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Abstract
The evolution of the morphology, crystalline structure, and textural properties of α-MnO2 nanorods, which were obtained after reduction of a KMnO4 solution via gliding arc plasma process, have been followed along their ageing under temporal post-discharge conditions. When aged at 25°C a partial transformation of α-MnO2 (cryptomelane) to γ-MnO2 (nsutite) occurred with an increase of specific surface area from 98 to 141 m2/g. In parallel, the starting nanorods were converted to nanoneedles after 24 and 48 hours, and into nanosheets after 72 hours. These transformations are ascribed to the evolution of maturation process of crystallites, thanks to post-discharge species (H2O2, HOONO,…). At the opposite, ageing at 100°C induced a remarkable transformation of α-MnO2 to γ-MnO2 with a decrease of specific surface area from 98 to 35 m2/g after 3 hours, which was in line with the observed agglomeration of nanorods. Finally, whereas a longer ageing at 100°C provoked an activity diminution of the material, an augmentation of activity of plasma-synthesized α-MnO2 was recorded when implementing ageing at 25°C.
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1. Introduction 
The 21st century mankind has several big challenges, like controlling gas emission, dealing with chemical processes for depollution, etc. Manganese oxides are of considerable interest due to their attractive physical and chemical properties. Among them, MnO2 is an appealing material, because of its interesting applications in molecular adsorption, ion exchange, as a biosensor, energy storage within batteries, and particularly, in heterogeneous catalysis and photocatalysis [1-5]. Moreover, its cost is low, and it is a component with low toxicity and environmentally friendly [3, 6]. Thereby, the controlled synthesis of MnO2 nanomaterial becomes of great importance for concrete applications [7]. Davis et al. for example show that the physicochemical behaviour of MnO2 highly depends on its structure, texture, and morphology [8]. Thus, many synthesis approaches of MnO2 have been used including co-precipitation, thermal decomposition, electrochemical deposition, sol-gel and hydrothermal ageing [9-12]. These techniques require long synthesis times, high temperatures and pressures, and in some cases the addition of surfactants. Consequently, innovative synthesis processes of metal oxides, which operate at atmospheric pressure and ambient temperature have been developed; for instance plasma glidarc [13]. This process generates reactive primary species such as HO· and NO· radicals (Eqs 1, 2, 4), and secondary species including H2O2, HOONO, HNO2 (Eqs 8-12) that are able to participate, respectively, in the in situ and temporal post-discharge reactions [13-16]. Tiya et al. reported that the crystallinity and specific surface area of FeOOH nanostructures prepared via plasmachemical oxidation of Fe2+ solution increase with the ageing time in temporal post-discharge plasma [17]. Moussa et al. established an evolution of the degradation process of Orange Methyl in temporal post-discharge after 2 min exposure of the latter to gliding arc plasma discharge [18]. Thus, could post-discharge reactions influence the physicochemical properties of the precipitate obtained after exposing the KMnO4 solution to the plasma glidarc? This is the question on which our study focussed. Pan et al. established that the ageing of MnO2 nanomaterial obtained via hydrothermal method, significantly affects its morphology, texture, and crystalline structure [19]. Subramanian et al. revealed a crystalline structure and morphology evolution, with an increase of specific surface area of α-MnO2 nanostructures that were obtained by hydrothermal process followed by an extension of the synthesis time [20]. 
Boyom et al. showed that nanorods of α-MnO2 can successfully be prepared through gliding arc plasma reduction of KMnO4 solution thanks to NO· radicals generated [21]. Recently, Boyom et al. also showed on the one hand that nanospheres of γ-MnO2 could successfully be prepared through gliding arc plasma oxidation of Mn3+ solution thanks to HO· radicals generated, and on the other hand that change of the plasma parameters such as voltage or airflow led to another polymorph, morphology and significant increase of specific surface area [22]. In the present work, we explored the influence that temporal post-discharge plasma (glidarc type) species as H2O2, HOONO, HNO2, could have on the structure, texture and morphology of precipitates obtained through plasmachemical reduction of KMnO4 solution. Afterwards, the catalytic, photocatalytic (applying solar light in presence of the catalyst), and plasmacatalytic (applying the gliding arc plasma discharge in presence of the catalyst) activities of different materials have been measured in the bleaching of Tartrazine Yellow, chosen as a typical model organic pollutant present in industrial wastewater.

