of highly ordered tris-triazine (CgN;) moieties attached
through planar aromatic nitrogen-based groups [23-25].

The selection of appropriate semiconducting band structures
combined with g-C5N,4 highly improves the charge separation effi-
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ciency and redox behaviour due to the electro- or photo-induced
phenomenon in catalysis. Herein, manganese oxide (MnO,) con-
sisting of nanosheets was used to form the nanocomposite with
g-C3Ny fluffy sheets, which was developed as an intra-interfacial-
material catalyst. MnO, was considered suitable due to its low-
cost, high stability, compatibility with the environment and abun-
dance in nature. In a more scientific way, MnO, nanostructure has
strong ability to act as good adsorbent for organic molecules and
volatile organic species due to its octahedral [MnOg] structure that
has large surface area and high redox potential value. In addition to
its chemical composition and crystal structure, the rich-oxidation
state of manganese oxide makes it fit for electrocatalytic reduction
reactions in alkaline medium [3]. Thus, based on the logical factors
explained above, we successfully developed MnO,/g-C3N,4 catalyst
with pre-assumed broader characteristics features. The catalyst
developed herein has been used for multiple catalysis systems
such as, in heterogeneous catalytic reactions for the catalytic
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) and
hydrogenation of styrene to ethylbenzene; in photocatalysis for
the degradation of organic pollutant, commercial dye methylene
blue (MB) and in electrocatalysis for sustainable energy conversion
system with oxygen reduction reactions (ORR) through electro-
reduction of oxygen. The broad spectrum featured MnO,/g-CsN,4
material has been proved as a catalyst with enhanced performance
in multi-catalytic avenues because of its logical state-of-the-art
chemistry synchronized with specifically selected applications.

2. Experimental
2.1. Materials

Melamine, cyanuric acid, MnCl,, NaOH, styrene, 4-nitrophenol
(4-NP), NaBH4, HCIO4 and methylene blue (MB) dye were pur-
chased from Sigma Aldrich. All reagents were used directly without
further purification.

2.2. Characterizations

Transmission electron microscopic (TEM) images and high-
resolution Transmission electron microscopic (HRTEM) images
were taken on a JEM-2100F field emission electron microscope at
an accelerating voltage of 200 kV. The high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
image and EDS mapping images were taken on a JEOL JEM-
ARM200F atomic resolution analytical microscope. The X-ray pow-
der diffraction (XRD) patterns of the products were made on a Phi-
lips X’Pert Pro Super diffractometer with Cu-Ko radiation (A = 1.
54178 A). The operation voltage was maintained at 40 kV and
200 mA current, respectively. A Shimadzu spectrophotometer
(Model 2501 PC) was used to record the UV-vis diffuse reflectance
spectra of the samples in the region of 200 to 800 nm. The Fourier
transform infrared (FTIR) spectra of catalysts were collected using
an attenuated total reflection ATR FT-IR Spectrometer Frontier
(Perkin Elmer, Waltham, MA, USA). X-ray photoelectron spec-
troscopy (XPS) measurements were carried out using SPeCS system
(PHOIBOS 150, Germany) with Al Ko radiation (hv' 1486.6 eV).
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2.3. Synthesis of Mn0,/g-C3N, catalyst

MnO,/g-C3N, material was synthesized following a facile
single-step process of pyrolysis. Melamine and cyanuric acid were
chosen as carbon and nitrogen sources and MnCl, was taken as
MnO, source. Initially, 0.52 g of melamine, 0.32 g of cyanuric acid,
1 g of MnCl, and NaOH were added to 50 mL Mili-Q water. This
solution mixture was then heated up to 80 °C for 2 h with contin-
uous stirring. Afterwards, the mixture was centrifuged and the
residue was dried at 60 °C in a vacuum oven for 12 h. Then, the
dried powder was calcined at 550 °C under N, environment. After
pyrolysis, the material obtained was named as MnO,/g-C3N,4 cata-
lyst. For the comparative study, g-C3N, was fabricated using the
same procedure without MnCl, and NaOH in the solution. The
schematic diagram of the catalyst synthesis route is shown in
Scheme 1, including the final synthesized catalyst material with
its two different proposed views, i-e diagonal and cross-sectional
views of MnO,/g-C3N,4 catalyst.

2.4. 4-Nitrophenol reduction study

The catalytic reduction of 4-NP was carried out using NaBH, as
a reducing reagent. Typically, 1.0 mL of catalyst (1.0 mg/mL) and
8 mL of freshly prepared NaBH, solution (0.1 M) were sequentially
added to 60 pL of 4-NP aqueous solution (10 mM) under magnetic
stirring at 30 °C. The UV-visible absorption of the mixture was
monitored at regular intervals with a Cary Bio-100 UV/vis spec-
trometer (Varian).

2.5. Styrene hydrogenation study

Hydrogenation reactions were carried out in hydrogen atmo-
sphere at 35 °C. Typically, styrene (5 mmol), absolute ethanol
(10 mL), 1,3,5-trimethylbenzene as internal standard and 4 mg of
catalyst were poured into a round-bottom flask. The flask was cov-
ered with hydrogen filled balloon. The mixture was stirred at a
constant stirring speed for an appropriate time under hydrogen
atmosphere. The conversion was determined by GC analysis
(GC-MS, Trio-2000, Micromass, U.K).

