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Abstract

This work explored the possibility of doping MnO, structure simultaneously by cationic (Na*, Mg** or K*) and nitrogen
species during its synthesis through gliding arc plasma route. Therefore, NaMnO,, Mg(MnO,), or KMnO, precursor has
been precipitated via plasmachemical reduction thanks to NO- and NO,™ respectively being short and long-lived species
generated in plasma plume (gas phase) and plasma post-discharge (liquid phase). Physicochemical characterizations revealed
nanostructured NaN-MnO,, MgN-MnO, and KN-MnO, respectively with specific surface areas of 36, 110 and 116 m?%/g,
nitrogen atomic loading at surface of 0.6, 1.0 and 1.5%, and band gap values of 1.20, 1.30 and 1.45 eV. The three precur-
sors with different cationic species allowed different nitrogen loading for their respective plasma-synthesized MnO,, which
led to the different values of band gap energy. An increase of the N-loading induced an increase of band gap energy and
enlarged the absorption capability of MnO, from visible light to the UV region. Solar photocatalytic removal of TY revealed
bleaching degrees of 53, 97 and 94% respectively for NaN-MnO,, MgN-MnO, and KN-MnO, materials. This enlargement,
together with the increased specific surface area of the plasma-synthesized N-MnQO,, led synergistically to an enhancement
of its photocatalytic activity. This work highlights the usefulness of the synthesis via glidarc plasma, without any additional
reagent, of MnO,, as allowing cationic species insertion in their structure, and simultaneously their doping with different
N-loading, so leading to different crystalline structures, and photocatalytic activities.
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Graphical Abstract

Glidarc plasma

-

Material Cationic Specific surface %N  Band gap %Bleaching
diameter (&) area m?/g (at) (eV) TY
NaN-MnO, Na* (2.04) 36 0.6 1.20 53
MgN-MnO,  Mg?* (1.32) 110 1.0 1.30 97
KN-MnO, K* (2.66) 116 1.5 1.45 94

Keywords Glidarc plasma - N-doping MnO, - Cationic-doped MnQO, - Photocatalytic depollution

1 Introduction

Many research works showed that semiconductors nano-
materials surface such as TiO,, ZnO, NiO and MnO, are
photosensitive to solar light. As a result, these semiconduc-
tors can be used as photocatalysts for degradation of large
organic pollutants [1-4]. Heterogeneous solar photocataly-
sis appears as an ecological technology for the removal of
pollutants, based on various advantages such as free solar
energy, ambient temperature, and use of dissolved oxygen as
an oxidizing agent [3, 5]. Herein, we focus our attention on
MnO, as promising material, considering its high catalytic
activity, low cost, low toxicity, and environmental friendli-
ness [6-8]. However, MnO, nanomaterials show some draw-
backs. Firstly, the use of MnO, is limited by its instability
owing to structural degradation during many applications
cycling, which could induce its leaching [9]. Secondly,
MnO, has a narrow band gap energy, which significantly
limiting its photoactivity in the visible light region [10]. It
becomes interesting, even timely, to improve the photosen-
sitivity of nanomaterial in the solar light to ensure its good
reactivity. Doping is one of the important methods of phys-
icochemical properties modification of functional materials.
Thereby, the synthesis of transition metal oxide nanomateri-
als with high activity, stability and long-life cycle is a neces-
sity, to ensure their efficiency and profitability for various
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industrial uses, such as energy storage, photo(catalysis) and
also environmental depollution [11-13]. To solve the prob-
lem of MnO, stability during its applications, Kalhor et al.
(2021) stabilized MnO, nanoparticles on Zeolite-NaY and
prevented the leaching process during many cycles of cata-
lytic reactions [14]. Cojocaru et al. (2009) reported that the
synthesis procedure significantly influences the band gap
value, through the insertion of impurities in the crystalline
structure of the semiconductor and established a good cor-
relation between the band gap value and the photocatalytic
activity [15]. Aprile et al. (2008) reported a contradiction
on an increase or a decrease of the (photo)catalytic activity
after metal doping, which controversial results depend on
the method by which the metal has been introduced and on
the concentration of dopants [16].

