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α-MnO2 and γ-MnO2 polymorphs were, respectively, obtained from the plasma precipitation of 
KMnO4 and Mn(CH3COO)3⋅2H2O precursors. The obtained powders were calcined at 150 °C, 210 °C 
and 400 °C, and characterized by X-ray diffraction, Raman spectroscopy, Fourier transform infrared 
spectroscopy (FTIR), Thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), nitrogen 
physisorption and Scanning electron microscopy (SEM). As a result, the calcination does not significantly 
affect textural properties and crystalline structure of the α-MnO2, while γ-MnO2 is transformed into 
β-MnO2 for temperatures above 400 °C. The thermal stability α-MnO2 is due to the K+ ions insertion in 
its 4.6 Å × 4.6 Å tunnels and corroborated the catalytic performance of 100, 98, 98 and 97% compared to 
71, 54, 52 and 48% for γ-MnO2 after four successive reuse cycles on Tartrazine Yellow dye. The insertion 
of cationic species (K+, Na+, Mg2+) into the structure of MnO2 reinforces its crystalline structure and 
promotes the formation of powerful oxidizing species through oxygen vacant sites.

Introduction
In recent decades, a great interest in the synthesis and use of 
metal oxides nanoparticles has developed, and therefore, fun-
damental and applied research is now focused on this topic. The 
synthesis of mesoporous nanomaterials and, particularly, the 
synthesis of transition metal oxides with high stability, attract 
the interest of many researchers, intending to improve their 
industrial applications [1, 2]. Furthermore, the environmental 
impact of wastewater coming from various industrial activities 
has been the target of recent developments in heterogeneous 
catalysis [3–6]. This is why several recent works have focused 
on the development of nanostructures based on metal oxides 
as a hetero-catalyst to improve industrial processing units [2, 
7–9]. Among them, MnO2 based on the wide variety of its 
polymorphs is a compelling material because of its interesting 
applications being used as a sensor, in energy storage and catal-
ysis, where it exhibited relatively high catalytic activity in the 

decomposition of organic compounds by oxidation. Moreover, 
its low production cost compared to noble metals in particular 
and its environmental friendliness are very appealing [10, 11]. 
Various types of MnO2 nanostructures were prepared through 
sol–gel [12], co-precipitation [13], thermal decomposition [14], 
and hydrothermal processes [15–17]. However, these methods 
require long preparation times, rough synthesis conditions, 
and, in some cases, the use of surfactants. Therefore, gliding 
arc plasma appears as an innovative route, more ecological 
than classical chemistry one, for nanomaterials synthesis either 
through oxidizing (HO·) or reducing (NO·) species generated 
in plasma conditions [18, 19]. Boyom et al. reported that vari-
ous polymorphs of MnO2 with different morphologies could 
successfully be synthesized via the reduction of KMnO4 (Mn7+) 
or the oxidation of Mn(CH3COO)3⋅2H2O (Mn3+) solutions 
by changing plasma parameters such as voltage or airflow [19, 
20]. It appears that this synthesis route creates powders that 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01129-z&domain=pdf
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show mesoporosity, making that it then became interesting 
to test them as heterogeneous catalysis in advanced oxidation 
processes (AOPs). Now, the question is to know if this process 
could prepare MnO2 (Mn4+) mesoporous materials with sta-
ble physicochemical properties along heating, and that remain 
catalytically stable during their use. Knowing that some catalytic 
reactions (most in gas phase) are performed under heating, the 
present work consists firstly, to study the impact of the calci-
nation temperature on the properties of α-MnO2 and γ-MnO2 
obtained, respectively, via the plasma-reduction of KMnO4 and 
the oxidation of Mn(CH3COO)3⋅2H2O. Secondly, to evaluate 
the crystalline structure, textural and morphological stabilities 
along the catalytic bleaching of Tartrazine Yellow, chosen as a 
model pollutant, and their reuse for successive catalytic cycles. 
Due to its many advantages such as its easy recovery and its 
possible regeneration and reuse, MnO2 has indeed been widely 
employed as a heterogeneous catalyst in advanced oxidation 
processes (AOPs) for depollution purposes [21–24]. Gong et 
al. showed that MnO2 nanorods supported on mesoporous silica 
could be successfully used for 6 cycles of bleaching/degradation 
of Rhodamine B [25]. In particular, we assess here the effect of 
the cation insertion that occurs within the MnO2 structure dur-
ing its synthesis via gliding arc plasma, on its thermal stability 
and catalytic reuse.