2. Experimental strategy.
2.1. Gliding arc plasma as synthesis device.

Figure 1 represents the experimental synthesis device. Briefly, the feeding gas (H2O, N2, O2) is supplied (800 L/h) by an air compressor. This air flows through a bubbler containing de-ionized water, where it is humidified before being injected along the aluminium electrodes through a nozzle. The electrodes are connected to a high voltage transformer (AC 220V/10 kV-1A) which delivers a mean current intensity of 160 mA (600 V, 100 W) in operating conditions. An electric arc is formed at the smallest electrodes gap, when the high voltage is applied. This arc is pushed away by the flow of air (800 L/h) from the nozzle and glides along the electrodes, until it collapses. A new arc is then formed, and the cycle restarts as a large plasma plume which in our experiments is put in contact with the liquid surface (see 2.2).
[image: image5.emf]
Fig.1: Scheme of the gliding arc plasma set-up and description of the species generated in temporal post-discharge plasma.
Table1: Values of some parameters in the gliding arc plasma reactor.

	Nozzle diameter
	Electrodes gap
	Electrodes length
	Electrodes-Target gap

	1 mm
	2 mm
	6 cm
	2.5 cm


2.2. Synthesis and ageing procedures.

KMnO4 (98%) was purchased from SIGMA. The target solutions of KMnO4 (450 mL, 700 mg/L) were exposed to plasma discharge under magnetic stirring, until complete precipitation (28 min). The brown-black precipitate obtained was recovered by simple filtration, washed several times with de-ionized water, and dried in an oven under air at 105°C. The plasmachemical reduction of KMnO4 by NO· radicals in acidic medium is described in the equation 5 [21]. The effect of the temporal post-discharge reactions (Eq. 9-13) [13-16] was studied by recovering the brown-black precipitate generated using a beaker, after stopping the plasma discharge. Then, it was aged, firstly at ambient temperature (~25°C) for 24, 48 and 72 hours, and, secondly, at 100°C, using a boiling water bath for 1, 2 and 3 hours. The not-aged reference material was named MnO2, and those aged have been named MnO2.t.T, where t and T represent the ageing time and temperature, respectively. 
H2O + e- → H· + HO· + e-                                                                                            (1)      H2O + e- → H+ + HO· + 2e-                                                                                          (2) O2 + e- → 2O· + e-                                                                                                         (3) N2 + O· → NO· + N·                                                                                                     (4)  

KMnO4 + NO· → MnO2 + NO3- + K+                                                                          (5)

H· + NO· → N· + HO·                                                                                                  (6)    O2 + e- → O2·-                                                                                                               (7) O2·- + H+ → HO2·                                                                                                         (8) HO· + HO· → H2O2                                                                                                      (9) HO· + NO· → HONO                                                                                                 (10)   HO2· + NO· → HOONO                                                                                            (11) NO· + O· → NO2                                                                                                        (12)  HO· + NO2 → HNO3                                                                                                  (13)
2.3. Characterization techniques.
X-ray diffraction patterns of the different materials were recorded between 5 and 80° at the rate of 0.6°/ min with an increment of 0.02° and an integration time of 2s using a Kristalloflex SIEMENS D5000 diffractometer, operating at 40 kV and 40 mA, with the Cu Kα radiation (0.15418 nm). The powdered samples were deposited on disks slightly impregnated with handcream. The ICDD-JCPDS database was used to identify the crystalline phases. The approximate crystallite size (d) of each material has been evaluated using Scherrer’s equation. Raman spectroscopy was carried out using a Bruker RFS 100IS, equipped with a 532 nm excitation laser (10 mW), and working with 4 cm-1 as resolution. 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 15s. Fourier transform infrared spectroscopy was recorded in transmission mode after 100 scans, at a resolution of 4 cm-1, with an Equinox IFS55 spectrometer (Bruker) equipped with a DTGS detector. The pellets 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 minutes. Atmospheric air spectrum has been used as a reference and subtracted from the showed spectra. Thermogravimetric analysis was performed on a thermo-analyzer Mettler Toledo TGA/SDTA 851 TA Instruments SDT 2960, in 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 an Axis Ultra (Kratos Analytical) spectrometer equipped with a 30° solid acceptance lens, a hemispherical analyser, and a monochromatic source of Al Kα (1486.6 eV) operated at 15 kV and 10 mA. The pressure within the analysis chamber was about 10-6 Pa. 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 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 under vacuum (10-5 Pa) for 24 hours in order to remove the physisorbed compounds. The binding energy scale was calibrated taking the carbon C1s peak fixed at 284.8 eV (aliphatic component of carbon contamination) as reference. Atomic ratios were obtained using peak areas normalized on the basis of acquisition parameters and experimental sensitivity factors provided by the manufacturer. The Mn2p region was used to quantify Mn proportion. While, proportions of lattice oxygen (structural, Oβ) and chemisorbed oxygen (surface, Oα) were obtained from decomposing the O1s signal after deducing the oxygen-related to contamination carbon. The Mn average oxidation state (AOS) was determined using the shift of the Mn3s binding energy [23, 24], following equation 14 [25].