Herein, we intend to improve the photocatalytic efficiency
of gliding arc plasma-synthesized MnO, and its stability
(structural and photocatalytic), by simultaneously nitrogen-
doping and inserting cationic species (Na, Mg, and K).
Various polymorphs of MnO, have been doped by chemical
elements including Cerium (Ce), Cobalt (Co), Gold (Au),
and Bismuth (Bi), during their syntheses via conventional
processes such as hydrothermal and co-precipitation, which
require long preparation times and high temperature, thus
involving expensive costs [17-20]. Moreover, with certain
methods, doping element of MnO, comes from another
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reagent added to the synthesis precursor, which may perturb
the system. Gliding arc plasma route appears as an innova-
tive, versatile, and ecological process for MnO, nanoma-
terial synthesis through HO- or (NO- and NO,") species
respectively as oxidizing or reducing species [21-23]. Poupi
et al. (2018) reported that photocatalytic properties of TiO,
nanoparticles could be improved by nitrogen doping through
nitrogenous species generated in glidarc plasma medium
[24]. Thereby, we here wonder whethervarious polymorphs
of MnO, could be doped simultaneously by cationic and
nitrogen species during their synthesis via glidarc plasma
route without any supplementary reagent, while using the
cation from the precursor.

In this work, we explore on the one hand, the insertion
of nitrogen and cationic species within the MnO, lattice via
plasma-reduction process, in order to increase its photoactiv-
ity under solar light irradiation, through an efficient genera-
tion and separation of photogenerated electron—hole pairs,
and their migration to the reaction medium. On the other
hand, we explore the impact of cationic species on nitrogen
loading within plasma-synthesized MnO,, the relationship
between band gap (optical property), specific surface area
(textural property) and photocatalytic activity. Therefore,
solutions of permanganate with different cationic species
(Na*, K™ or Mg?*) have been exposed to gliding arc plasma
discharge, to allow the doping of their structures. Materials
obtained were characterized via XRD, Raman, FTIR, XPS,
N, physisorption, UV-Vis and SEM analyses, and their pho-
tocatalytic activities measured in the bleaching/degradation
of Tartrazine Yellow (TY) as an organic pollutant.

2 Experimental Strategy
2.1 Gliding arc Plasma as Synthesis Device

Figure S, represents the scheme of gliding arc plasma as
experimental synthesis device available in laboratory of het-
erogeneous catalysis, IMCN, MOST, Université catholique de
Louvain, Belgium. Briefly, the feeding gas, i.e. atmospheric
air (H,0, N,, O,) is supplied (450 L/h) by an air compressor.
This air passes through a bubbler containing de-ionized water,
where it is humidified before being injected along the stainless-
steel electrodes through a nozzle. The electrodes are connected
to a high voltage transformer (AC 240 V/4.5 Kv—4.31A) which
delivers a mean current intensity of 130 mA, and a voltage of
2400 V (312 W), in operating conditions. Then, an electric arc
is formed at the smallest electrodes gap, when the high voltage
is applied. This arc is pushed away by air-flow (450 L/h) from
the nozzle and glides along the electrodes, until it collapses.
A new arc then forms and the cycle restarts forming a large
plasma plume in contact with the liquid surface. The nozzle
diameter and the gap between the electrodes (in stainless-steel)

are 1 and 2 mm respectively. The electrodes length is cm and
distance between the bottom of electrodes and the surface of
target solution is 2-3 cm.

2.2 Synthesis Procedure

Precursors used were KMnO, (99% wt Roth company),
NaMnO, (40% wt in H,O, Sigma-Aldrich) and Mg(MnO,),
(Sigma-Aldrich). The target solutions of each precursor
(450 mL, 700 mg/L) prepared with de-ionized water, were
exposed to plasma discharge under magnetic stirring, until
complete precipitation (Fig. 1). The brown-black precipitate
obtained was recovered by simple filtration, washed several
times with de-ionized water and dried in oven at 105 °C under
air. Equations (1-5) illustrate the set of reactions proceeding,
with in particular Eq. 5 showing the plasmachemical reduc-
tion of KMnO,, NaMnO, or Mg(MnO,), by NO- as being
a short-lived species generated in plasma plume (gaseous
phase) [21, 22]. It must be noted that other species such as
NO,™, known as long-lived species, generated in plasma post-
discharge (solution phase), also allow the plasma-reduction
of MnO,~ (Eq. 7) [23]. The reproducibility of the synthesis
product after many batches is ascertained by the fact that the
operating synthesis remains unchanged.

H,O+e¢ - H + HO + e €))]

H,0 + ¢~ > H'+ HO + 2¢” )

O,+e¢ = 20 + ¢ 3)

N,+ O - NO + N )]

MnO; + NO'" - MnO, + NO; 5)
| | NaMnOy

4 Mg(MnOs),
KMnO4

MnO;

Fig. 1 Picture of gliding arc plasma-reduction of different solutions
of cation-MnO,
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NO, + ¢~ — NO, (6)

MﬂOZ + 4H* + 3NO; — MnO, + 3NO, + 2H,0 )