Results and discussion
Effect of calcination on the properties 
of plasma‑precipitated MnO2

Structural analyses

Figure 1 depicts the XRD patterns of both fresh plasma-precip-
itated and calcined materials at 150 °C, 210 °C, and 400 °C for 
3 h. The calcined material obtained via plasmachemical reduc-
tion of KMnO4 at different temperatures [Fig. 1(a)], shows peaks 
at 12.8°, 18.1°, 28.4°, 37.5°, 42.1°, 50°, 56.3°, 60.2°, 65.5°, 68° 
and 72.3°, which correspond to the α-MnO2 polymorph (JCPDS 
44-0141) [26, 27]. We observed that the crystalline structure 
of α-MnO2 remained stable after calcination up to 400  °C, 
which could be ascribed to its structure consolidation thanks 
to the presence of K+ within the 4.6 Å × 4.6 Å tunnels that form 
this polymorph [28, 29]. Sinha et al. showed that the crystal-
line structure of α-MnO2 nanowires prepared by reduction of 
KMnO4 remains stable until 400 °C of calcination [30]. Mean-
while, the material obtained by plasmachemical oxidation of 
Mn(CH3COO)3.2H2O [Fig. 1(b)], displayed diffraction peaks 
at 22.2°, 34.9°, 36.8°, 38.5°, 42.4°, 56.2°, 62.6°, 65.4° and 68.7°, 
indexed to γ-MnO2 (JCPDS 14–0644) [31]. These peaks remain 
unchanged after calcinations at 150 °C and 210 °C, but were 
shifted to 28.6°, 37.5°, 41.1, 42.8°, 46.2°, 56.6°, 59.2°, 65°, 67° and 
72.8° after calcination at 400 °C [Fig. 1(b)], which correspond to 

the β-MnO2 polymorph (JCPDS 24-0735) [32–34] corroborat-
ing the previous author’s works [35]. Hence, plasma-precipitated 
α-MnO2 reveals higher crystalline stability than γ-MnO2, which 
could be due to the nature of the species within the tunnels that 
form the respective polymorphs.

Figure 2 shows the Raman spectra of plasma-precipitated 
MnO2 before and after calcination. The two main bands at 
571 and 637 cm−1, which are due to stretching and bending 
vibrations of Mn–O–Mn bonds into 4.6 Å × 4.6 Å tunnels of 
α-MnO2 [30, 36], do not show any change after calcination at 
different temperatures [Fig. 2(a)], which confirms the ther-
mal stability of α-MnO2 revealed by XRD. Furthermore, the 
spectrum of γ-MnO2 after calcination does not show major 
change [Fig. 2(b)]. Actually, we would have expected a signifi-
cant change in the spectrum of the material after calcination at 
400 °C, provoking a transformation of γ-MnO2 to β-MnO2. We 
recorded indeed a weak shift of the band at 632 (γ-MnO2) to 
630 cm−1 (β-MnO2) [37, 38]. The proximity between both bands 
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Figure 1:   XRD patterns of plasma-precipitated MnO2 material obtained 
from (a) KMnO4 precursor, as such (black curve) and after calcination at 
150 (red), 210 (green) and 400 °C (blue), and (b) Mn(CH3COO)3.2H2O, as 
such and after calcination at different temperatures (same sequence of 
color curves). On (a) panel, indexation of the peaks is done from α-MnO2 
polymorph card (JCPDS 44-0141), on (b) panel indexation is made from 
γ-MnO2 polymorph (JCPDS 14-0644) for the fresh sample and from 
β-MnO2 polymorph (JCPDS 24-0735) for the sample calcined at 400 °C.
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could be explained by the fact that the γ-MnO2 polymorph is 
the result of the intergrowth of the β-MnO2 (Pyrolusite) and 
R-MnO2 (Ramsdellite) polymorphs [31, 38].

The IR spectra of both plasma-precipitated MnO2, before 
and after calcination, are also depicted in Fig. 2. An increase in 
the calcination temperature of α-MnO2 revealed, on one hand, 
a significant decrease of the H–O vibration bond at 1383 cm−1 
[Fig.  2(c)], which could be ascribed to the removal of the 
chemisorbed or crystallized water [39, 40]. On the other hand, 
there was no modification in the absorption bands at 714 and 
532 cm−1, which characterize the Mn–O vibration bond. Fur-
thermore, the calcination of γ-MnO2 shows a regularity of the 
stretching vibration of the Mn–O bond at 582 cm−1 [Fig. 2(d)]. 
Nevertheless, an absorbance diminution and a shift of the bend-
ing vibration of the Mn–O bond at 712 cm−1 is recorded after 
calcination at 400 °C [Fig. 2(d)], which gives an additional evi-
dence of the transformation of γ-MnO2 to β-MnO2 [Fig. 1(b)].