AOS = 8.956 – 1.126 ΔEs




      

  (14)

Where ΔEs represents the shift of the binding energy between Mn3s and its satellite.

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 hours under primary vacuum. The specific surface area and pore size distribution were calculated using Brunauer-Emmett-Teller (BET) equation in the 0.05-0.30 P/P0 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 morphology 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 metallized under argon atmosphere with an about 15 nm thick layer of chromium.
2.4. Bleaching processes of Tartrazin Yellow dye.
All the tests were carried out using Tartrazine Yellow (TY) as a representative azoic organic dye (Fig.S1), which is employed in many industries such as food, medicine, and cosmetics manufacturing, and often found in their wastewaters. 

Standard catalytic tests were carried out 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. The tests consisted in introducing 100 mL of TY solution (20 mg/L) into the reactor, then adjusting the solution pH to 2.5 using H2SO4 (0.1M) or NaOH (0.1M) and adding 50 mg of catalyst under magnetic stirring. At defined time intervals, about 2 mL of the reaction medium were withdrawn using a syringe, and then filtrated. The residual concentration of TY was analysed at 425 nm with a GENESYS 10S Vis spectrophotometer. The bleaching degree (%D) was calculated using equation 15, where C0 and Ct represent initial concentration of TY and residual one at defined times. 
             %D = [(C0 - Ct) / C0] [image: image2.png]


 100                                                                                       (15)

The photocatalytic experiments were performed exactly as the standard tests, but 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 in Cameroon in the summer season (between January and March) 2015, within a batch reactor exposed to solar light, whose average intensity measured using a digital lightmeter is 4 kWh/m2, with an error of 5%.

The plasmacatalytic tests were carried out by using the MnO2 catalysts under the gliding arc plasma plume. This consisted in introducing 450 mL of TY (40 mg/L, pH=3) into the plasma reactor, then adding 450 mg of catalyst, and initiating the glidarc (and thus the reaction) under magnetic stirring at room temperature. The choice of pH=3 during plasmacatalytic tests compared to pH=2.5 during the catalytic and photocatalytic tests is justified by the fact that the pH of the solution decreases during plasma treatment [17, 18, 21], which suggested the interest to start these tests with slightly higher pH. After defined times, the electric discharge is stopped; the solution was recovered, filtrated, and the residual concentration of TY was measured.
3. Results and discussion.
3.1. X-ray diffraction and Raman spectroscopy.
Figure 2 shows the diffraction patterns of the plasma-synthesized material before and after its ageing, firstly, at ambient temperature (~25°C) for 24, 48 and 72 hours (Fig.2a), and secondly, at 100°C for 1, 2 and 3 hours (Fig.2b). The not-aged material shows the diffraction peaks at 12.8°, 18,1°, 28.4°, 37.5°, 42.1°, 50°, 56.3°, 60.2°, 65.5°, 68°, and 73.4°, which are indexed to α-MnO2 called cryptomelane (JCPDS 44-0141) [26]. An increase of the ageing time at both temperatures (Fig.2) induced, on the one hand, the appearance of a new peak at 22° and the decrease of the peaks intensity at 12.8°, 18.1° and 28.4°. On the other hand, a peak enlargement occurred at 37.5°, 42.1°, 56.3° and 65.5°, which attests the presence of γ-MnO2 called nsutite (JCPDS 14-0644) [27, 28]. Therefore, two polymorphs, α-MnO2 and γ-MnO2, are formed after ageing the reference material at different times, for both temperatures. These results illustrate a gradual transformation of α-MnO2 polymorph to γ-MnO2 polymorph (Fig.3), which is more evident at 100°C (Fig.2a) than at 25°C (Fig.2b). Thus, transformation of α-MnO2 to γ-MnO2 differs, depending on the ageing temperature in temporal post-discharge plasma. This transformation could be ascribed to a maturation process of the initially nucleated crystallites induced by the secondary species (H2O2, HOONO,…) generated in temporal post-discharge plasma [14, 15, 16]. The crystallites size obtained from the main peak (211) at 37.5° decreases from 13 to 6 nm after 72 hours of ageing at 25°C, and from 13 to 7 nm after 3 hours of ageing at 100°C. Scherrer equation could have been applied to both distinct polymorphs to follow comparatively their respective evolution of crystals size during ageing. However, there is no non-overlapped peaks sufficiently intense to follow the evolution of the crystallite size of both phases individually.
[image: image6.emf]
Fig.2: X-ray diffraction patterns of plasma-synthesized MnO2 before and after ageing at (a) 25°C, (b) 100°C.
[image: image7.png]