Materials illustrations
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2.6. Methylene blue (MB) degradation study

The degradation experiment was carried out by stirring 10 mL
of the mixed aqueous solution of MB (6.25 mg/L) and MnO,/g-
C3N4 catalyst nanocomposite (0.14 mmol/L). The solution of MB
was separated from the suspension by centrifugation at 8000 r/
min for 2 min. Then 1 mL of the supernatant was taken out at cer-
tain time intervals and the concentration of MB was monitored by
the UV-vis (ultraviolet-visible) spectra of the supernatant of the
mixture at the wavelength of 664 nm (using SEC 2000-UV/VIS
Spectrometer).

2.7. Oxygen reduction reaction study

Before each electrochemical experiment, a glassy carbon (GC)
electrode (0.196 cm? geometric surface area) was first polished
with alumina slurries (Al,03, 0.05 mm) on a polishing cloth to
obtain a mirror finish. To prepare a catalyst coated working elec-
trode, 15 pL of the 1 mg/mL sample (MnO,/g-C3N4) suspension in
pure water was drop-coated on the polished electrode surface by
a microliter syringe. Then, it was dried in a vacuum at room tem-
perature. Afterward, the catalyst was covered with a thin layer of
Nafion (0.1 wt% in water, 5 uL) to ensure that the catalyst was
tightly attached to the electrode surface during the electrochemi-
cal measurements. Voltammetry measurements were carried out
with a CHI750D electrochemical workstation. The electrode pre-
pared above was used as the working electrode. The Ag/AgCl (in
3M Na(l, aq.) combination isolated in a double junction chamber,
and a Pt coil were used as the reference and counter electrodes,
respectively. All the measurements were performed in electro-
chemical experiments with respect to the standard values of the
reversible hydrogen electrode (RHE). Electrochemical experimen-
tal work was done by potential cycling method. The electrocat-
alytic oxygen reduction reactions (ORR) on the catalyst was
measured in 0.1 M KOH as the electrolyte by using linear sweep
voltammetry (LSV) at a scan rate of 10 mV/s in oxygen environ-
ment, and different rotations from 400 rpm to 2000 rpm.

3. Results and discussion

We successfully developed a noble metal-free catalyst contain-
ing overlapped MnO, and g-C5N,4 nanosheets to form MnO,/g-C3Ny

MnO,/g-C;N,

Scheme 1. Synthesis route of the catalyst material, the schematic diagram with insets zoom views of synthesized catalyst (A) diagonal view of synthesized MnO,/g-C3N,4 (B)
cross sectional view of material showing Mn is associated with -N sites of g-C3N4 in MnO,/g-C5N4 material to evolve Mn—N—C channels.
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catalyst. Both nanosheets were combined together by developing
strong interactions between metal oxide component and nitrogen
of g-C3N4. This was done by generating a highly polarized interface
within the nanocomposite material. It is highly demanded to pro-
vide strong proofs to support these claims by physical characteri-
zations. In order to prove that the materials were synthesized,
the characterizations scheme was followed in a bottom-up
approach i-e starting from morphological, crystallite structure
and ending up with nanocomposite formation confirmation.

To investigate the chemistry of the materials, their morphology
and structures were confirmed by scanning electron microscopy
(SEM), transmission electrons microscopy (TEM) and high-
resolution transmission electrons microscopy (HRTEM). These
studies provide clear evidence that the materials were successfully
synthesized. The SEM micrographs were taken at two different
magnifications as shown in Figure S1. As the MnO, nanosheets
were wrapped up in a g-C3N4 layered fluffy/porous material only
the upper layer of g-CsN4 was shown, as expected with SEM anal-
ysis. To further investigate the structural features of the catalyst
material, TEM and HRTEM analysis was done. The low and high-
magnification TEM analysis shows the morphology of MnO,/g-
C3N4 material as MnO, nanosheets was covered up with porous
g-C3N4 sheets like material (Fig. 1A and 1B); it has an average crys-
tallite size of 43 nm #* 2 nm. The highlighted red dotted areas of
MnO, and g-CsN4 both depict that the darker metallic sheets of

s Porous
g8-GN,
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MnO, were fixed in a cloudy porous-like g-C3N, material. To con-
firm the intimate connection between MnO,, g-C3N4 material and
lattice, HRTEM analysis was conducted. The HRTEM analysis has
shown clearly that g-C5N4 layers are strongly interconnected with
the lattice fringes of MnO,. This suggests there is the formation of
interface between MnO, and g-C3Ny, as presented in Fig. 1C. Fur-
thermore, the HRTEM micrograph was used to calculate the lattice
fringes for the metallic oxide (MnO,) nanosheets, which gave the
value of d-spacing, with 0.24 nm corresponding to the (321) plane
of MnO,, [26].