2.3 Characterization Techniques

X-ray diffraction patterns of the different materials were
recorded between angle values 26 =5° and 80° at the rate
of 0.6°/min with an increment of 0.02° and an integration
time of 2 s using a D§ ADVANCE BRUKER diffractometer,
operating at 40 kV and 40 mA, with the Cu K radiation
(1.5418 A). The powdered samples previously ground, were
deposited on disks slightly impregnated with handcream.
Detection is performed using a LynxEye XE-T Technology
detector. The ICDD-JCPDS database was used to identify
the crystalline phases. Raman spectroscopy was carried out
using a Bruker RFS 100IS, equipped with a 532 nm excita-
tion laser (10 mW), and working with 4 cm™! as resolution.
Raman spectra were collected after 5 scans using a confo-
cal spectrometer, with a magnification objective of 10x, a
spot size of 100 microns; acquisition time was 15 s. Fourier
transform infrared spectroscopy was recorded in transmis-
sion mode after 100 scans, at a resolution of 4 cm™!, with
an Equinox IFS55 spectrometer (Bruker) equipped with a
DTGS detector. The pellets were made by diluting the sam-
ples in KBr (2 mg of sample for 200 mg of KBr), and then
pressing them into self-supporting disks using a hydraulic
press (5-7.5 bar) for about 5 min. The atmospheric air spec-
trum has been used as a reference and subtracted from the
spectra. X-ray photoelectron spectroscopy was carried out
using an Axis Ultra (SSX-100/206) spectrometer equipped
with a 30° solid acceptance lens, a hemispherical analyser,
and a monochromatic source of Al K, (1486.6 eV) operated
at 15 kV and 10 mA. The pressure within the analysis cham-
ber was about 107 Pa. The angle between the surface normal
and the axis of the analyser lens was 55°. The analysed area
was approximately 1.4 mm? and the pass energy was set at
150 eV. In these conditions, the full width at half maximum
(FWHM) of the Au 4f,,, peak of a clean gold standard sam-
ple was about 1.6 eV. A flood gun set at 8 eV and a nickel
(Ni) grid placed 3 mm above the sample surface were used
for charge stabilisation. The sample powder was pressed in
small stainless-steel troughs of 4 mm diameter and placed
on an aluminium conductive carousel. Before analysis, all
samples were outgassed beforehand under vacuum (10~ Pa)
for 24 h to remove the physisorbed compounds. The bind-
ing energy scale was calibrated by taking the carbon Cls
peak fixed at 284.8 eV (aliphatic component of carbon con-
tamination) as reference. Atomic ratios were obtained using
peak areas normalized based on acquisition parameters and
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experimental sensitivity factors provided by the manufac-
turer. The Mn2p region was used to quantify Mn proportion.
Proportions of lattice oxygen (structural) and chemisorbed
oxygen (surface) were decomposed from the O1s signal after
deducing the oxygen-related to contamination carbon. The
Mn average oxidation state (AOS) was determined using
the difference of the Mn3s binding energy with that of its
satellite [25, 26], following Eq. 8 [27].

AOS = 8956 — 1.126 AE, 8)

where AE represents the difference of binding energy
between Mn3s and its satellite.

Nitrogen physisorption was carried out at —196 °C
using a Micromeritics Tristar 3000 in the relative pres-
sure range [107°-0.99]. Before analysis, 150 mg of sam-
ple was outgassed at 150 °C for 12 h under primary vac-
uum (about 10 mbar). In practice, the weighed ground
sample is introduced into glass tubes with a filler rod to
limit the error made on the measurement due to the dead
volume of the glass tubes. The specific surface area, and
total pore volume (pore size distribution) were calculated
using Brunauer—-Emmett-Teller (BET) equation in the
0.05-0.30 p/p° range and the Barrett-Joyner-Halenda (BJH)
method respectively. Error on the specific surface area was
determined by calculating the standard deviation on a series
of values related to 3 analyses of the same sample. The mor-
phology was investigated using a LEO 983 GEMINI electron
microscope operated at an acceleration voltage between 10
and 15 kV depending on the samples. Before analysis, the
samples were metalized under argon atmosphere with an
about 15 nm thick layer of chromium under vacuum with a
Sputter Metal 208HR (Cressington). The optical properties
of plasma-synthesized MnO, have been explored using dif-
fuse reflectance UV—-VIS spectroscopy analysis within the
region 200—800 nm with the Cary Win UV software package
and a CARY 5000 Agilent Spectrophotometer equipped with
a praying Mantis available in Laboratory of Applied Materi-
als Chemistry, University of Namur, Belgium. A BaSO, pel-
let was used as a blank, and the Kubelka—Munk function was
used to calculate the band gap energy by plotting (F(r)*E)"?
versus energy of light.