Fig.3: Conversion of α-MnO2 tunnels to γ-MnO2 tunnels during ageing of plasma-synthesized MnO2. Yellow balls: (K+ and H2O); Red balls (H2O, HO-).

Figure 4 represents the Raman spectra of not-aged materials and aged ones at 25°C (Fig.4a), and at 100°C (Fig.4b). A significant intensity decrease of the band at 571 cm-1 occurred after ageing at both temperatures. This change is ascribed to the displacement of the oxygen atoms linked to Mn along the double octahedron chain of α-MnO2, which attests its gradual conversion [29]. Furthermore, the growing presence of the band at 637 cm-1 after ageing at both temperatures is ascribed to the formation of the γ-MnO2 polymorph [30, 31, 32]. Moreover, the more abrupt disappearance of the band at 571 cm-1 on the spectra after ageing at 100°C (Fig.4b) further demonstrates the more marked transformation of α-MnO2 to γ-MnO2 at 100°C compared to what happens at 25°C (Fig.4a), where we recorded only a progressive disappearance of that band.
[image: image8.jpg]
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Fig.4 : Raman spectra of plasma-synthesized MnO2 before and after ageing at (a) 25°C, (b) 100°C.
3.2. Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analyses.

Figure 5 shows the IR spectrum of our materials. A gradual (Fig.5a) and spontaneous (Fig.5b) disappearence of the vibration band corresponding to chemisorbed water at 1382 cm-1 occurred respectively after ageing at 25°C, and at 100°C. This illustrates the removal of crystallization or chemisorbed water which is irreversible (or at least is a slow step) compared to physisorbed water (absorption bands at 3350 and 1617 cm-1), whose removal is reversible and fast [33]. Moreover, a shoulder at 575 cm-1 significantly increases after ageing at both temperatures. This new peak could be ascribed to the bending vibrations of Mn-O bond within MnO6 octahedra of γ-MnO2, which appears to be more present after ageing at 100°C than at 25°C, thus materializing a further transformation of α-MnO2 to γ-MnO2 as previously revealed through XRD and Raman analyses [34]. Figure S2 depicts the thermograms of plasma-synthesized MnO2 before and after ageing. Ageing 24 hours at 25°C (Fig.S2a) provokes an increment of the mass loss in the temperature range between 200 and 500°C. Then, it reduces after 48 hours. In contrast, ageing at 100°C (Fig.S2b) induces a significant increment of the mass loss between 200 and 500°C after 1 hour, which continues to augment for 3 hours more. Therefore, this illustrates the loss of crystallization or chemisorbed water, which is more significant for the samples aged at 100°C than those aged at 25°C, being in accordance with the disappearance of absorption band of H-O bond of chemisorbed water at 1382 cm-1 as revealed by FTIR (Fig.5). 
[image: image10.jpg]



Fig.5: FTIR spectra of plasma-synthesized MnO2 before and after ageing at (a) 25°C, (b) 100°C.
3.3. X-ray photoelectron spectroscopy (XPS).