The crystalline nature of MnO, nanosheets was also confirmed
by taking selected area electron diffraction (SAED) image to
observe the lattice fringes of MnO,, as shown in inset Fig. 1D.
These findings together with the apparent morphological and
structural analysis proved that Mn0O,/g-CsN4 nanocomposite mate-
rial was successfully synthesized. Though the nominal boundaries
of MnO, nanosheets were drawn by imaginary dotted lines in the
figures presented above, the actual sheet-like structure of MnO,
was also confirmed by HAADF-STEM elemental mappings tech-
nique. In Fig. 1E-1H, the overlay of elemental mapping image con-
firmed the proper sheet-like structure of MnO, visually. The
individual elemental scans of Mn (Ka) and O (Ka) also confirmed
that Mn and O were uniformly dispersed in MnO, sheets and there
was a balanced number of atoms with strong signals of oxygen
compared to the manganese with MnO, structure.

Fig. 1. Morphological Analysis of MnO,/g-C3N,; nanocomposite: (A) & (B) TEM images taken at low and high magnifications, respectively, with red dotted lines representing
two distinct components i-e porous g-C3N4 and MnO, nanosheets in MnO,/g-C5Ny4, (C) HRTEM image for MnO,/g-CsN4 nanocomposite with calculated lattice fringes, (D)
corresponding selected area electron diffraction (SAED) pattern for MnO,/g-C3N4 nanocomposite, (E) selected corresponding MnO,nanosheets components from MnO,/g-
C3N,4 nanocomposite for elemental mapping analysis, (F) overlay of Mn and O element mapping spots taken from MnO,nanosheets, (G) & (H) HAADF-STEM element mapping

images for Mn and O, respectively, showing the morphology of sheets-like structures.
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The powder XRD analysis was done further to evaluate the
structural and crystalline phases of MnO,/g-C3N4 nanocomposite
material (Fig. 2A). The XRD results showed that the individual g-
C3N4 scan had a characteristic broad peak that corresponded to
the inter layer aromatic stacking of graphitic lattices indexed at
26.04°; it correlated with (002) planes of g-C3N4. [27,28] After
MnO, was added with g-C3Ny4, the XRD scan showed projected
characteristics peaks for MnO, which closely matched and agreed
with the standard (JCPDS No. 44-0141) of pure MnO, crystalline
phases. The major peaks indexed at 35.24°, 40.45°, 58.81° corre-
sponded to the (210),(211) and (212) planes of MnO, crystallites,
respectively. [29] Along with MnO, lattice peaks, the previously
(002) plane peak of g-C3N4 at 26.04° was also observed in MnO,/
g-C3N, structure; it had reduced peak intensity due to the overlap-
ping and intimate contact of the metallic oxide (MnO,) nanosheets.
The XRD results obtained for the structural and crystalline phases
are in close agreement with HRTEM analysis as well. The overall
findings herein depict the interactions and coordination of MnO,
and g-C3N,4 through lattice confinements. There are mutual elec-
tron transfer channels via interface formation within the nanocom-
posite material. To further support the presence of functional
groups of g-C3N,4 and the association of metallic oxide (MnO,) with
them, FTIR analysis was performed. In Fig. 2B, the characteristic
stretching vibration bond peaks between 1200 and 1600 cm™! cor-
responded to the C—N bonds, [30] whereas the absorption peaks
between 3100 and 3400 cm™' may be attributed to the vibration
of acidic hydrogen from amino and hydroxyl groups adsorbed on
the surface. [31] The lowered transmittance values observed in
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MnO,/g-C3N,4 spectra at all corresponding peak areas suggest there
is the formation of composite structure with mutual associations
between the intra-composite components.

The UV/vis diffuse reflectance spectra (DRS) for g-CsN4 and
MnO,/g-C3N4 nanocomposites were also recorded to analyze their
optical properties and to confirm the synthesis of the materials.
The absorption edge of g-CsN4 and MnO,/g-C3sN, nanocomposite
was at 370 nm and 520 nm, respectively, as shown in Fig. 2C. This
can be clearly evaluated from the optical behaviour of the
nanocomposite compared to g-CsN, material in which optical
absorption was remarkable enhanced, resulting in the featured
peak shifting towards visible-light region. This redshift in optical
absorption features strongly suggests the successful formation of
MnO,/g-C3N4 nanocomposite with overlay confinements in which
g-C3N4 porous sheets-like structure was coupled well with MnO,
nanosheets.

In line with the structural analysis of MnO,/g-C3N4 nanocom-
posite, the XPS studies were also carried out to better understand
the presence of each element with their appropriate oxidation
states and bonding configuration within the nanocomposite mate-
rial. The XPS full-survey scan confirmed that Mn, O, C and N ele-
ments were present in MnO,/g-C3N4 nanocomposite ascribed to
the well-documented bonding energies location. To determine
the major evolution in MnO,/g-C3N4 after combining both compo-
nents, the comparison of XPS survey was provided, as shown in
Fig. 2D. The number of changes can be clearly observed between
these two XPS scans with additional features appearing in MnO,/
g-C3N4 compared to g-C3N4 material. The following differences
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Fig. 2. Structural Analysis of MnO,/g-CsN4 nanocomposite: (A) X-ray diffraction (XRD) spectra for g-C3N4 and MnO,/g-C5Ny, (B) FTIR spectra for g-C3N4 and MnO,/g-C3Ny,
(C)UV-visible diffuse reflectance spectra for g-C3N4 and MnO,/g-C3Ny, (D) X-ray photoelectron spectroscopy (XPS) spectra of full survey scan taken for both g-C3N4 and