2.4 Solar Photocatalytic Bleaching Processes
of Tartrazin Yellow Dye

Tartrazin Yellow (>97%) was purchased at Sigma-Aldrich
company. Photocatalytic experiments were performed in
the presence of solar light, with a TY solution (40 mg/L,
pH=2.5) and a catalyst mass of 100 mg. All experiments
were carried out at ambient temperature in Belgium (sum-
mer season) between June and July 2019, within a batch
reactor exposed to solar light, whose average intensity
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measured using a digital lightmeter is about 5.25 kW h/
m?2, with an error of 5%. Residual concentration of TY was
analysed with a GENESYS 10S Vis spectrophotometer at
425 nm. The bleaching degree (%D) was calculated using
Eq. 9, where C,, and C, represent respectively initial and

residual concentrations of TY at defined times.

%D = [(Cy~ C,)/Cy]100 ©)

3 Results and Discussion
3.1 Structural Analysis

Figure 2 depicts XRD patterns of materials obtained after
exposure of NaMnO, (Fig. 2a), Mg(MnO,), (Fig. 2b) and
KMnO, (Fig. 2c) to plasma plume. The three patterns reveal
diffraction peaks at 12.5°, 19.8°,22.6°, 33°, 37°, 38°, 42.5°,
49°, 56.2°, 60.5°, 65.3° and 67.8° which are ascribed to
vy-MnO, (JCPDS 14-0644) [28, 29] and a-MnO, (JCPDS
44-0141) [30, 31], illustrating a mixture of two polymorphs.
The large peaks at 22.5° and 56.2° reveal a significant pres-
ence of y-MnO, polymorph compared to a-MnO, poly-
morph. The peaks at 12.5° and 19.8° illustrate the insertion
of Na* (2.04 A) [32], Mg®* (1.32 A) [32] and K* (2.66 A)
[31] species within 4.6A X 4.6 A tunnels of o-MnO, poly-
morph [33]. However, considering the size of 23A%23A
and 2.3A x 4.6 A tunnels of y-MnO, polymorph, only Na*
(2.04 10\) and Mg>* (1.32 A) are likely to fit into the struc-
ture of this polymorph [29]. Therefore, each of our three
prepared materials are made of two polymorphs: a-MnO,
(named Cryptomelane, with tunnels structure) and y-MnO,
(named Nsutite, with tunnels structure) each in different

o
(0) Alpha-MnO, ¥ .
(*) Gamma-MnO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
2Theta (°)

Fig.2 XRD patterns of plasma-synthesized N-MnO,

proportion following the difference of the peak intensity on
the three patterns. The plasma-reduction of the three per-
manganate solutions under operating conditions of 312W
(power, 130 mA, 2400 V), 450 L/h (airflow), after 15 min,
revealed products composed of two polymorphs, namely
a-MnO, and y-MnO, (Fig. 3). In our previous work, we
reported obtaining of a-MnQO, after 28 min of plasma-reduc-
tion of KMnO, solution under operating conditions of 9%6W
(160 mA, 600 V) and 800 L/h [22]. These results, summa-
rized on Fig. 3, show that power and airflow significantly
impact the nucleation time, thus the nature of polymorphism
and moreover highlight the effect of plasma parameters on
the nature of obtained products. Boyom et al. (2020) show
that changing the voltage or airflow during plasma-reduction
or oxidation of Mn solution could changes the polymorph
[22]. Therefore, in the present work, the obtaining of mixture
of polymorphs at 312W could be attributed to a high reac-
tivity, in the meaning that the first precipitated a-MnO, are
converted to y-MnO, through ageing (maturation) process.
Boyom et al. (2021) also reported a conversion of plasma-
precipitated a-MnO, to y-MnO, after ageing at temporal
post-discharge [34].

Raman spectra of the three materials are represented on
Fig. 4. A large and intense peak at 632 cm™! is observed,
being ascribed to the vibrations of Mn—O bond within MnOyg
octahedron of y-MnO, [35]. A peak shoulder at 558 cm™!
on Mg-MnO, (Fig. 4b) and K-MnO, (Fig. 4c) spectra,
illustrates the significant presence of a-MnO, within both
materials [36]. Therefore, this analysis confirms the presence
of the two polymorphs (Cryptomelane and Nsutite struc-
tures) components in each of the three prepared materials.
However, this peak shoulder is only slightly noticeable on
Na-MnO, spectrum (Fig. 4a) which attests the weak pres-
ence of a-MnO, compared to Mg-MnO, and K-MnO,. Fig-
ure 5 shows FTIR spectra of obtained MnO,, which reveal
absorption bands at 3420, 1620 and 1085 cm™~! character-
izing the stretching and bending vibrations of H-O bond
of physisorbed water. The slightest peak at 1380 cm™'
illustrates a weak presence of chemisorbed or crystalli-
zation water within the three materials [37]. Absorption

Plasma
96W, 800L/h [22]
—p 0-VMNO,
28 min
- Current work
312W, 450L/h - ,
KMnO, o-MnO, +

