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Gliding arc plasma (GP) is an interesting method for the synthesis of heterogeneous catalysts. In this process,
precursors (metal salts) undergo a reaction with plasma species, resulting in the formation of a precipitate.
Previous literature documents the synthesis of catalysts such as FeOyx and MnOy derived from (NHg)oFe(SO4)2 and

(C]? tzlr};it:i des KMnOy, revealing that incorporating a post-discharge (PD) step can introduce valuable properties like phase
Pchipitation transformation, increased specific surface area and enhanced catalytic activity. Hypotheses have been proposed
Maturation to explain the changes that the solids undergo during this step, suggesting that the long-lived species created in

PD influence the solids transformation. However, no conclusive evidence supporting these hypotheses has been
provided. Therefore, the aim of the research presented here is to explore the influence of PD on various types of
solids synthesized by GP and to understand the underlying mechanisms of this step. To investigate the role of PD,
we exposed iron and tin precursors to the plasma, and submitted them to two types of PD. The respective
synthesis conditions do not consistently impact the characteristics of the plasma-synthesized solids for the
different metals. However, a common pattern emerges when examining the influence of the PD on different salts
of a given metal. Specifically, solids obtained from different precursors of the same metal, identically exhibit
superior catalytic activity when synthesized under similar conditions. To understand the mechanism underlying
the PD step and investigate the hypothesis that the long-lived species created in PD influence the solids trans-
formation, we exposed iron and tin precursors to a PD where no plasma species were present. To do so, the
plasma-synthesized solids were recovered and placed into pure distilled water before performing the PD step.
This enables a comparison of the solids obtained under these conditions with those obtained through classical
PD, where plasma species are present. We understood that, even though long-lived plasma species present during
the PD can still trigger the reaction of metal ions remaining in solution, they do not impact the way the solid is
transformed during this stage.

1. Introduction conceived by H. Lesueur and later refined by A. Czernichowski in 1988,

consists of two stainless steel electrodes with a divergent profile con-

Due to their significant impact on economic and environmental in-
dicators of industrial processes, catalysts are used in 85-90 % of
chemical industries [1-3]. Given the increasing importance of these
criteria in today’s context, there is a growing emphasis on the devel-
opment of new synthesis methods and the production of catalysts with
interesting characteristics such as selectivity, activity, stability, me-
chanical and thermal resistance, recyclability, and cost-effectiveness
[1,4-6]. Consequently, research efforts are continuously focused on
discovering and enhancing catalysts properties and synthesis.

In this context, gliding arc (glidarc) plasma (GP) technology appears
as a promising technique (Fig. 1). The glidarc plasma reactor, initially
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nected to a high voltage generator [7,8]. Upon activation of the gener-
ator, an arc is formed at the narrowest distance between the electrodes.
Simultaneously, a flow of gas (hereafter named plasma gas) is sent
perpendicular to the arc, causing it to glide along the electrodes. As the
electrodes diverge at their ends, the arc breaks due to the increased
distance, leading to the formation of a new arc (Fig. 1). In this system,
the arc, which constitutes the thermal part of the plasma, is cooled down
to nearly ambient temperature through the gliding process and bursts
into a plume of quenched plasma at atmospheric pressure [7,9-14].
The plasma plume contains various species, including electrons,
cations, and free radicals, among others. These highly reactive
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components can be harnessed for achieving chemical reactions within
and/or on gas, solid, or liquid targets. Particularly, when humid air is
employed as plasma gas, the generated “reactive oxygen and nitrogen
species” (RONS) are known to predominantly exhibit acidic and oxidant
effects on the target (Fig. 1). These characteristics have led to the
application of GP in various fields, such as gas depollution or valoriza-
tion, wastewater treatment, surface modification of solid materials, and
the synthesis of heterogeneous catalysts [14-20].

This method has already demonstrated its potential for synthesizing
metal (hydr)oxides (TiO2, FeOyx, MnOs, SnO,) and supported catalysts
(FeOx/Kaolinite, TiO2/Sn03). These materials exhibit excellent proper-
ties and catalytic activity when used for pollutant degradation in both
gaseous and liquid phases (Table 1) [15-17,21-24]. Moreover, GP offers
interesting conditions when compared to alternative synthesis methods.
One of the most significant advantages is the mild conditions and short
processing time it requires. Additionally, this approach can be consid-
ered eco-friendly and cost-effective, as the only chemical used to
generate these reactive species is water-saturated air, which is non-
polluting, available, and renewable [15].