The Mn average oxidation state (AOS) of the different materials has been determined via XPS as summarized on table 2. The spin energy separation between Mn2p1/2 and Mn2p3/2 within each material is in accordance with the litterature on MnO2 [35, 36]. The increment of ageing time at both temperatures provokes a decrease of potassium (K) (Table 2), which highlights the partial transformation of α-MnO2 to γ-MnO2, through the release of K+ from the (2x2) tunnels of α-MnO2 [37]. Moreover, we did not record any significant diminution of the AOS of Mn during ageing at both temperatures. We would have expected an augmentation of the AOS of Mn after gradual removal of K (being an element that generates oxygen vacant sites after its insertion within tunnels). These values of AOS of Mn illustrate a mixed valence (III, IV) of Mn within each material [38]. Thus, the removal of K+ from (4.6Åx4.6Å) tunnels of α-MnO2 [36] during its ageing at both temperatures, more highlights its partial transformation to γ-MnO2 polymorph. It is observed that the density of lattice oxygen (Oβ) decreases after ageing at both temperatures and could explain the observed decrease of the AOS of Mn instead of an increase that coule have been expected following the decrease of K+ content during the ageing. Therefore, the evolution of lattice oxygen content compensates and eventually predominates on the evolution of the AOS of Mn. On the other hand, the slight increase of chemisorbed oxygen (Oα) could be due to the multiplication of γ-MnO2 tunnels after transformation of α-MnO2 ones developping some oxygen at the surface of material. Ageing of plasma-synthesized MnO2 at both temperatures indeed induces, on the one hand, a migration of lattice oxygen to the catalyst surface during the progressive conversion of α-MnO2 (with tunnels 4.6Åx4.6Å, 2.3Åx2.3Å) to γ-MnO2 (with tunnels 2.6Åx4.6Å, 2.3Åx2.3Å), with on the other hand, the corresponding increase of Oα/Oβ ratio reflecting an increase of the density of oxygen vacant sites , namely sites responsible for the activation of dissolved O2) . We thus expect an increase of the activity due to this increase of the density of oxygen vacant sites going in parallel with the augmentation of the ageing time at both temperatures. The presence of carbon that increases after ageing cannot come from KMnO4 as synthesis precursor, but can be ascribed to CO2 and hydrocarbons contamination. 
Table 2: XPS data of plasma-synthesized MnO2 before and after ageing.
	Material
	%K
	%C1s
	%Mn
	%Oγ
	%Oα
	%Oβ
	Oα/Oβ
	ΔMn2p (eV)
	AOS (Mn)