A thermogravimetric analysis of fresh and calcined plasma-
precipitated α-MnO2 and γ-MnO2 has been achieved (Fig. S1). 
Both types of MnO2 show three main mass losses. The first one 
takes place between 25 and 200 °C, which characterizes the 

removal of physisorbed water. The second one between 200 
and 500 °C is ascribed to the removal of structural or crystal-
lized water [41], which is more present within α-MnO2 than 
γ-MnO2 (Table S1). The third loss takes place between 500 and 
600 °C, which characterizes the phase decomposition of MnO2 
to Mn2O3 [42].

The evolution of Mn average oxidation state (AOS) dur-
ing calcination of both plasma-precipitated MnO2 has been 
followed by XPS analysis (Table  1). The gap energy values 
between Mn2p1/2 and Mn2p3/2 peaks of the different materials 
are in accordance with the literature data about MnO2 [43–45]. 
The calcination temperature does not significantly affect the 
AOS of Mn within α-MnO2, due to the presence of the K ele-
ment inside its 2 × 2 tunnels [46]. In contrast, the calcination 
of γ-MnO2 at 400 °C revealed an augmentation of the AOS of 
Mn, which corroborates the formation of β-MnO2, already pre-
viously understood. This polymorph is known to have a sin-
gle and high valence Mn(IV) compared to other polymorphs 
that have mixed Mn(III, IV) valence [47, 48]. Table S1 shows 
the empirical formula of the different materials obtained after 
merging the TGA and XPS analyses. We observe a reduction 
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Figure 2:   Raman spectra of plasma-precipitated α-MnO2 (a) and γ-MnO2 (b) before and after calcination; IR spectra of plasma-precipitated α-MnO2 (c) 
and γ-MnO2 (d) before and after calcination.
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of structural or crystallized water within each MnO2 with the 
increase of calcination temperature. Heating of both MnO2 at 
different temperatures does not significantly affect the chem-
isorbed oxygen density Oα (O2

2−, O−, HO−) in binding energy 
range 531.3–531.8 eV [44, 49], and lattice oxygen density Oβ 
(O2−) in the binding energy 529.7–530.1 eV, and hence the Oα/
Oβ (the density of oxygen vacant sites) ratio. Otherwise, rear-
rangement of octahedra within γ-MnO2 during its conversion 
to β-MnO2 after heating at 400 °C [Fig. 1(b)] does not affect 
its oxygen (lattice and chemisorbed), contrary to what was 

expected. The oxygen contribution related to contamination 
carbon (Oγ) falling in the range 532.4–533.2 eV, was calculated 
from the corresponding contributions found in the C1s signal 
[20]. But, we focused our attention on chemisorbed and lattice 
oxygens.

Textural and morphological analyses

The adsorption–desorption isotherms of both plasma-precipi-
tated MnO2 before and after calcination are depicted on Fig. 3. 
In all cases type IV isotherms with a hysteresis loop are observed 

TABLE 1:   XPS data of plasma-
precipitated MnO2 before and after 
calcination.