For some previously synthesized catalysts documented in the liter-
ature, such as FeOy and MnOy derived from (NH4)2Fe(SO4)2 and KMnO4
through GP exposure, it has been observed that implementing a post-
discharge (PD) step in their synthesis can impart valuable new proper-
ties such as phase transformation, increased specific surface area, and
enhanced catalytic activity (Table 2, Fig. 1) [15,27].

The PD step consists of, after exposing the precursor solution to GP
and turning off the discharge, allowing the solution to stand outside the
reactor for a defined duration and at a fixed temperature. Hypotheses
have been proposed to explain the changes that the solid undergoes
during this step, suggesting that the long-lived species created in PD
might influence the solid’s transformation. However, no conclusive ev-
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Table 1
Hypothetical reactions during catalysts syntheses by humid air glidarc plasma
evoked in the literature.

Precursor Catalyst Synthesis reaction
synthesized
TiCls TiOz [17,25] TiCls + OH + H,0-TiO> + 3HCL

TiCl3 + SnCly-2H,0 TiO2/Sn0, [21] TiCl; + SnCl, + 30H +

Hy0—Ti0,/Sn0; + 5HCI

(NH4)2Fe(804)2-6H20 FeOOH [15] (1) Fe** + OH —Fe®* + OH-
(2) Fe** +20H +
H,0—FeOOH + H30"
Fez03 [15] 2Fe00H — " | pe,05 + H,0
Mayouom Kaolinite + FeOy/kaolinite (1) Fe** + OH —Fe** + OH~
(NHq4)2Fe(S04)2-6H20 [26] (2) Fe** + 20H +
H,0—FeOOH + H30*
KMnO4 o-MnO, and MnO, + NO' -MnO, + NO3
¥-MnO, [16,24]
Mn(CH3COO0)3-2H,0 y-MnO, and Mn3* + OH + H,0—~MnO, + H*
p-MnO, [24]
SnCly Sn0, [21] (1) SnCl, + H,0 < Sn(OH)CI +

HCl
(2) Sn(OH)Cl + 30H —Sn0, +

1
2H,0 + Eclz

Table 2
Effect of the post-dicharge step at 100 °C and/or 25 °C on solids synthesized
from (NH4)oFe(SO4), and KMnO4 (compilation of [15,271).

(NH,4),Fe(S04) KMnO,
PD at 100 °C PD at PD at 25 °C
(1,2,3h) 100 °C (24,48,72
(1,2,3h) h)

idence supporting these hypotheses has been provided. At this stage, this Change of phase  Amorphous solid — crystalline «-MnO; — y-MnO,
step is clearly not fully understood. Therefore, it remains challenging to «-FeOOH
determine a priori whether it is beneficial to incorporate the PD step in Specific surface 7 N 7
. . . area
the g}ldarc Plasma synthesis f)f various catalysts. Pore volume , N y
Given this context, the aim of the research presented here was to Catalytic y. N /
explore the influence of PD on various types of solids synthesized by GP activity
and to understand the underlying mechanisms of this step. This inves-
tigation was undertaken with the purpose of gaining a more compre-
hensive understanding of the synthesis of catalysts by GP, aiming to
refine and improve the process. This goal aligns with the broader
objective of developing interesting catalysts through this innovative,
economically viable, and environmentally friendly approach. Here, we
particularly focus on the synthesis of catalysts dedicated to air
High
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Fig. 1. Scheme of glidarc plasma reactor, species mainly present in a humid air glidarc plasma [14] and scheme of catalysts synthesis with and without a post-

discharge step.
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depollution by the total oxidation of pollutants.

2. Experimental methods
2.1. Materials

Iron(1) sulfate heptahydrate (FeSO4-7H20; > 99 %), tin(Il) sulfate
(SnS0Oy4; > 95 %) and tin(I) chloride (SnCly; > 99 %) were purchased
from Sigma Aldrich and ammonium-iron(II) sulfate hexahydrate
((NH4)2Fe(SO4)2-6H20; > 99 %) from Roth.

2.2. Method

2.2.1. Synthesis device: The GP reactor
The gliding arc plasma system employed in this study comprises the
following components (Fig. 1):

- A high voltage generator (ABL Transformer; 9 kV; 100 mA) con-
nected to both stainless-steel electrodes with a divergent profile,
positioned within the reactor.