	MnO2
	1.0
	21.8
	23.1
	4.9
	6.8
	42.4
	0.16
	11.6
	3.61

	MnO2.24H.25°C
	0.6
	31.3
	19.0
	5.3
	7.1
	36.7
	0.19
	11.4
	3.50

	MnO2.48H.25°C
	0.3
	31.2
	18.9
	5.4
	7.4
	36.8
	0.20
	11.4
	3.46

	MnO2.72H.72°C
	0.3
	30.8
	19.4
	5.4
	8.4
	35.7
	0.24
	11.5
	3.40

	MnO2
	1.0
	21.8
	23.1
	4.9
	6.8
	42.4
	0.16
	11.6
	3.61

	MnO2.1H.100°C
	0.4
	26.7
	20.4
	6.2
	8.4
	37.9
	0.22
	11.4
	3.44

	MnO2.2H.100°C
	0.3
	28.2
	19.4
	5.9
	9.8
	36.4
	0.27
	11.4
	3.60

	MnO2.3H.100°C
	0.4
	29.4
	19.2
	5.7
	8.6
	36.7
	0.23
	11.4
	3.61


3.4. Nitrogen physisorption analysis and Scanning electron microscopy (SEM).
The impact of the ageing time on the texture of the plasma-synthesized MnO2 has been studied. Figure 6 shows the adsorption-desorption isotherm and pore distribution curves of each material. These isotherms are of type IV with a typical hysteresis loop, that is characteristics of mesoporous materials [39, 40]. The increase of the ageing time at 25°C (Fig.6a) induces a shift of the hysteresis loop towards lower relative pressures, which characterizes a capillary decondensation within smaller and smaller pores. In contrast, the augmentation of the ageing time at 100°C (Fig.6b) provokes a shift of the hysteresis loop towards higher relative pressures, suggesting the presence of larger and larger pores, and therefore, a gradual evolution of the mesoporosity towards macroporosity during ageing. Beyond the opposite displacement of the hysteresis loop of prepared MnO2 along the relative pressure during the ageing at both temperatures, we observe a different shape of the hysteresis loop for MnO2.72H.25°C (obtained material after ageing at 25°C for 72 hours) compared to those of the three other samples (Figure 6a). This single hysteresis shape of MnO2.72H.25°C could reveal the presence of pores that could be more of a slit shape, on the one hand, and morphological shape of the particles different to the one of three other materials (Fig.6a). Correspondingly on the pore size distribution curves, we observe a shift of the largest peak at 9 nm towards lower diameters, after ageing at 25°C (Fig.7a) which corroborates the évolution of mesoporosity to microporosity during ageing at 25°C (Fig.6a) as previously mentioned. On the contrary, ageing at 100°C (Fig.7b) provokes a shift of the largest peak at 9 nm towards higher diameters and is in accordance with the aforementioned shift from mesoporosity to macroporosity (Fig.6b). The textural data on table 3, reveal an increase of specific surface area with the increment of the ageing time at 25°C, which could be ascribed to the development of the aforementioned smaller pores, likely thanks to the secondary species (H2O2, HOONO,…) generated in temporal post-discharge reactions [14, 15, 16]. At the opposite, an augmentation of the ageing time at 100°C revealed a drop of specific surface area whose is difficult to ascribe to the removal of crystallization or structural water knowing the same phenomenon occured during ageing at 25°C as revealed by FTIR and TGA. Thus, an eventual morphology change during ageing could better explain the opposite evolution of the specific surface area. This change would generate during ageing the shrinkage to disappearance of the smallest pores initially present in the samples (without or before ageing) , thus overall shifting the population of the remaining pores (i.e. the largest ones initially present) to even larger sizes. Consequently, ageing at 25°C actually affects in a positive manner the textural properties of plasma-synthesized MnO2. Whereas the ageing at 25°C brings evolution of both indicators (the Oα/Oβ ratio, and the specific surface area) in a direction that should positively affect the catalytic performance, one could wonder how  the ageing at 100°C will affect them. Indeed ageing at 100°C also leads to an a priori interesting increase of the Oα/Oβ ratio, but to a decrease of specific surface area. Which parameter between the specific surface area and the density of oxygen vacant sites will predominate during (photo)catalytic bleaching of TY will thus be a worthy question to look at.
Figure 8 depicts the SEM images of plasma-synthesized MnO2 before and after ageing. The ageing at 25°C (Fig.8a) revealed a conversion of nanorods to nanoneedles after 24 and 48 hours. Furthermore, it corroborates the contraction of the pores diameter after ageing, which was understood from nitrogen physisorption (Table 3). Subsequently, we recorded a conversion of nanoneedles to nanosheets after 72 hours of ageing (Fig.8a). In contrast, ageing at 100°C (Fig.8b) induces an agglomeration of nanorods forming into larger particles with an average diameter in the range of 30-200 nm and a length of 450-200 nm, after 3 hours of ageing. Thus, ageing at 100°C provokes a break of the nanorods, followed by the agglomeration of the fragments to bulk particles, which corroborates the hysteresis evolution (Fig.6b), explain the marked decrease of specific surface area of the materials after ageing at 100°C (Table 3) and confirms the hypothesis aforementioned. Accordingly, Moradkhani et al. showed the temperature effect on the morphology of MnO2 synthesized by precipitation, and recorded a conversion of the interlaced nanorods obtained at ambient temperature, to large agglomerates of clusters, after 90 minutes of reaction at 90°C [41]. Tiya et al. established that the ageing of plasma-synthesized amorphous Fe(III) oxi(hydroxide) nanoparticles in temporal post-discharge reactions generates large spherical aggregates, after 3 hours at 98°C [17].
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Fig.6: Adsorption-desorption isotherms of plasma-synthesized MnO2 before and after ageing at (a, c) 25°C, (b, d) 100°C.
[image: image12.jpg]



Fig.7 : Pore distribution curves of plasma-synthesized MnO2 before and after ageing at (a) 25°C, (b) 100°C.

Table 3: Textural data of plasma-synthesized MnO2 before and after ageing.