Material AOS (Mn) %K %C %Mn %Oγ %Oα %Oβ Oα/Oβ

α-MnO2 3.61 1.0 21.8 23.1 4.9 6.8 42.4 0.16

α-MnO2 150.3H 3.60 1.0 26.5 20.8 5.2 7.3 39.2 0.19

α-MnO2 210.3H 3.51 0.7 28.7 19.4 3.8 8.8 38.6 0.23

α-MnO2 400.3H 3.54 1.0 27.1 20.8 4.4 6.8 39.9 0.17

γ-MnO2 3.53 0 32.0 20.0 5.7 6.6 35.7 0.18

γ-MnO2 150.3H 3.43 0 25.5 20.6 6.5 11.7 35.7 0.33

γ-MnO2 210.3H 3.48 0 29.1 19.6 6.1 8.6 36.6 0.23

γ-MnO2 400.3H = β-MnO2 3.64 0 28.0 20.0 5.3 7.0 39.7 0.18
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Figure 3:   Adsorption–desorption isotherms of both plasma-precipitated α-MnO2 (a) and γ-MnO2 (b) before and after calcination; SEM images (× 37,000) 
of α-MnO2 (c), γ-MnO2 (d) before/after treatment calcination.
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typical of mesoporous materials [50]. The increase in the calci-
nation temperature of α-MnO2 revealed a shift of the hysteresis 
loop towards high relative pressures [Fig. 3(a)], which indicates 
that capillary decondensation happens within larger pores. The 
pores diameter distribution of α-MnO2 (Fig. S2a) shows an 
enlargement and a shift of the main peak towards higher diam-
eters when the calcination temperature increases. This could 
be ascribed to the evolution of α-MnO2 external mesoporosity 
towards macroporosity and could reveal an agglomeration of 
nanorods to larger particles during the calcination. On the other 
hand, the calcination of γ-MnO2 revealed that the position of the 
two maxima at 15 and 35 nm remained unchanged (Fig. S2b), 
which corroborates a stable position of the hysteresis loop after 
calcination at the different temperatures [Fig. 3(b)]. Otherwise, 
the peak at 15 nm could be ascribed to the external mesoporos-
ity between small nanospheres, while the one at 35 nm to the 
external mesoporosity between large nanospheres [Fig. 3(d)]. 
Table 2 summarizes the textural data of the different materi-
als. We recorded a decrease in the specific surface area of both 
plasma-precipitated MnO2, which is due to the described evolu-
tion of the pores when increasing the calcination temperature 
[51]. This decrease of the specific surface area is less important 
for α-MnO2 than γ-MnO2, which could be explained thanks to 
the presence of K+ within α-MnO2, protecting the lattice oxygen 
Oβ during the calcination as can be seen in Table 1. This result 
highlights the fact that the evolution of pore size during calcina-
tion of both MnO2, strongly depends on its morphology (Fig. 3). 
Therefore, textural properties of γ-MnO2 are more affected than 
those of α-MnO2 after calcination.

Figure 3 also shows SEM images of both fresh plasma-
precipitated and calcined MnO2. Morphology of α-MnO2 
polymorph is not affected after calcination at 150 and 210 °C 
[Fig. 3(c)]. On the other hand, calcination at 400 °C induces 
a merging of nanorods to agglomerates with a diameter range 
of 50–100 nm and length range of 50–300 nm. The significant 
increase in diameter after heating of α-MnO2 at 400 °C is in 
accordance with the increase of pores diameter as revealed by 

nitrogen physisorption analysis (Table 2). However, no signifi-
cant change of morphology is recorded after heating of γ-MnO2 
nanospheres [Fig. 3(d)] up to 400 °C. This fact agrees with the 
non-modified peaks at 15 and 35 nm in the pore diameter dis-
tribution of this series of samples (Fig. S2b).

Catalytic tests

To assess the impact of the initial pH of the solution on the cata-
lytic bleaching process of TY, knowing its importance during the 
adsorption step of the pollutant, catalytic treatment of TY has 
been performed at different initial pH with plasma-synthesized 
α-MnO2 not-calcined as catalyst. Results depicted on figure S3, 
show an increase of the bleaching efficiency of TY with decrease 
of the initial pH of the solution. This efficiency could be attrib-
uted to the acid–base properties in solution of plasma-precipi-
tated α-MnO2. At pH > ZPC (Zero-point charge of MnO2 ~ 4.4) 
[20], the catalyst is negatively charged, and electrostatic repul-
sion is assumed between the catalyst and the sulfonate functions 
of the pollutant (negatively charged, Fig. S4), resulting in inef-
ficiency of the catalytic process. At contrary, at pH < ZPC, an 
electrostatic attraction is assumed between the negative charges 
of the pollutant and the positive charges of the catalyst, thus a 
strong adsorption between the two entities, and consequently 
a significant catalytic bleaching of TY. If we consider the range 
time between 0 and 45 min as the adsorption phase (first step 
of the catalytic process), we could observe at pH  2.5, a high-
est adsorption degree (83%) compared to those obtained at pH 
values of 3.0 (21%), 3.5 (9%) and 5.0 (0%). Based on this, pH  2.5 
is the best and will be used for the rest of study. Following the 
evolution of the catalytic bleaching degree with reaction time 
(Fig. S3), a complete bleaching of TY (100%) is reached after 
180 min, even if we can observe a leveling of the curve (low 
variation) from 100 min. Hence, the following catalytic tests 
have been performed at pH  2.5 and 180 min as reaction time.

However, the degradation of TY after adsorption phase 
has already been elucidated in our previous publication 
[19], where we analysed the catalyst after TY treatment 
via FTIR analysis, knowing that in the case of an adsorp-
tion process only, the pollutants absorption band should 
appear on the IR spectrum of the catalyst after treatment, 
which was not the case [20]. Moreover, to deeply show that 
the removal of TY in solution is not limited to the adsorp-
tion process, we carried out some analysis, such as UV–vis, 
Chemical demand oxygen (COD), High performance liquid 
chromatography (HPLC), on the withdrawn solution after 
catalytic bleaching of TY, which reinforced the previous 
discussion, even if we did not have possibility to identity 
generated by-products [20]. As we can see through Table 1, 
all plasma-precipitated MnO2 (calcined or not) have Mn 
in mixed valence Mn (III, IV), following their respective 

TABLE 2:   Textural data of different materials.