A gas supply setup consists of a compressed air source, a saturator

filled with water in which air is bubbled, and a flowmeter controlling

the gas flow rate (fixed at ~ 400 L/h).

- A central reactor in the form of a double-walled cylindrical glass
tube. It features inlets and outlets for the circulation of an external
cooling fluid (water), an additional inlet for the nozzle to direct the
air flow between the electrodes, and an opening for the gas exhaust
(to prevent exceeding pressure within the reactor). An outlet valve is
also present to facilitate retrieval of the reactor content following
plasma exposure.

2.2.1.1. Materials synthesis. The precursor solutions were prepared by
dissolving these compounds in deionized water. Subsequently, 450 mL
of the respective solutions were introduced into the reactor, stirred
magnetically (1 rotation/s), and exposed to the plasma discharge for 45
min for (NH4)2Fe(S04)2-6H50, 60 min for FeSO4-7H,0 and 120 min for
SnS0O4-7H50 and SnCls.

To investigate the impact of the PD on different types of solids, 2
recovery methods were performed:

e For catalysts produced without PD (named “no PD”), the solid
formed when the solution is exposed to the plasma discharge was
recovered by centrifugation (24490G, 30 min) and subjected to two
washing cycles with distilled water.

e For catalysts produced with PD, the suspension obtained after
plasma exposure was collected and placed in a berlin before under-
going the PD step. The PD was conducted in 2 different ways: by
allowing the berlin to stand at room temperature (=25 °C) for 72 h
(named “+ PD (72 h-25 °C)”) or by immersing it in an oil bath at
100 °C for 3 h (named “+ PD (3 h-100 °C)”). The resulting solid was
then recovered through centrifugation (24490G, 30 min) and sub-
jected to two washing cycles with distilled water.

Blanks were prepared for each precursor to assess the influence of
plasma on their reaction. For the precursor exposed to plasma without
PD, solution precursor was stirred at ambient temperature for the same
duration as during normal exposure to the glidarc (named “name of the
precursor no plasma”). For the solids subjected to a PD step, after
ambient temperature stirring, the solution/suspension was transferred
in a berlin before undergoing a “PD” at 25 °C for 72 h (named “+ PD (72
h-25 °C) no plasma”) or at 100 °C for 3 h (named “+ PD (3 h-100 °C) no
plasma”). If a precipitate formed, it was recovered, washed, and dried, as
for the solids formed by glidarc plasma.

To understand the mechanism underlying the PD step, a comparative
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analysis was conducted between the solids derived from (NH4)2Fe(SO4)2
and SnSO4 when subjected to a classical PD and a PD performed without
plasma species present in the system (named “+ PD (72 h-25 °C) new
water” or “+ PD (3 h-100 °C) new water”). The process involved
recovering the precipitate after the plasma discharge through centrifu-
gation at 24490G for 30 min. Subsequently, a new suspension was
created by placing the precipitate in 450 mL of pure distilled water. This
suspension was then transferred to a berlin undergoing the PD either at
room temperature (=25 °C) for 72 h or in an oil bath at 100 °C for 3 h.

All the solids obtained after centrifugation were dried in an oven
under air at 110 °C for 22 h + 2 h and then calcined in a muffle furnace
under air at 400 °C for 2 h.

The samples are referenced as follows: “Name of the precursor —
synthesis conditions (no PD; + PD (3 h-100 °C); + PD (72 h-25 °C); + PD
(3 h-100 °C) new water; + PD (72 h-25 °C) new water))”.

2.3. Characterization of the solids formed

All the characterizations presented here were done after the calci-
nation of the solids formed, except for the XRD that was done before and
after the calcination step.

2.3.1. X-ray diffraction (XRD)

The catalyst, previously ground, is placed on a polished Si single
crystal sample holder covered with a thin layer of Nivea© cream and is
introduced into a Bruker-D8 Advance diffractometer with a Bragg-
Brentano geometry. The X-rays sent to the sample are produced using
a copper anode (Ko = 0.15418 nm). The analysis is performed for angles
20 = 5° to 80° with an increment of 0.015° and 0.15 s integration time.
Detection is performed using a LynxEye XE-T Technology detector. The
diffractograms are then processed using the ICDD-PDF2-2004 database
[28].