	Material
	Specific area (m2/g)
	Average pores size (nm)
	Pores volume (cm3/g)

	MnO2
	98±7
	12
	0.33

	MnO2.24H.25°C
	110±8
	10
	0.33

	MnO2.48H.25°C
	125±9
	10
	0.37

	MnO2.72H.25°C
	141±10
	7
	0.32

	MnO2
	98±7
	12
	0.33

	MnO2.1H.100°C
	54±4
	16
	0.18

	MnO2.2H.100°C
	35±2
	20
	0.14

	MnO2.3H.100°C
	38±3
	16
	0.13


[image: image13.jpg]



[image: image14.jpg]


[image: image15.emf]4000 3500 3000 2500 2000 1500 1000 500

(a)

575

MnO

2

.72H.25°C

MnO

2

.48H.25°C

MnO

2

.24H.25°C

MnO

2

532

715

1054

1382

1617

3350

Absorbance

Wave Number (cm

-1

)

 

 


[image: image16.emf]4000 3600 3200 2800 2400 2000 1600 1200 800 400

(b)

MnO

2

.3H.100°C

MnO

2

.2H.100°C

MnO

2

.1H.100°C

MnO

2

532

575

715

1054

1382

1617

3350

Absorbance

Wave Number (cm

-1

)

 

 


Fig.8: SEM images (x18000) of plasma-synthesized MnO2 before and after ageing at (a) 25°C and (b) 100°C.

4. The temporal post-discharge reactions influence on the activity of plasma-synthesized MnO2.
Figure 9 shows the catalytic and photocatalytic bleaching evolution of Tartrazine Yellow (TY) with the not-aged plasma-synthesized MnO2 and with aged ones, firstly at ambient temperature (~25°C), and secondly at 100°C. An improvement of the catalytic and photocatalytic bleaching efficiency of TY, with the increase of the ageing time at 25°C (Fig.9a) is recorded, which remains almost constant after 24h of ageing, despite the further continuous increase of specific surface area (Table 3). On the contrary, the ageing of the material at 100°C has a detrimental effect on the bleaching efficiency of TY (Fig.9b), which is caused by the decrease of the specific surface area during ageing. However, whereas ageing at 100°C significantly decreases the catalytic bleaching efficiency of TY it has an opposite effect on the photocatalytic treatment which is slightly improved. All in all, MnO2.72H.25°C would be, a priori, the best catalyst. Trying now to correlate some parameters such as crystalline structure, density of oxygen vacant sites, specific surface area and pore size versus catalytic and photocatalytic bleaching of TY, we should be able to identify the predominating ones during the aforementioned treatments. Following the augmentation of the density of oxygen vacant sites (i.e. the sites where dissolved O2 gets activated) with the increase of the ageing time at 100°C, we would have expected an augmentation of bleaching efficiency after both treatments. As this is not what is observed, this shows that the decrease of specific surface area for the materials aged at 100°C dictates their bleaching efficiency more than the increase of their density of oxygen vacancies. Focusing on figure 9a, we can observe that, only a small bleaching efficiency difference between not-aged and aged plasma-synthesized MnO2 is recorded, despite the lower specific surface area of not-aged material compared to those of the three aged materials. Two facts could explain this observation. (1) Not-aged MnO2 are composed of single polymorph (α-MnO2) with large tunnels (4.6Åx4.6Å) which would allow a reactivity within their channels, whereas aged MnO2 are composed of a mix of polymorphs (α, γ-MnO2) with tunnels sizes (4.6Åx4.6Å, 2.6Åx4.6Å) where reactivity is reduced. Therefore, increasing the ageing time at 25°C decreases the α-MnO2 quantity ie decreases the quantity of large tunnels (4.6Åx4.6Å) to the benefit of γ-MnO2 with tunnels (2.6Åx4.6Å) which could reduce the photo(catalytic) bleaching of TY, this despite the augmentation of the specific surface area. (2) The decrease of pores size when extending the ageing time at 25°C would decrease the possibility of TY molecules to penetrate inside the pores. Thus, comparing not-aged and aged plasma-synthesized MnO2 requires that in addition to textural properties (specific surface area and/or pore size), we should take into account the crystalline structure (tunnels sizes of the considered polymorphs). But, considering only the aged plasma-synthesized MnO2 with mix polymorphs (α, γ-MnO2), in addition to the specific surface area, the pores sizes significantly impact the photo(catalytic) bleaching of TY. Compared to the density of oxygen vacant sites, the specific surface area dictates more the photo(catalytic) bleaching of TY.
Otherwise, comparing catalytic and photocatalytic treatments (Figure 9b), ageing at 100°C of plasma-synthesized MnO2 induces the decrease of its specific surface area, which significantly decreases the catalytic activity. The reason why ageing at 100°C decreases more the catalytic performance than the photocatalytic ones should be further investigated, maybe looking at the effect of ageing on the band gap of the materials. 
Figure 10 represents the impact of temporal post-discharge reactions on the plasmacatalytic activity of plasma-synthesized MnO2. This consisted on using coupled plasma in the not-aged MnO2 and the MnO2.72H.25°C. We observe higher plasmacatalytic bleaching efficiency of TY. As an explanation for this, one could evoke that plasma glidarc generates HO· and NO· radicals as in situ primary species, which are able to form secondary species, after the extinction of the discharge, which enhance the activity of the material. To assess the effect of the ageing at ambient temperature (~25°C) on the synergy during the plasmacatalytic (PC) bleaching process of TY, a synergetic factor (F) is established [42],
F = %D(Plasmacatalysis) / %D(Plasma Alone) + %D(Catalyst Alone)                              (16)