Material
Specific surface 

area (m2/g)
Pores diam-

eter (nm)

Pores 
volume 
(cm3/g)

α-MnO2 98 12 0.33

α-MnO2.150.3H 90 14 0.34

α-MnO2.210.3H 88 14 0.34

α-MnO2.400.3H 85 17 0.41

γ-MnO2 48 29 0.34

γ-MnO2.150.3H 38 23 0.24

γ-MnO2.210.3H 35 21 0.22

γ-MnO2.400.3H = β-MnO2 22 25 0.22
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average oxidation state (AOS) values. This generates struc-
tural defects or oxygen vacant sites (activation sites) able to 
interact with water via dissociation producing HO· species. 
On the other hand, electrons produced during the colli-
sion of particles under magnetic stirring, will react with 
dissolved oxygen to generate HO2 species [20]. Both radi-
cals, are susceptible to mineralize TY molecule in solution 
through mechanism depicted on Figure S5. [19] elucidate 
the production of HO· species using hydroxyls scavengers 
such as KI and n-butanol [20].

Figure 4 shows the impact of the calcination temperature on 
the catalytic activity of the plasma-precipitated MnO2. A slight 
decrease in the bleaching efficiency of TY on α-MnO2 occurs 
when its calcination temperature rises [Fig. 4(a)], in agreement 
with the diminution of its specific surface area after calcination 
(Table 2). The linear relationship between them suggests that 
the loss of activity is only due to the loss of specific surface area 
and not to any structural event. This could be ascribed to the 
consolidation of the α-MnO2 crystalline structure by the pres-
ence of K within the large 4.6 Å × 4.6 Å tunnels. At the opposite 
an increase in calcination temperature of γ-MnO2 provokes two 
significant decreases of the TY bleaching efficiency [Fig. 4(b)]. 
The first one occurs after heating of γ-MnO2 at 150 °C which 
is in accordance with the drop of its specific surface area after 
calcination (Table 2). The second one occurs after heating of 
γ-MnO2 at 400 °C which could be ascribed to two facts: in addi-
tion to the drop of the specific surface area, the smaller tunnels 
2.3 Å × 2.3 Å of β-MnO2 polymorph (γ-MnO2.400 °C.3H, mate-
rial obtained after heating of γ-MnO2 at 400 °C) reduce the pos-
sibility of catalytic oxidation of TY to occur within its tunnels, 
explaining the significant decrease of the catalytic bleaching. 
These results show the relationship between the crystalline and 
activity stabilities of plasma-precipitated MnO2.

Stability of plasma‑precipitated MnO2 after catalytic 
bleaching of Tartrazine yellow

Characterization of fresh and used catalysts

The stability of the two polymorphs during catalytic treatment 
was also studied. Figure 5a shows XRD patterns of plasma-
precipitated α-MnO2 and γ-MnO2 before and after use. The 
α-MnO2 patterns before and after bleaching of TY show the 
same diffraction peaks. For γ-MnO2, the diffraction peaks 
slightly decrease in intensity, and diffraction peaks at 34.9° 
(031) and 62.6° (401) totally disappeared after the bleaching of 
TY. The α-MnO2 polymorph reveals higher crystalline stabil-
ity than γ-MnO2 polymorph during the bleaching of TY. This 
again could be ascribed to the presence of the K+ ions within 
4.6 Å × 4.6 Å tunnels of α-MnO2 as compared to γ-MnO2 for 
which those ions are absent. Moreover, the leaching test of both 
catalysts during the bleaching of TY has been explored (Fig. S6). 
Both materials underwent a weak release of Mn in the medium 
likely because of its strong acidity (pH 2.5) which was favour-
able to the acid attack of the oxide. Nevertheless, the α-MnO2 
polymorph was less leached than γ-MnO2, in line with its higher 
crystalline stability as previously understood by XRD [Fig. 5(a)]. 
It is also worthy to point that the release of Mn took place only 
during the five first minutes of the test, and then stabilization 
is observed.