(700 mg/L, 450 mL) v-MnO,

15 min

Fig.3 Effect of plasma power supplied on the exposure time and
crystalline structure of plasma-synthesized N-MnO,
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Fig.4 Raman spectra of plasma-synthesized N-MnO,

—— Mg-MnO, 582
K-MnO,

3420

Na-MnOz J
52
i
1620 1380 1085

Absorbance

— T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

‘Wave Number (cm")

Fig.5 FTIR spectra of plasma-synthesized N-MnO,

bands within the wavelength range of 800—-400 cm™! are

ascribed to the stretching vibrations of Mn—O bond within
MnOg octahedron of the different oxides [37, 38]. However,
Mg-MnO, and K-MnO, show similar peaks at 582 and
562 cm™!, whose explanation could be a more important
presence of a-MnQO, within Mg-MnO, and K-MnO, than
in Na—MnQO,, as previously revealed via XRD and Raman
analyses.

3.2 Surface, Morphological and Optical Analyses

To have a deeper insight on cationic and nitrogen species
doping each MnO,, X-ray photoelectron spectroscopy (XPS)
analysis has been carried out. Figure 6a reveals Na, Mg and
K elements and highlights the insertion of these elements
within their respective plasma-synthesized MnO,. Table 1
shows XPS data of the three MnO,, with Mn appearing in
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(a) Mn2p Ols —Na-MnO,
—— Mg-MnO,
K-MnO,
Mn2s
Cls Mn3p
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—— MgN-MnO,
KN-MnO,
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g
|72
=
L
= 399.72
=
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Fig.6 a XPS spectra and b Nitrogen region of plasma-synthesized
N-MnO,

mixed valence (III, IV) according to their respective Mn
average oxidation state (AOS) values. We recorded identi-
cal values of atomic ratio (Mn/O) within these materials,
despite the difference of cationic size species which com-
pose these MnO,. This is in line with the mixed crystalline
structure found to be identical in the three MnO,. Besides,
the almost identical value of chemisorbed oxygen (O,) for
the different MnO, could be explained by the identical
nature of polymorphs components. K-MnO, material shows
an oxygen lattice (Op) fraction lower than those of I\QIa—MnO2
and Mg-MnO,. Thus, the larger K* ion (2.66 A) would
induce more loss of lattice oxygen compared to smaller Na*
(2.04 A) and Mg2+ (1.32 1&) ions. These results could attest
the presence of different cationic species within the lattice of
the prepared materials. The chemical state of nitrogen within
the three plasma-synthesized MnO, has also been investi-
gated through XPS (Fig. 6b). The three materials show N1s
peaks at binding energies values: KN-MnO, (399.97 eV),
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Table 1 XPS data of plasma-
synthesized N-MnO,

Material AOS (Mn) %N (atom) %Metal (atom) Mn/O %0, %Oﬁ O“/Oﬁ
NaN-MnO, 3.46 Na/1.2 0.46 12.3 38.8 0.32
MgN-MnO, 3.31 Mg/0.8 0.46 11.7 38.3 0.31
KN-MnO, 3.43 K/1.1 0.46 11.4 34.8 0.33

MgN-MnO, (399.64 eV) and NaN-MnO, (399.72 eV)
which could be ascribed to anionic N~ incorporated within
the MnO, lattice through substituting oxygen atoms and
could be in the form of N-Mn-O [2, 39], knowing that
NO,™ and NO;™ are generated in gliding arc plasma medium
with humidified atmospheric air as feeding gas [21, 22]. The
higher binding energy value of nitrogen within KN-MnO,
compared those within NaN-MnO, and MgN-MnO,
(almost the same) could be explained by the difference of
oxidation state of nitrogen within these materials. Therefore,
the oxidation state of nitrogen within KN-MnO, is higher
than that within NaN-MnO, and MgN-MnO,. In addition
to the single substitution of oxygen through establishment of
N-Mn-O bond within the three, we could envisage a double
substitution of oxygen through N-Mn-N within KN-MnO,
which would be in line with the highest binding energy of
nitrogen component in this material. The nitrogen loading
value within each material (Table 1) follows an evolution
as NaN-MnO, < MgN-MnO, < KN-MnO,. We would
have expected to have a higher nitrogen loading within
MgN-MnO, than KN-MnO, referring to the lower cationic
diameter of Mg compared to those of K and Mn. Thereby,
after Mg substitution with the MnO, lattice, there would be
more space released allowing more incorporation of nitrogen
at interstitial positions. Otherwise, the three materials have
the same values of Mn/O and OO(/Oﬁ ratio, thus illustrating a
regular oxygen substitution, and probably an irregular nitro-
gen incorporation within the generated interstitial.
Adsorption—desorption isotherms of the different MnO,
are depicted on Fig. 7. They all present a hysteresis loop,
between type IV adsorption and desorption relatively par-
allel isotherms, which is typical of mesoporous materials
with pores open at both sides [37]. Besides, NaN-MnO,
material shows narrow hysteresis loop at relatively high
partial pressure [0.9-1.0], attesting its low mesoporosity,
but high macroporosity [40]. As a counterpart, KN-MnO,
reveals the largest mesoporosity, while MgN-MnO, shows
intermediate features. Table 2 summarizes the textural data
of the three materials and reveals a higher specific surface
area for K-MnO, and Mg-MnO, than Na-MnO,. This
could be ascribed, on the one hand, to the more marked
presence of a-MnO, with 4.6A x 4.6 A tunnels developing
more pores within K-MnO, and Mg-MnO,. Figure 8 shows
SEM images which reveal agglomerated particles with
irregular morphology for all obtained Na-MnO, (Fig. 8a),
Mg-MnO, (Fig. 8b), and K-MnO, (Fig. 8c). Therefore,