The synergetic effect during plasmacatalytic process corresponds to the surplus of performance when combining the plasma with a catalyst, i.e. the fact that working with the plasma and the catalyst together leads to greater performance than the sum of their individual’s ones [42, 43]. Table S1 shows the values of the synergetic factor after 30 min of different plasmacatalytic treatments. MnO2 and MnO2.72H.25°C revealed respectively a synergetic factor of 1.46 and 2.68. The significant augmentation of the specific surface area after ageing at 25°C for 72h likely explains the augmentation of the synergy. The mechanism of this augmentation should also be further investigated in a further study.
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Fig.9 : Catalytic and photocatalytic bleaching evolution of TY (40 mg/L, pHi=2.5) with aged and not-aged plasma-synthesized MnO2 at (a) 25°C, (b) 100°C.       
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Fig.10 : Plasmacatalytic bleaching evolution of TY (40 mg/L, pHi=3) with aged and not-aged plasma-synthesized MnO2 at 25°C for 72 hours.
Conclusion
An augmentation of the ageing time of plasma-synthesized α-MnO2 nanorods in temporal post-discharge plasma at ambient temperature (~25°C) and at 100°C, provokes a change of its morphology, and a progressive transformation of its crystalline structure, namely from α-MnO2 to γ-MnO2 through of a maturation process undergone by the crystallites thanks to the temporal post-discharge species. An increase of the specific surface area is recorded after ageing at 25°C, which induced an increment of the activity of the plasma-synthesized material. On the contrary, ageing at 100°C induced a decrease of the specific surface area, thus a decrease of its activity. Thus, ageing at 25°C affects in a positive manner the surface area, therefore, the activity of the plasma-synthesized α-MnO2. In addition to the specific surface area, other parameters must be taken into account to better appreciate the activity of the aged materials, such as the porosity, crystalline structure (tunnels size, polymorphic content) and the density of oxygen vacant sites. Moreover, ageing of plasma-synthesized MnO2 at 25°C significantly improves the synergetic effect between gliding arc plasma discharge and the catalyst during plasmacatalytic bleaching of TY. Furthermore, ageing at 25°C is even more beneficial compared to the ageing at 100°C, as it does not require energy input compared to the ageing at 100°C. This work shows the plasma glidarc as an innovative synthesis process, which is capable of generating valuable, in situ reactive species, which are useful for the temporal post-discharge reactions, on the one hand, and the significant contribution of the crystalline structure in addition to the textural properties for a better catalytic activity, on the other hand.
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Fig.S1: Molecular structure of Tartrazin Yellow.
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Fig.S2: TGA thermograms of plasma-synthesized MnO2 before and after ageing at (a) 25°C, (b) 100°C.
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Table S1: Synergetic factor after different plasmacatalytic treatments of TY (30 min).

	%Plasma alone
	%MnO2 alone
	%Plasma+MnO2
	F(Synergetic factor)

	8
	24
	47
	1.47

	%Plasma alone
	%MnO2.72h.25°C alone
	%Plasma+ MnO2.72h.25°C
	F(Synergetic factor)

	8
	17
	67
	2.68


----------
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