MnO,/g-C5N4 materials.
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can be elucidated between the scans of g-C3N, and MnO,/g-C3N,
materials: (i) there is a peak area ascribed to Mn, (ii) there is an
intense O1s peak in MnO,/g-C3N, composite, suggesting the pres-
ence of lattice oxygen from the metallic oxide (MnO,) component
of the nanocomposite along with the surface adsorbed oxygen,
which was also shown as minor peak area in g-C3Nyscan, (iii) there
is a major shift in N1s peak area towards higher binding energy
values from g-C3N,4 to MnO,/g-C3N4 material (Fig. 2D), suggesting
the generation of heterojunction from MnO, and g-CsN4 during
their fabrication. In addition, the higher intensity of N1s peak area
was reduced in the later composite material due to the bonding of
-N sites of g-C3N, with the metallic oxide (Mn O,), as proposed
[32,34].

The Cl1s peak in g-C3N4 and MnO,/g-C3N,4 corresponded to the
graphitic nature of the material indexed at 285.4 eV and
285.7 eV, respectively. It mainly showed an upshift from pristine
graphitic peak originally at 284.5 eV, depicting the presence of
nitrogen with graphitic carbon in g-CsN4 type material. Further-
more, in XPS analysis, the individual high-resolution spectra for
all the elements also provided useful information. The Cl1s high-
resolution spectra (shown in Fig. 3A) had three domains: C—C (at
284.6 eV), C—O/N (at 286.4 eV) and C=N (at 287.6 eV) functional
groups [32,35]. The high resolution N1s spectrum (Fig. 3B) retains
the characteristic areas for the sp2-hybridized nitrogen ((=N-C) at
398.4 eV, bridging nitrogen ((C)s-N) at 399.5 eV and N—H bonding
functionality (which replaces the carbon in graphitic framework)
at 401.3 eV in g-C3N4 network. [36,37] Among these three

(A) [c1s

Intensity / a.u.

L] L] % L] L] L) L) L3 T L T
282 284 286 288 290 292 294 296 298
Binding Energy / eV

O1s

(€)

Intensity / a.u.

526 528 530 532 534 536 538 540
Binding Energy / eV

(B) N1s

(D)

Journal of Colloid and Interface Science 610 (2022) 258-270

domains, the first two typically known as pyridinic and pyrrolic
functionalities of nitrogen also have the lone-pair electron that
can serve as metal-coordination sites in MnO,/g-CsN,4 to form the
interfaces. The upshift in the nitrogen peak of MnO,/g-CsN4 com-
pared to g-C3N4 was ascribed to the pyridinic functionality area.
This confirmed the formation of heterojunction and coordination
between the metallic oxide (MnO,, sites with -N of g-C5Ny.

The high-resolution O1s spectrum in MnO,/g-CsN, nanocom-
posite retains features of lattice oxygen at 529.7 eV and surface
adsorbed oxygen at 531.6 eV with characteristic bonding function-
alities of Mn-0O and O—H, respectively (Fig. 3C). [33,38] The lattice
oxygen proportion is responsible for the synthesis of metallic
oxide species from MnO, in MnO,/g-C3N4 nanocomposite. It was
significantly absent in g-C3N4 whose small peak proportion was
only associated with adsorbed oxygen species and other impuri-
ties of oxygen. The high-resolution Mn 2p spectrum (Fig. 3D)
may also be divided into two domains: Mn 2p,; and Mn 2p;3,.
Mn2ps), can further be deconvoluted into two peak areas associ-
ated with the Mn*" oxidation state at 641.7 eV and Mn>" state at
640.6 eV binding energies [39,40]. The peak area corresponds to
Mn**valent state, which quantitatively predominates the compet-
ing oxidation state. These features suggest the formation of MnO,
metal oxide species in MnO,/g-C3N4 nanocomposite mainly with
(IV) oxidation state. The counter valent proportion was present
in minimal unstable proportion, which helped the material to
switch the structural rearrangements for the catalyst in multi-
catalytic fields.
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Fig. 3. High resolution XPS scans for individual elements for MnO,/g-C5sN4 nanocomposite: (A) C 1 s scan, (B) N 1 s scan, (C) O 1 s scan and (D)Mn 2p scan.
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3.1. Heterogeneous catalysis study

The ability of the catalyst to involve in heterogeneous reactions
was tested by two important processes: the reduction of 4-
nitrophenol (4-NP) into 4-aminophenol (4-AP) and the hydrogena-
tion of styrene into ethylbenzene. The catalyst prepared showed
remarkable performance in both types of reactions. Heterogeneous
reactions require the binding of aromatic compounds with the final
product by subsequent catalytic process. The as-developed MnO,/
g-C3N,4 reduction catalyst can fulfill these basic requirements due
to the synergistic association between the two components within
the composite material. The reduction catalyst can function indi-
vidually in both reaction scans due to the multiple synergistic phe-
nomena occurring in it. In addition, due to the environmental and
economic challenges facing the developing societies, the noble
metal-free catalyst with satisfactory performance has been devel-
oped herein. It is comparable with noble metal-based catalysts
published in past research works.