3004 | —®— NaN-MnO2
—o— MgN-MnO,
250 KN-MnO,

N

o

o
1

150 4

100 4

Quantity adsorbed (cm’ STP/g)

a
o
1

0 02 04 06 08 10
Relative pressure (p/p")

Fig.7 Adsorption—desorption isotherms of plasma-synthesized N—
MnO,

Table 2 Textural and optical data of plasma-synthesized N-MnO,

Material Specific Pores diam- Pores vol-  Eg (eV)
surface area eter (nm) ume (cm3/g)
(m?/g)
NaN-MnO, 36+3 25 0.15 1.20
MgN-MnO, 110+8 14 0.45 1.30
KN-MnO, 116+8 11 0.38 1.45

cationic species difference does not affect the morphology
of the three N-doped samples. This unchanged morphology,
which is like crystalline structure revealed by XRD, could be
explained by fact that, the plasma-reduction of main perman-
ganate ion (MnO,~) component the three precursors, follow
the same nucleation process of the crystallites, despite their
different cationic metal.

Figure 9a depicts the UV—-Vis reflectance spectra of
the plasma-synthesized MnQO,. The band gap (E,) values
recorded through Kubelka—Munk function (Fig. 9b) are 1.20,
1.30 and 1.45 eV respectively for NaN-MnO,, MgN-MnO,
and KN-MnO,. Knowing that nitrogen (N) atom gets five
valence electrons, it can form four covalent bonds with Mn,
thus there remains one free electron which can participate
to the electric conduction by affecting the band gap energy.
Nitrogen atom as electron donor, induces a type-n doping.

@ Springer
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Fig.8 SEM images (x18,000) of plasma-synthesized a NaN-MnO,, b MgN-MnO, and ¢ KN-MnO,

20
(a) NaN-MnO,
— MgN-MnO,
——— KN-MnO,
1.84

Absorbance
(=]
1

1.4
12 T T T T T T T T T T T
200 300 400 500 600 700 800
‘Wavelength (nm)
10
—— NaN-MnO, (b)
94| —— MgN-MnO,
— KN-MnO, 1.30(eV)

1.45(eV)

1.0 15 2.0 25 3.0 35
E(eV)

Fig.9 a UV-Vis spectra of plasma-synthesized N-MnO,, b Normal-
ized Kubelka—Munk functions

Therefore, introduction of nitrogen atom as foreigner ele-
ment in large quantity within the structure of MnO, semi-
conductor, significantly affects the band gap energy value.

@ Springer

Accordingly, the fact that the three synthesis precursors dif-
fer by their cationic species (with different sizes) inserted
within their MnO, lattice, leads to different nitrogen load-
ing. This result reveals the fact that an increase of N-doping
induces a raise of the band gap energy (Table 2), and corre-
spondingly a restriction of the absorption range of the mate-
rial. Conversely, Chen et al. (2011) reported that N-doped
TiO, nanomaterial had a decreased band gap energy and
exhibited high photocatalytic activity under visible-light
[41]. Mahy et al. (2018) also showed that N-doped TiO,
had a reduced band gap energy by creating an intermediate
band for the electrons below the conduction band or above
the valence band, so allowing activity in the visible range
[39]. Aprile et al. (2013) reported the enlargement of TiO,
photocatalytic activity from UV light to visible light through
doping with metallic and non-metallic elements [16]. The
question now is to know which among this augmentation
of the band gap energy induced by nitrogen-doping, which
could induce a reduction of absorption within visible light
range by plasma-synthesized MnO,, or another parameter
such as the specific surface area, could be the predominant
one on the photocatalytic process. Boyom et al. (2021)
reported on the one hand, the decrease of the specific surface
area of plasma-synthesized a-MnO, during ageing (plasma
post-discharge reactions) at 100 °C, and on the other hand,
a significant decrease of its catalytic activity compared to
photocatalytic activity [42]. The authors also hypothesized
that the band gap of the plasma-synthesized a-MnO, had not
been affected during the ageing which could explain the only
moderate diminution of its photocatalytic efficiency, despite
the decrease of its specific surface area [42].