2.3.2. X-ray photoelectron spectroscopy (XPS)

The samples, previously crushed, are placed on a double-sided
sticker, which is itself placed on a 4 mm diameter stainless steel sam-
ple holder placed in an aluminum carousel. The samples are then
degassed under ultra-high vacuum at 10> Pa for 12 h in order to
eliminate the physisorbed compounds before being analyzed. The ma-
chine used is an SSX 100/206 Photoelectrons Spectrometer from Surface
Science Instruments (USA). It is equipped with a micro-focused mono-
chromatic Al X-ray source powered at 20 mA and 10 kV. The pressure
inside the analysis chamber is 108 Pa, and the analysis angle is 55°. An
electron gun operating at 8 eV and a Ni grid placed 3 mm above the
sample surface are used to ensure that the sample charge is stabilized
during analysis. The data are processed using the CasaXPS program from
Casa Software Ltd, UK. To calibrate the binding energy, the C-(C,H)
component of the C 1 s peak is positioned at 284.8 eV. The spectra can
then be decomposed, and the atomic percentages are obtained using the
normalized peak areas, the sensitivity factors provided by the manu-
facturer, and a Shirley-type baseline. The atomic percentages of each
element are recalculated by removing the carbon contamination due to
the experimentation. From the percentage obtained for O 1 s, the
quantity of O atoms bound to the carbon contamination is deduced,
considering 3 types of carbon-oxygen bonds: O-C = O; O-C-O and C = O;
C-0O. The remaining percentages of the elements not coming from the
contamination are then brought back to 100 %.

2.3.3. Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX)

The ground solids are placed on an adhesive carbon film, which is
itself deposited on an aluminum support. The scanning electron micro-
scope used is a JEOL 7600F operating at 2 kV for the SEM images in GBH
mode and at 15 kV for the EDX analyses. The atomic percentages of each
element are recalculated by removing carbon and aluminum contami-
nation. All remaining percentages are then brought back to 100 %.
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2.3.4. Ny-physisorption

Na-physisorption is used to measure the specific surface area by the
BET method (Brunauer, Emmet, and Teller) and the pore volume by the
BJH method (Barret-Joyner-Halenda). In practice, the weighed ground
solids are introduced into glass tubes with a filler rod to limit the error in
the measurement due to the dead volume of the glass tubes. A vacuum
degassing of at least 6 h at 140 °C is carried out at a vacuum of
approximately 10 mbar. After degassing, the powder is weighed again.
Then the glass tube is introduced into a specific surface and porosity
analyzer (TriStar from Micromeritics). The analysis is carried out using
nitrogen at —196 °C in the range of relative pressures from 0.01 to 0.99.

2.3.5. Catalytic test

The catalytic activity of the synthesized solids is tested by comparing
their ability to totally oxidize benzene in the gas phase at different
temperatures (Eq. (1)).

15
C5H6 +702—)6C02 +3H20 (1)

The catalysts tested are sieved to achieve a particle size ranging between
200 and 315 pm. A constant mass of 100 mg of catalyst, mixed with 400
mg of glass beads measuring between 350 and 500 pm, is introduced
into the reactor between 2 layers of quartz wool so that the catalyst
occupies a uniform volume within the reactor. The reaction gas, con-
taining 200 ppm by volume of benzene and 10 vol% Oo, is continuously
supplied to the reactor at a flow of 100 mL/min throughout the analysis,
with He serving as the carrier gas. The reagent-to-catalyst volume ratio
per hour (VVH) is maintained at approximately 60000 h™*. The reactor
operates within a temperature range from 50 to 400 °C, with increments
of 50 °C per stage. At the outlet of the reactor, the gas effluent is directed
to a Varian CP-3800 gas chromatograph equipped with a CP-sil 8CB
column and a flame ionization detector (FID). He is used as the GC
carrier gas and the analysis is conducted at a constant temperature of
80 °C. To calculate the remaining (not converted) benzene, four in-
jections of the reactor outlet gas are performed for each tested
temperature.