3.2. Nitrobenzene reduction

While looking at the geometrical structure of MnO,/g-C3Ny, it
can be found that both components in this composite material
have strong coordinated covalent bond via the —N sites of g-C3Ny4
structure with MnO,. Whereas, the nitrogen itself known as elec-
tronegative specie via the -N sites contains lone-pair electrons. It
can be strongly assumed that the interfaces of MnO, with nitrogen
atoms of g-C3N, effectively activated the Mn-based catalyst to
form the catalytically active Mn hydride species with in-situ
intra-composite electrons migration from g-CsN4 to MnO,, This
provided abundant favourable active sites for the adsorption of
the substrate to be reduced, thus accelerating the occurrence of
the reactions. [41,42] This in-situ intra-composite electrons migra-
tion is made possible by electron-rich vicinity interface containing
electron donor (-N) sites within the MnO,/g-C3N4 nanocomposite.
[43] These intra-composite synergistic associations at the inter-
faces of MnO,/g-C3N, catalyst made it to be involved in these
heterogeneous reactions.

As it is believed that the Langmuir-Hinshelwood model is used
for reduction reactions, [43] the catalyst surface acts as a scaffold
for adsorbing the substrate and generating a feasible environment
for reduction reaction to happen. It enables the substrate to extract
hydrogen molecules in the vicinity from the reductant, where it is
converted to the final product. The easy adsorption and desorption
of the substrate enhances the activity of the catalyst. As the elec-
trons migrate, the g-C3N4 part becomes positively charged and
the MnO, part becomes negatively charged at the interface. [44]
The negatively charged vicinity makes the substrate molecules to
be reduced during the reactions. This helps to provide hydrogen
atoms to facilitate the reduction process. Such a phenomenon cre-
ates a number of active sites for the substrate to be adsorbed and
reduced. The above synergistic associations and mechanism on
the interfaces of the coordinated covalently bounded MnO, and
g-C3N,4 through the -N sites and electrons migration process at
MnO,/g-C3N4 interfaces strongly support that Langmuir-
Hinshelwood model is used for reduction. These claims may pro-
vide a fair and state-of-the-art mechanistic theme of enhanced
reaction on this non-precious metal MnO,/g-C3N,4 catalyst.

In the present work, the first heterogeneous hydrogenation
reaction was studied with catalytic reaction model, in which there
was the catalytic reduction of 4-NP into 4-AP in the presence of
NaBH,. It is more convenient to monitor its kinetics with a spec-
trophotometer. The catalytic reaction is typically preceded in an
aqueous medium with a specified frame of induction period for it
to be stalled properly. This was followed by the reconstruction of
the catalyst surface for it to become activated. The benchmark
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reaction was initiated where the substrate molecules-
immobilized nanostructures were aligned facing the four-sided
walls of a cuvette. These geometries of reactants and the products
produced against the walls allow the laser beam to pass through
the reactants and products (adsorbed and desorbed molecules)
from the activated immobilized nanostructures. In this way, the
probe beam cannot be compromised or interfered with plasmonic
nanoparticles interactions while testing the results.

In doing so, with a typical model of reaction the initially
observed characteristic 4-NP absorption peak gradually decreased
by increasing the 4-AP peak absorbance area, as shown in Fig-
ure S2. The success with the state-of-the-art mechanism of reduc-
tion reaction in the catalyst has already been discussed in the
above paragraphs. The basic scientific logic of the reaction can be
explained in a way that the reaction contains dissolved sodium
borohydride, MnO,/g-C3N4 and the 4-NP molecules. The dissocia-
tion of sodium borohydride in aqueous medium produces the
borohydride ions that react with the surface of MnO, for the recon-
struction of immobilized nanostructure active sites. These active
sites adsorb the substrate molecules and transfer the surface
hydrogen atoms via the hydride (Mn hydride) species produced
by the phenomenon of electrons transfer from g-CsN4 to MnO, at
the interface. The sequential process starts with the reduction of
nitrophenol: at first, nitrophenolate is converted into nitroso com-
pounds, then it is reduced to hydroxylamine compounds and
finally converted into aminophenolate.

The UV-vis spectrometry shows that the characteristic peak of
pristine 4-NP is observed at 317 nm with its light yellow colour.
This peak abruptly shifted at 400 nm after the addition of NaBH4
and also after the light yellow colour changed to bright yellow
due to the formation of phenolate ion of 4-NP solution with disso-
ciated borohydride ions [45]. The colour of the solution did not
change after 30 min, as well as the peak position. This suggests that
reduction reaction cannot be done by only NaBH,; with 4-NP.
Thereafter, the MnO,/g-CsN,4 catalyst was added to the alkaline
4-NP solution. Then, the reduction reaction started following dip
catalyst modality. It was clearly observed that the peak hump of
4-NP at 400 nm gradually decreased; thus, a new peak appeared
which was positioned at 298 nm corresponding to 4-AP produc-
tion. According to the spectrophotometeric results obtained, the
prior peak at 400 nm completely disappeared after 6 min due to
increased new peak area at 298 nm and the solution became
colourless. This shows there was a complete catalytic reduction
of the nitro-group (-NO;) of 4-nitrophenolate into the amino-
group (-NH,) of 4-aminophenolate (Fig. 4A).