The IR spectra of the pollutant TY, those of each catalyst, 
before and after bleaching, are depicted in figure S7. There is 
no pollutant absorption band on the spectra of any catalysts 
after bleaching test. This allows discarding the hypothesis of 
the disappearance of TY along the test could be due to its 
simple adsorption on both catalysts surfaces. In contrast, a 
disappearance of the absorption band at 1382 cm−1 on the 
α-MnO2 spectrum after treatment (Fig. S6a) could illustrate 
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Figure 4:   Bleaching evolution of TY (T* = 180 min, pH  2.5) with plasma-precipitated α-MnO2 (a) and γ-MnO2 (b) before and after calcination.
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the removal of (chemisorbed or crystallized) water within the 
4.6 Å × 4.6 Å and 2.3 Å × 2.3 Å tunnels that exists in that poly-
morph [52], and which would be induced by the adsorption 
of the pollutant at its place.

Figure S8 depicts XPS surveys spectra of plasma-pre-
cipitated MnO2 before and after the catalytic bleaching of 
TY. There is a decrease in peak intensity of K (Fig. S8a,b), 
which could be due to the gradual removal of K within the 
4.6 Å × 4.6 Å tunnels of α-MnO2 [53] after treatment. FTIR 
and XPS surveys spectra of both catalysts after catalytic 
bleaching of TY did not reveal any presence of pollutant, 
and deeply confirm the degradation of TY after adsorption 
phase. Table S2 summarizes the XPS data of the different 
materials. A diminution of the Mn average oxidation state 
(AOS) in each catalyst is observed. This could be ascribed 
to the presence of small amount of Mn2+ or an increase of 
the Mn3+ amount in each catalyst after the slight leaching of 
both materials [54]. There is also a slight decrease in lattice 
oxygen density Oβ within α-MnO2 after catalytic bleaching of 
TY, which could illustrate the participation of some oxygens 
during the catalytic process. On the other hand, an increase of 
chemisorbed oxygen density Oα is recorded in both catalysts, 
which could be due to the oxygen fixation from the aque-
ous medium. Figure 5b represents the adsorption–desorption 
isotherms and pores diameter distribution of the tested mate-
rials, which show a hysteresis loop and type IV, characteris-
tic of mesoporous solids [52]. A slight shift of the hysteresis 
loop towards high relative pressures is also observed, which 
means an augmentation of the pores size after bleaching of 
TY with each MnO2. Table 3 shows the textural data of both 
catalysts, before and after bleaching test of TY, which reveals 
a drop of their specific surface area. Figure S7 shows the SEM 
images of both catalysts before and after treatment of TY. No 

change of morphology is recorded after the bleaching of TY 
with α-MnO2 nanorods (Fig. S9a,b) and γ-MnO2 nanospheres 
(Fig. S9c,d).

Reuse of both catalysts after the first catalytic test

In our previous studies [20], we reported a quasi-constant cata-
lytic activity of the α-MnO2 polymorph obtained via gliding 
arc plasma-reduction of KMnO4, due to the consolidation of 
its crystalline structure thanks to the presence of K within its 
4.6 Å × 4.6 Å tunnels, and this despite a decrease of its specific 
surface area after the first cycle [20]. This behavior is confirmed 
in the present study (Table 3). However, we did not compare 
yet this behavior with a MnO2 polymorph without any cati-
onic species within its crystalline structure. Therefore, Fig. 6 
depicts the respective evolution of the catalytic bleaching of TY 
after 4 cycles (T* = 180 min) with plasma-precipitated α-MnO2 
[Fig. 6(a)] [20] and with γ-MnO2 which does not contain any 
cationic species [Fig. 6(b)], as catalysts. In contrast to α-MnO2, 
γ-MnO2 revealed a diminution of the catalytic bleaching of TY 
after the first cycle, which corroborates a decrease in its specific 
surface area (Table 3). However, the amorphicity of γ-MnO2 
after treatment [Fig. 5(a)] could also explain its activity loss after 
the first cycle. Uematsu et al. showed that α-MnO2 can efficiently 
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Figure 5:   (a) XRD patterns, (b) Adsorption–desorption isotherms and pores size distribution of fresh and used plasma-precipitated α-MnO2 and γ-MnO2.

TABLE 3:   Textural data of different materials before and after catalytic 
test.

Catalyst
Specific surface 

area (m2/g)
Pores diameter 

(nm)

Pores 
volume 
(cm3/g)

α-MnO2 Before 98 12 0.33

α-MnO2 After 80 15 0.31

γ-MnO2 Before 48 29 0.33

γ-MnO2 After 36 23 0.23
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be reused as catalyst for the aerobic oxygenation of sulfur to 
sulfoxides during 4 cycles. Indeed, this polymorph has a greater 
catalytic stability, compared to γ-MnO2, β-MnO2, and δ-MnO2 
polymorphs [55]. Additionally, Liu et al. reported that α-MnO2 
prepared via the hydrothermal route, can be reused for 3 cycles 
during the Rhodamine B degradation [56]. In contrast, Fathy 
et al. established that γ-MnO2/MWCNT nanocomposites, used 
as catalysts for the Reactive Blue 19 oxidation, have their activ-
ity decreased after the first cycle, and this diminution is more 
pronounced after 4 cycles [57]. This means that the insertion 
of cationic species into MnO2 crystalline structure during its 
synthesis via plasma glidarc route could allow a high stability of 
its structure and activity.