From all what preceeds about the physicochemical char-
acterization of the three cation-Nitrogen doping, it is clear
that preparing the MnO, without cationic species as ref-
erence material would allow to solidy the interpretations
proposed. Unfortunately, to synthesize MnO, without metal
cation, a precursor in which Mn is in a low oxidation state
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(Mn?* or Mn>*) such as Mn acetate should be used in a
plasma-oxidation approach, i.e. different from that used in
this work namely the plasma-reduction of Mn’*. The cation
free MnO,, that would be prepared would thus not be rel-
evant for the evoked comparison.

3.3 Photocatalytic Tests

Figure 10 depicts the evolution of bleaching degree of TY
during solar photocatalytic tests with the three catalysts.
We observe a significant removal of TY, 25, 29 and 26%
respectively for NaN-MnO,, MgN-MnO, and KN-MnO,
materials after 2 min of treatment, which could be attrib-
uted to an adsorption event, being the first step of the pho-
tocatalytic process. Thereafter, the range time of 2—60 min
could be ascribed to the photocatalytic degradation of TY
properly, where we record a large bleaching of TY with
MgN-MnO, (97%) and KN-MnO, (94%) compared to
the one obtained with NaN-MnO, (53%). This could be
explained on the basis of the specific surface area values
MgN-MnO, and KN-MnO, about three time larger than
the one of NaN-MnO, (Table 2). However, we could not
ignore the significant difference of band gap for the different
samples, associated to an augmentation of nitrogen doping
itself related to the presence of Mg or K. MgN-MnO, shows
a higher bleaching degree compared to KN-MnO,, despite
the higher specific surface area of the latter compared to the
one of MgN-MnO,. This could be explained by the fact that
MgN-MnO, has higher pore volume and diameter compared
to KN-MnO, allowing more pollutant molecules to adsorb
on its surface, thus reinforcing the photocatalytic bleaching
of TY. Based on this, it is obvious that bleaching photo-
catalytic efficiency of TY not only is dictated by the tex-
tural parameter (Specific surface area), but also the optical
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Fig. 10 Evolution of photocatalytic bleaching of TY with plasma-
synthesized N-MnO, with exposure time

parameter (Band gap). We could actually consider a syner-
getic effect between both parameters, through the adsorption
of TY at the catalyst surface and solar light respectively
controlled by the specific surface area and the band gap. To
have a deep insight on the predominant parameter during the
bleaching solar photocatalytic of TY, Figure S, highlights
the bleaching degree of TY after 60 min with the three cata-
lysts. NaN-MnO, with the specific surface area three times
lower than those of Mg-MnO, and KN-MnO,, reveals a
bleaching degree higher than the half of the ones obtained
with the two other catalysts. This more highlights the syn-
ergy between the specific surface area and band gap, on the
one hand, and the difficulty to define the predominance of
one parameter on to other (Fig. S, and Table S)).

Obviously, band gap evolution
(NaN-MnO, > MgN-MnO, > KN-MnO,) should lit-
erally extend the photoactivity of MnO, from visible
light region to UV light region, with a corresponding
increase of its photocatalytic activity [39, 41]. Otherwise,
MgN-MnO, plasma-synthesized shows a photocatalytic
bleaching efficiency of 97% under operating conditions of
([TY]=40 mg/L, pH=2.5, [MgN-MnO,]=1000 mg/L,
exposure time =60 min) higher than 13% obtained by
Modirshahla et al. (2011) with commercialized SnO,
coupled to UV lamp under operating of ([TY]=40 mg/L,
pH=7, [SnO,] =900 mg/L, exposure time =250 min) [43],
and 45% obtained by Marandi et al. (2013) with Clinop-
tilolite (local material) coupled to UV lamp under operat-
ing of ([TY]=45 mg/L, pH=35, [Clinoptilolite] =40 mg/L,
([H,0,]1 =30 mg/L, exposure time =55 min) [44]. Figure S;
shows UV-vis spectra evolution of TY after photocatalytic
treatment with the three catalysts. The absorption bands of
TY at wavelengths of 260 and 425 nm almost disappeared
after 60 min of treatment with MgN-MnO, (Fig. S;b) or
KN-MnO, (Fig. S;¢) compared to NaN-MnO, (Fig. S;a).
However, besides the disappearance of both bands, no
appearance of new bands is recorded, which attests the deg-
radation of TY through a cleavage of nitrogen-nitrogen dou-
ble bonds (-N=N-) being the chromophore group respon-
sible of yellow colour, and degradation of the polyaromatic
ring [22].