In contrast, the comparative study was also done for g-C3N4 cat-
alyst to understand the specific role of MnO, with g-C3N,4 in MnO,/
g-C3Ny4 catalyst. The results for g-C3N,4 catalyst without MnO, com-
ponent showed that the UV/Vis absorption peak at 400 nm slightly
dropped for 30 min, thereafter it remained unchanged. This sug-
gests the incomplete reduction of 4-NP, as shown in Fig. 4B and
Figure S3. The kinetics of reduction reaction has also been deter-
mined in the present studies (Fig. 4C), with measured K value of
0.00624 min~! and 0.734 min~! for g-C3N, and MnO,/g-C3N, cat-
alysts, respectively. The higher K value obtained compared to the
documented noble and non-noble metal-based composite materi-
als suggests the enhanced performance of MnO,/g-C3N4 catalyst
for complete reduction of 4-NP into 4-AP, with fast first-order
kinetics. Furthermore, the superiority of the present catalyst mate-
rial (MnO,/g-C3N,) in terms of enhanced 4-NP reduction was com-
prehensively evaluated and compared with reported catalyst
materials in Table S1. The durability of catalysts is a critical factor
that determines their performance in catalysis. The as-tested per-
formance of the catalyst was also monitored by repeating the reac-
tion in five cycles following the same protocol. The durability tests
presented in Fig. 4D proved the stable nature of the reaction after
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Fig. 4. Heterogeneous catalysis performance for the reduction of 4-nitrophenol into 4-aminophenol:(A) reduction of 4-NP into 4-AP on MnO,/g-C3N, catalyst, (B)
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catalysts, (D) durability test of 4-NP reduction into 4-AP for MnO,/g-C3N, with various cycles.

consecutively five repeated cycles with no observed loss in the per-
formance of the catalyst.

3.3. Styrene hydrogenation

Furthermore, the hydrogenation of styrene into ethylbenzene
has been chosen as a second catalytic reaction model to evaluate
the performance of MnO,/g-C5N4 catalyst in heterogeneous hydro-
genation reactions. Developing a noble metal-free state-of-the-art
catalyst for styrene hydrogenation reaction can be a breakthrough
study to facilitate important organic conversion reactions in indus-
tries. The results obtained have shown the catalytic conversion of
styrene into ethylbenzene was completed (100% conversion) in
120 min for MnO,/g-C3N, catalysts, whereas for g-C3N4 there
was only 12% conversion at the same interval of time (Fig. 5A).
The improved performance of MnO, in g-CsN, material can be
ascribed to the high electron density due to the delocalized elec-
trons at the interface of MnO, and g-C3N4 within MnO,/g-C5N, cat-
alyst. Moreover, the effect of the reactants’ concentrations has also
been observed with three different amounts of styrene to obtain
the optimal concentration of styrene for successful conversion
(Fig. 5B).

The basic heterogeneous hydrogenation mechanism in the pre-
sent material has been explained in depth in this study. But more
specifically, the surface mechanism can be designed and explained
with strong convincing proofs as follows: In the Langmuir-

Hinshelwood model, hydrogen is dissociatively chemisorbed
[46,47], while in the Horiuti-Polanyi model, the heterogeneous
hydrogenation reaction follows three basic steps reaction. The first
is the adsorption of styrene (substrate) compound on the hydro-
genated metal surface of the catalyst; the second is the migration
of hydrogen to the beta-carbon of the styrene by generating
delta-bond between the alpha-carbon and the metal active site
called semi-hydrogenated intermediate species; the third is the
reductive elimination or desorption of the free ethylbenzene. [48]

In MnO,/g-C3N4 catalyst the highly delocalized electrons at the
interface increase the donor density and favor the adsorption of
styrene and hydrogen. Thus, they also reduce the energy barriers
for cleavage of bonds to initiate the catalysis reaction. This can
be assumed in the current reaction that hydrogen and styrene
compete for the same active sites for adsorption on the catalyst
surface. Alkene is adsorbed on Mn active sites, where Mn hydride
is formed after the structure is reconstructed at the interface by
electrons migrating from -N sites of g-C3N,4. This adsorbed alkene
compound gained two hydrogen atoms (H.qs) step by step from
adjacent vicinities. The durability of the reaction is an important
factor used to evaluate the profile of the catalyst performance.
We also tested the styrene hydrogenation activity of the catalyst
in five repeated cycles following the same protocol, as shown in
Fig. 5C. The reuse of the catalyst after five cycles suggests the dur-
able and stable reaction performance of the catalyst, with no
apparent loss in performance.
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3.4. Photo-catalysis study

The photocatalytic performance of MnO,/g-C3N, catalyst has
been examined by photo-degradation of organic pollutant methy-
lene blue (MB) under UV/vis light. The photoresponsive range of
these types of nanomaterials becomes narrow due to quantum size
effect. This leads to a blue-shifted optical absorption and thus low-
ers the utilization of solar irradiation. Herein, the testing material
falls into this category; thus it is selected for MB degradation
because it is a highly efficient material, is environmental friendly,
cheap and abundant in nature. The photocatalytic performance of
MnO,/g-C3N4 material was also compared with g-C3Ny, in order
to evaluate the importance of interjection material of MnO,
nanosheets along with g-C3Ny4 layered porous structure.