To gain deeper insights into this, we have by purpose 
inserted some cations within MnO2 structure during its syn-
thesis. This consisted in precipitating KMnO4, NaMnO4 and 
Mg(MnO4)2 solutions (700 mg/L) via their reduction along the 

gliding arc plasma route. Afterwards, the three obtained materi-
als were used as catalyst during four catalytic bleaching cycles 
of TY. Table S3 shows the three plasma-precipitated MnO2, 
with the inserted cationic species (Na+, Mg2+ and K+). A quasi-
stable activity of the three modified MnO2 as catalysts during 
four catalytic cycles was observed (Fig. 7). This result further 
highlights the positive impact of the cationic insertion within 
plasma-precipitated MnO2 on its activity. The efficiency of cata-
lytic bleaching process of TY, due to cationic species doping 
material, could be explained following two aspects. (i) Firstly, 
insertion of cationic species within the tunnel of MnO2 gener-
ates oxygen vacant sites (activation sites), which will interact 
with water and dissolved oxygen (without adding of H2O2), 
producing powerful oxidizing species such as HO· and HO2· 
radicals. (ii) Secondly, the cationic doping, allows the stabiliza-
tion of the crystalline structure of the catalyst during calcination 
and many reuse tests (catalytic cycles).
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Figure 6:   Use of plasma-precipitated α-MnO2 (a) and γ-MnO2 (b) for 4 catalytic cycles (T* = 180 min, pH  2.5).
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Conclusion
The plasma-precipitated α-MnO2 nanorods showed a higher 
crystalline stability than the γ-MnO2 nanospheres after calcina-
tion at high temperature. We recorded a greater catalytic stability 
of α-MnO2 than γ-MnO2, despite their both decrease of specific 
surface areas after calcination at different temperatures. Other-
wise, plasma-precipitated α-MnO2 shows a greater crystalline 
and catalytic stability than γ-MnO2, during the catalytic bleach-
ing of Tartrazine Yellow (TY). Modification of MnO2 structure 
through the insertion of cationic species during its synthesis 
by gliding arc plasma leads to the stability of its structure and 
activity. Therefore, this work highlights the relationship between 
crystalline structure and catalytic stabilities of plasma-precipi-
tated MnO2. Gliding arc plasma appears as an innovative route 
allowing the stabilization of MnO2 structure and activity via 
some cationic species during its synthesis without adding any 
reactant as is the case with the classical methods.

Material and methods
Synthesis procedure

KMnO4 (97% wt), Mn(CH3COO)3.2H2O (97% wt), Mg(MnO4)2 
and NaMnO4 (40% wt in H2O) were purchased from SIGMA-
ALDRICH. Preparation of the precursors solutions consisted 
to dissolving 1.4 g of KMnO4 in 2L of de-ionized water, and 1 g 
of Mn(CH3COO)3.2H2O in 500 mL of a mixture of acetic acid 
(95% wt) and de-ionized water (ratio 1/21). The target solu-
tions of KMnO4 (450 mL, 700 mg/L), and Mn(CH3COO)3.2H2O 
(450 mL, 2000 mg/L) were then exposed to the plasma discharge 
(Fig. S10) previously described [16], during 28 and 15 min, 
respectively, both at ambient conditions and under magnetic 
stirring. Brown-black precipitates were obtained after the 
respective exposures and recovered by simple filtration. Then, 
they were washed with de-ionized water, and dried at 105 °C 
under air. The plasma-precipitated materials were heated under 
air in an oven for 3 h at 150 °C, 210 °C and 400 °C.