Following Fig. 10, after attributed the range time of
0-2 min to the adsorption step of TY, we have studied the
kinetic photocatalytic degradation of TY with the three cata-
lysts within the range time of 2—45 min, assuming a first
order reaction (Table 3 and Fig. S,). According to the cor-
relation coefficient values (Rz), we observe that the photo-
catalytic bleaching process of TY with plasma-synthesized
NaN-MnO,, MgN-MnO, and KN-MnO, as catalysts, fits
the pseudo first order kinetic, which indicates that the photo-
bleaching of TY is dependent on its concentration in solu-
tion [42]. On the other hand, this could also be attributed to
the significant generation and long lifetime of electron—hole

@ Springer
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Table 3 Kinetic study of photocatalytic bleaching reaction of TY

Material First order

R? K (min™")
NaN-MnO, 0.9495 0.0083
MgN-MnO, 0.9854 0.0293
KN-MnO, 0.9620 0.0291

pairs, leading to an efficient reaction between TY molecules
and the reactive photogenerated radicals [45, 46], follow-
ing the mechanism established by Modirshahla et al. (2011)
[43], Marandi et al. (2013) [44], Ansari et al. (2024) [47]
and Yadav et al. (2024) [48]. Reaction with MgN-MnO,
or KN-MnO, is faster than with NaN-MnO, according to
their respective kinetic constants values. This implies that
nitrogen doping of MnO, structure significantly enhances
its photocatalytic activity. Mekprasart et al. (2011) reported
that nitrogen doped TiO, lattice was able of significantly
improved photocatalytic degradation, due to nitrogen-
induced band gap energy contraction, which improves the
optical absorption of photocatalyst under visible light [49].

Recycling test of the three materials has been carried
out (Fig. 11). It can be observed a quasi-constant of the
photocatalytic activity of these plasma-synthesized MnO,
during three cycles. Therefore, the photocatalytic stability
of these materials could be ascribed to the cationic spe-
cies (Na™, Mg** and K*) inserted within their respective
plasma-synthesized MnO,. Boyom et al. (2020) associated
the high catalytic stability of plasma-synthesized a-MnO,
during four cycles of TY bleaching, to K* species present
in the structure of this polymorph [22]. Boyom et al. (2023)
also reported that plasma-synthesized y-MnO, without any
cationic species within its channel loses its catalytic activity

100 -| | EEEEEE 1% Cycle
B 2™ Cydle
5o | | NI 3" Cycle
>
< 604
0
A
El.
'—5 40 4
;E
/A
20 -
0
NaN-MnO, MgN-MnO, KN-MnO,
Fig. 11 Reusability of photocatalysts (N-MnO,) during three cycles
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after one cycle [50]. To have a deep insight on the struc-
tural stability of N-doped plasma-synthesized MnO, during
photocatalytic treatment of TY, XRD patterns of the three
materials after the first cycle have been recorded (Fig. 12).
We observe that the photocatalytic bleaching of TY does
not affect the crystalline structure of the plasma-synthesized
MnO,, which corroborates the photocatalytic stability previ-
ously revealed.

4 Conclusion

Doping the crystalline structure of MnO, has been suc-
cessfully performed during its synthesis via the gliding
arc plasma route. Indeed, nanostructures of NaN-MnO,,
MgN-MnO, and KN-MnO, with different nitrogen loading
have been plasma-synthesized, while inserting the respec-
tive cationic species within the tunnels of a-MnO, and
y-MnO, polymorphs constituting the three materials without
any additional reagent. An augmentation of the N-loading
induces an augmentation of the band gap energy and specific
surface area of plasma-synthesized MnO,, thus of its pho-
tocatalytic activity. Photocatalytic efficiency is attributed to
a synergy between the textural parameter (specific surface
area) and optical parameter (band gap). Doping of plasma-
synthesized MnO, with nitrogen and cationic species addi-
tionally beneficially contributes to stabilize its photocata-
lytic activity. Otherwise, following the input energy (312W),
short synthesis time (15 min) and mild operating conditions,
gliding arc plasma route appears as an interesting synthesis
process of doping MnO, nanostructures as good photocata-
lysts for a better wastewater treatment, and deserves more
attention for its scaling in industrial applications.

KN-MnO, Before|
— KN-MnO, After

~— MgN-MnO, Before]
—— MgN-MnO, After

Intensity (a.u.)

NaN-MnO, Before
[~ NaN-MnO, After

2Tetha (°)

Fig. 12 XRD patterns of plasma-synthesized nitrogen and cationic-
doped MnO, after photocatalytic test
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