The enhanced photocatalytic degradation of MB on MnO,/g-
C3N4 can be briefly explained as follows. The nano-sized man-
ganese oxide-based composites may act as adsorbent and degra-
dant of different kinds of organic pollutants and dyes because of
its octahedral crystal structure with large surface area and high
redox potential. In addition, g-C3N,4 has attracted huge attention
in photocatalytic applications because its layered structure is sim-
ilar to graphite and can be exfoliated into nanosheets. Whereas, g-
C3N4 layered nanosheets can have increased photocatalytic activi-
ties due to their high specific surface area and shortened path
length of charge carriers.

It is strongly believed that photocatalysis is a surface phe-
nomenon mainly and is highly sensitive to the surface characteris-

266

tics of the catalysts being used. [49,50] The results have shown
notably 98% of MB degradation within 20 min in the presence of
MnO,/g-C3N, catalyst (Fig. 6A). Whereas in comparison, there is
no or negligible amount of MB degradation observed in the pres-
ence of g-C3N4 catalyst (Fig. 6B and S4). The enhanced and facile
MB degradation on MnO,/g-C5N,4 catalyst may be ascribed to its
exceptional surface features. The enhanced photocatalytic beha-
viour is due to the two types of mechanisms happening simultane-
ously in the present catalyst material.

Firstly, the electrostatic charges induced on the surface due to
MnO, and g-C3N, interfaces accumulate hydroxyl species on the
surface. These hydroxyl species on the graphitic-like structure of
g-C3N, favoured the crystal structure of MnO, facilitating the
adsorption of substantial amount of MB molecules. This led to
the decomposition of MB in the presence of increasing free radical
species ("OH, *0?), as seen in common MB degradation reactions.
[51,52] Secondly, the unique two dimensional interfaces of MnO,
and g-C3N4 overlapped nanosheets generate heterojunction. Thus,
charge carrier extraction was enhanced and used during photoex-
citation with the help of photo-induced electrons in MnO, com-
bined with the holes in g-C3N4. [49] These two supported
mechanisms in the presence of MnO,/g-C3N,4 catalyst enhanced
the photocatalytic degradation of MB. The apparent reaction rate
constant (K) for Mn0O,/g-C5N, catalyst was ca. 0.208 min~!, which
was much higher than that of g-CsN, catalyst observed as ca.
0.000982 min~!. The rate constant is seen in Fig. 6C. Along with
the photo-degradation results, the kinetic interpretations have
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shown that reaction obeyed the pseudo-first-order kinetics follow-
ing Langmuir-Hinshelwood model (Fig. 6B and 6C). [49,53] In
addition, critical comparison was made between MnO,/g-C5N4 cat-
alyst and other catalysts reported in the literature in relation to the
degradation of MB (Table S2). It shows the state-of-the-art catalyst
material used in this study has exceptionally best performance.
The reproducibility of photocatalytic performance is an important
factor worth analyzing. It signifies the effectiveness and durability
of the material after being consecutively recycled for multiple
times. As shown in Fig. 6D, the recycled MnO,/g-C3N4 catalyst
maintained its activity after five cycles. These results demonstrate
the stability of the material.

3.5. Electro-catalysis study

The electrocatalytic performance of MnO,/g-CsN,4 catalyst was
studied based on the oxygen reduction reactions (ORR) model at
the cathodic end of alkaline fuel cells. The electrocatalytic ORR
experiments were done with conventional linear sweep voltamme-
try (LSV) polarization plots. They were done by rotating disk elec-
trode (RDE) setup on the catalyst ink-loaded glassy carbon
electrode (GCE) with continuous purging of oxygen in the alkaline
medium of 0.1 M KOH. The obtained ORR polarization curves
showed typical characteristic reduction current, suggesting suc-
cessful electro-reduction of oxygen on the catalyst surface
(Fig. 7A). As expected the values of reduction current increased lin-
early by increasing the rotation rate of electrode, as shown in
Fig. 7A and 7B. The ORR polarization curve obtained at the rotation
rate of 1600 rpm was also compared with the g-CsN4, material and
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commercial electrocatalysts used as cathodes for conventional fuel
cells such as Pt/C (20 wt%) and Pd/C (20 wt%) (Fig. 7C and
Figure S5).

The typical characteristic polarization trend for the LSV results
obtained at all rotation rates shows three ORR current regions:
the kinetic-controlled area (between ca. 1 V to 0.75 V), the
diffusion-controlled area (between ca. 0.40 V to 0.20 V) and the
mixed kinetic-diffusion controlled area (between ca. 0.75 V to
0.40 V). The exceptional features have been observed in the results
obtained with mixed kinetic-diffusion controlled area and sub-
division of curve rather than a straight line. This suggests the
electro-reduction of oxygen was led by dual accelerating factors
due to the interfacial material. The electro-reduction of oxygen
started in the kinetic-controlled area and was accelerated by enter-
ing into the mixed kinetic-diffusion controlled area after showing
the onset potential. The obtained current density increased as the
potential dropped and finally gave diffusion limiting current.