Calibration is performed based on the benzene peak. It is assumed
that at the initial reactor temperature, i.e. 50 °C, benzene does not un-
dergo any conversion, and the peak area at this temperature signifies 0
% conversion. Using this reference area, the benzene conversion for each
temperature stage is calculated using an equation of the following form
(Eq. (2)):

peak area at 50°C — peak area at a given temperature N

100 2
peak area at 50°C 2

3. Results and discussion
3.1. Investigation of the impact of the PD

3.1.1. Iron precursors

Table 3 shows the amount of solid recovered after iron precursors
were exposed to the plasma, without and with a PD under different
conditions. The plasma indeed influences the reaction of iron precursors,
as without plasma-generated species, the precursors do not spontane-
ously precipitate. This implies that the species formed through glidarc
plasma have the ability to react with the precursors, leading to a sub-
sequent precipitate. Moreover, the increased amount of recovered solid
for both types of PD (3 h-100 °C and 72 h-25 °C) shows that this step
enables the species created during the plasma discharge to persist in
their reactivity, allowing further precipitation. Furthermore, as the
duration of the PD time increases (between 3 h and 72 h), the quantity of
solid recovered also increases (Table 3). The quantification analysis, by
UV-visible spectroscopy, of Fe>" ions from the precursors remaining in
solution after exposure and PD confirmed a progressive increase in the
formation of solids during the PD step (Supplementary information

Chemical Engineering Journal 489 (2024) 151088

Table 3

Mass of solid produced and pH of the solution when iron precursors are exposed
to the glidarc plasma without PD, with PD (3 h-100 °C and 72 h-25 °C) and
without plasma.

Mass of solid produced pH
()
After After no Precursor After After
exposure/ plasma solution exposure PD
PD exposure
(NHy4).Fe 0.050 0 /
(SO4)2 no
PD
(NH4)2Fe 0.119 0 1.9
(804)2 +
PD (3 h-
100 °C)
(NHy4).Fe 0.177 0 2.6
(S04)2 +
PD (72 h- 4 3
25 °C)
FeSO4 no 0.131 0 /
PD
FeSO, + PD 0.152 0 2.7
(B h-
100 °C)
FeSO, + PD 0.242 0 2.6
(72 h-
25 °C)
SL.1).

As a result of the formation of H species by plasma, the medium gets
acidified during the exposure process (Table 3). Throughout the PD, the
pH continues to decrease due to the ongoing formation of H' species,
originating from HNO3 and HNO; [14].

XRD diffractograms of the solids generated from the iron precursors
reveal that the phases developed, whatever the synthesis type are
approximately the same (Fig. 2). Both (NH4)2Fe(SO4)2 and FeSO4 no PD
consist in a mixture of hematite (FeoO3) and FeOHSO4. When PD is
performed using (NH4)2Fe(SO4)2, the FeFOHSO4 phase tends to disappear
in favor of Fe;O3 and mikasaite (Fey(SO4)3), especially for the PD con-
ducted at 100 °C. This transformation can be explained by the influence
of heat, which promotes the conversion of Fe(OH)SO4 into Fep(SO4)3,
subsequently transforming into Fe;O3 (Eq. (7) [29,30]. Knowing this, it
is worth noting that although the Fe2(SO4)3 phase is not observed on the
X-ray diffractograms of FeSO4 + PD (3 h-100 °C) and + PD (72 h-25 °C)
samples, it could still be formed through the transformation of FeOHSO4
but in an amorphous state.

EDX and XPS data confirm the presence of iron sulfate phases in each
solid, as indicated by the presence of sulfur and the position of the S2p
peak around 169 eV (Supplementary information SL.2) [31]. Addition-
ally, the data reveals the presence of nitrogen in the solids derived from
(NH4)2Fe(SO4)2, suggesting the likely formation of another phase con-
taining NHZ (as indicated by the position of the N1s peak around 402 eV
(Supplementary information SI.2)), which was not observed by XRD
(Table 4) [31]. Moreover, the at % of each element at the surface and in
bulk significantly differs, indicating the heterogeneous composition of
the precipitates. Furthermore, the at % of S at the surface is higher than
in the bulk, implying that iron sulfate phases predominantly exist on the
outer layer of the solids (Table 4). Furthermore, since there is no sig-
nificant variation in the binding energy of Fe and O elements, it can be
concluded that the valence of these elements remains the same across
varying synthesis conditions (Supplementary information SL.2).

For catalytic purposes, our primary interest lies in promoting the
formation of more iron oxide and fewer iron sulfate phases since sulfur is
known to act as a poison in reactions like total oxidation for depollution
purposes [32]. An ideal solid for depollution catalysis should have a
reduced S content and a Fe/O ratio increasing towards 0.67. A solid
containing a higher proportion of Fe;O3 (Fe/O = 0.67) in comparison to
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Fig. 2. XRD data of solids obtained with iron precursors without and with PD (3 h-100 °C and 72 h-25 °C).