Characterization techniques

X-ray diffraction patterns of the different materials were 
recorded between 5 and 80° at the rate of 0.5°/ min with an 
increment of 0.02° and an integration time of 2 s using a Kristal-
lofex SIEMENS D5000 diffractometer, operating at 40 kV and 
40 mA, with Cu Kα radiation (1.5418 Å). The powdered sam-
ples were deposited on zero noise polished Si sample holders 
previously cleaned and slightly impregnated with handcream. 
The ICDD-JCPDS database was used to identify the crystalline 
phases. Raman spectroscopy analysis was carried out on 2 mg 
of sample using a Bruker RFS 100IS, equipped with a 532 nm 

excitation laser (10 mW), and working with 4 cm−1 as resolu-
tion. Raman spectra were collected after 5 scans using a confocal 
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 transmission mode after 
100 scans, at a resolution of 4 cm−1, employing an Equinox IFS55 
spectrometer (Bruker), equipped with a DTGS detector. The pel-
lets were made by diluting the samples 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. Atmos-
pheric air spectrum has been used as a reference. Thermogravi-
metric analysis was performed on a thermo-analyzer Mettler 
Toledo TGA/SDTA 851 TA Instruments SDT 2960, under air 
(100 mL/min) in the temperature range from 25 to 900 °C, at 
a heating rate of 10 °C/min. X-ray photoelectron spectroscopy 
was carried out using SSX 100/206 photoelectron spectrometer 
from Surface Science Instruments (USA) equipped with a 30° 
solid acceptance lens, a hemispherical analyser, and a mono-
chromatic source of Al Kα (1486.6 eV) operated at 15 kV and 
10 mA, at a pressure of about 10–6 Pa within the analysis cham-
ber. The angle between the surface normal and the axis of the 
analyser lens was 55°. The analysed area was approximately 1.4 
mm2 and the pass energy was set at 150 eV. In these conditions, 
the full width at half maximum (FWHM) of the Au 4f7/2 peak of 
a clean gold standard sample was about 1.6 eV. A flood gun set at 
8 eV and a nickel (Ni) grid placed 3 mm above the sample sur-
face 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 under vacuum (10–5 Pa) for 24 h to 
remove the physisorbed compounds. The binding energy range 
was calibrated taking the carbon C1s peak fixed at 284.8 eV 
(aliphatic component of carbon contamination), as reference. 
The atomic ratios were obtained using a normalized peak area 
based on the acquisition parameters and experimental sensitiv-
ity factors provided by the manufacturer. The Mn2p region was 
used to quantify Mn proportion. While those of lattice oxygen 
(structural) and chemisorbed oxygen (surface) were decompos-
ing the O1s signal after deducing the oxygen-related to carbon 
contamination. The average oxidation state (AOS) of Mn was 
determined using the shift of the Mn3s binding energy [58, 59], 
following Eq. 1, where ΔEs represents the shift of the binding 
energy between Mn3s and its satellite [60].

Nitrogen physisorption was carried out at -196 °C using 
a Micromeritics Tristar 3000 in the relative pressure range 
[10–6-0.99]. Before analysis, 150 mg of sample was outgassed 
at 150 °C for 12 h, under primary vacuum. The specific sur-
face area and pore size distribution were calculated using 
Brunauer–Emmett–Teller (BET) equation in the 0.05–0.30 P/

(1)AOS = 8.956−1.126�Es
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P0 range and the Barrett-Joyner-Halenda (BJH) method, respec-
tively. Error on the specific surface area was determined by cal-
culating the standard deviation on a series of values related to 3 
analyses of the same sample. The morphology was investigated 
using a LEO 983 GEMINI scanning electron microscope oper-
ated at an acceleration voltage between 10 and 15 kV, depend-
ing on the sample. Before analysis, the samples were metalized 
under an argon atmosphere with a layer about 15 nm thick of 
chromium.

Catalytic test, recovery, and reuse of catalyst

All the tests were carried out using Tartrazine Yellow (TY) as a 
representative azoic organic dye (Fig. S4), which is employed in 
many industries such as food, medicine, and cosmetics manu-
facturing, and often found in their wastewaters [61].

Standard catalytic tests were performed in a batch reactor in 
the absence of light by wrapping the reactor using aluminium 
foil, and at room temperature (~ 25 °C), with dissolved oxygen as 
oxidizing agent [20]. The tests consisted in introducing 100 mL 
of TY solution (20 mg/L) into the reactor, then adjusting the pH 
solution to 2.5 using H2SO4 (0.1 M) and adding 50 mg of catalyst 
under magnetic stirring. About 2 mL of the reaction medium 
was withdrawn using a syringe, at defined time intervals, and 
then filtrated. The residual concentration of TY was analysed at 
425 nm with a GENESYS 10S spectrophotometer, through a cali-
bration absorbance-concentration curve. The bleaching degree 
(%D) was calculated using Eq. 2, where C0 and Ct, respectively, 
represent initial and residual concentrations of TY at defined 
times. All these tests were carried out in a dark environment.

All the catalysts recovered after each test were characterized 
by XRD, FTIR, XPS, nitrogen physisorption analysis, and SEM, 
as described above. The reusability of the samples was carried 
out for 4 catalytic cycles.
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