The ORR electrocatalysis route may be ascribed to the adsorp-
tion and chemisorptions of oxygen molecules on the surface of
the catalyst. The MnO, based catalyst has superior performance
for ORR due to the multivalent features of Mn in the catalyst.
The oxidation state of Mn in MnO, based material is (IV) which
is swathed to other states in electron transfer reactions where
the material behaves as reduction catalyst. Due to these structural
rearrangements and multivalent features of Mn, it behaves as oxy-
gen buffer to adsorb more oxygen on its surface. The adsorbed oxy-
gen is then chemisorbed into final product by the interactions of
nearby HO3 species produced at g-C3Ny sites [7]. The supportive
mechanism in the present material may also be suggested by the
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mixed-adsorption theory given by El-Deab and Ohsaka, where the
oxygen molecule is prone to be adsorbed at the interface [54]. This
kind of adsorption of oxygen in the catalyst gave higher concentra-
tion of available adsorbed oxygen at the active sites of the catalyst
compared to the monometallic nanoparticle materials. In the pre-
sent material the interface between MnO, and g-CsN4 nanosheets
synergistically improved the performance of the catalyst.

The performance of cathode catalyst may be evaluated based on
various factors, but more importantly, the onset potential and dif-
fusion limiting current values are considered to be more presti-
gious sources. Herein, the onset potential of the catalyst was
negative compared to the commercial catalysts. This was responsi-
ble for the delayed initiation of ORR electrocatalysis on MnO,/g-
C3Ny4 catalyst. This can be compensated with the factor of excessive
adsorption of O, on the catalyst at the interfacial sites. This adsorp-
tion quantitatively delayed the initiation of ORR. However, when
the potential decreased the obtained current density values
abruptly increased by providing higher diffusion limiting current
compared to Pd/C. It was almost comparable with Pt/C catalysts.
MnO,/g-C3N4 had higher diffusion current density value than the
commercial catalysts. This strongly suggests that MnO,/g-C3N,4
material is a superior precious-metal-free catalyst for ORR [55].

Furthermore, the quantitative analysis has been done to evalu-
ate the performance of the present catalyst by Tafel plots and com-
pare it with commercial catalysts (Fig. 7D). The obtained slope
value for the catalyst provided the information that the ORR elec-
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trocatalysis occurred at the rate that determined the step of the
first electron transfer reaction on MnO,/g-C5N4 catalyst [55,56].
The Koutecky — Levich (K — L) plots derived from ORR polarization
curves at different rotations further exhibited the electron transfer
number (n) during the electro-reduction of oxygen (Fig. 7B). The
ORR electrocatalysis by Pt-based and precious metal-based catalyst
is led by four and two-electron transfer mechanisms. The lower “n”
values correspond to low electrochemical activity of the catalyst.
The calculated n value for MnO,/g-C3N, catalyst was
obtained ~ 4 at a large potential range, suggesting the four
electron-pathways for the electro-reduction of oxygen with this
catalyst [55,56]. The accelerated durability test (ADTs) for ORR
was also done by following the same experimental protocol, as
shown in Figure S6. The ADTs result showed ~ 2% of activity loss
after 1000 cycles. This is negotiable for the precious metal-free cat-
alyst which has exceptional diffusion current density that can be
applied practically in alkaline fuel cells.

4. Conclusions

In concluding the overall stuffed study, we have been successful
in developing an exceptional multi-featured catalyst for multi-
directional applications in handling environmental and energy
challenges. The MnO,/g-C3N4 catalyst was synthesized by pyrolysis
method in which the in-situ calcined environment generated coor-
dination sites between g-C3N, and MnO, components via delocal-
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ized m-conjugated system with lone pair of nitrogen atoms and
metallic oxide, respectively. This intimate contact between g-
C3N4 and MnO; was successfully confirmed with TEM and HRTEM
micrographs by physical characterizations in which the lattice of
MnO, was intermixed with fluffy-sheet-like g-CsN4 network. These
coordination sites developed high electron density interfaces act-
ing as active sites for providing electronic pull and synergistic
effects in the reconstruction of the internal structure of the cata-
lyst. This provided favourable environment for catalysis to occur
successfully. Later on, these were also confirmed by the red shift
in the material’s optical behaviour in DRS analysis and the shift
of nitrogen indexed peak towards higher bonding energies value
in XPS analysis, from g-C3N4 to MnO,/g-C3Ny, respectively. These
physicochemical characterization results suggest the formation of
active interfaces within MnO,/g-C3N4 catalyst, which may favour
their intrinsic role in their optical and electrochemical properties.
The developed catalyst has been used in three major catalysis
fields to handle environmental and energy crises. The environmen-
tal challenges mainly focussed on the conversion and degradation
of organic pollutant species into useful or less harmful species pro-
duced as industrial hazardous wastes. Whereas, the energy crisis
demands production of clean energy resources from sustainable
roadmaps to mitigate the consumption of fossil fuels and green-
house effect. In this context, the conversion of organic molecules
such as 4-NP and styrene into 4-AP and ethylbenzene was done
using heterogeneous catalysis approach, the degradation of organic
pollutant dye MB was done with photocatalysis technique and elec-
trocatalysis was used for sustainable energy production by electro-
reduction of air oxygen molecules. The exceptional behaviour of
MnO,/g-C3N4 material proved to be an effective catalyst in multi-
directional fields with an enhanced and durable performance.
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