Table 4
XPS and EDX data of solids obtained with iron precursors without and with PD (3 h-100 °C and 72 h-25 °C).
Fe o S N Fe/O
(at %) (at %) (% at) (% at)
XPS EDX XPS EDX XPS EDX XPS XPS
(Fe2p) (01s) (S2p) (N1s)

(NH,4)2Fe(S04)2 no PD 23.9 26 66.5 72 6.5 2 3.1 0.36
(NH,4)2Fe(SO4)2 + PD (3 h-100 °C) 27.7 30 65.6 67 5.3 2 1.3 0.42
(NH4)2Fe(SO4)2 + PD (72 h-25 °C) 28.1 31 65.8 67 4.9 3 1.2 0.42

FeSO4 no PD 26.5 28 66.6 69 6.8 3 / 0.40
FeSO4 + PD (3 h-100 °C) 30.2 22 65.7 77 4.1 1 / 0.46
FeSO4 + PD (72 h-25 °C) 26.0 22 67.4 76 6.6 2 / 0.39

" The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.

FeOHSO4 (Fe/O = 0.2) and/or Fex(SO4)3 (Fe/O = 0.17) achieves a Fe/O
ratio closer to 0.67. For both types of PD (3 h-100 °C and 72 h-25 °C), the
at % of S decreases, and the Fe/O ratio at the surface increases toward
0.67 (Table 4). This shows that the development of Fe;O3 occurs at the
expense of iron sulfate. The at % of S and Fe/O ratio after the PD at 25 °C
for 72 h is close to those after the PD at 100 °C for 3 h, especially with
(NH4)2Fe(SO4)2 (Table 4). This suggests that the application of heat
during PD accelerates the transformation.

The provided information allows for imagining a reaction mecha-
nism involving iron precursors during plasma discharge and during the
subsequent PD steps. A. Tiya Djowe et al previously proposed a 2-step
solid formation mechanism for (NH4)2Fe(SO4), involving OH° radicals
[15]. However, our findings differ from their results, as we previously
demonstrated that the primary plasma species driving the oxidor-
eduction leading to precipitation are instead the HNO3/NO3 species
[33]. Considering this, we proposed an alternative hypothetical mech-
anism. Given our understanding that, during the plasma discharge, a
solid composed of FeEOOH and FeOHSO,4 is formed, with the sulfate
phase primarily located at the solid’s surface, it is likely that a 3-step
formation process of these 2 phases takes place [33]:

1) Firstly, it is probable that the Fe?>" ions originating from the pre-
cursor undergo oxidation by plasma species, resulting in the forma-
tion of Fe3* (Eq. (3)):

Fe*™ +NO; +2H"—Fe*™ + NO + H,0 3

2) In an aqueous environment, Fe>" ions are unstable, prompting their
spontaneous hydrolysis into FeOOH if the medium is not sufficiently
acidic (which subsequently transforms into Fe;O3 through calcina-
tion) [34] (Eq. (4)):

Fe’* +2H,0—~FeOOH +3H" ()]

3) Additionally, Fe>* can also react with other ions present in the me-
dium, such as SO‘Z; ions originating from the precursor (Eq. (5)):

Fe*t + 805 + H,0—FeOHSO, + H* (5)

Given that the concentration of SO~ is lower than that of H5O, the
likelihood of this last reaction taking place is lower. Consequently, a
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reduced formation of the FeOHSO4 phase occurs. Furthermore, since
Fe3* formed ions initially react with HoO molecules, the availability of
SO%~ ions probably increases with exposure time, which means that the
likelihood of FeOHSO4 formation increases with time, leading to its
formation mostly at the surface of the already formed FeOOH. Imagining
a formation process like this could provide a plausible explanation for
the type of solid we observe, wherein a core primarily composed of
FeOOH and a shell predominantly composed of FeEOHSO4 are formed
(Fig. 3).

During the PD step, various mechanisms can still occur. Firstly,
HNO2/NO3 has been identified as the primary species responsible for
the oxidation of the precursors exposed to the glidarc plasma [33]. This
species has a sufficiently long lifetime to remain present during the PD
(Supplementary information SL3) [14]. Consequently, Fe?* from the
precursor that was not oxidized during the discharge may have enough
time to be transformed into Fe®* by these HNO,/NO3 species during the
PD step. This could explain the increased amount of precipitate recov-
ered when a PD step is performed (Table 3). Additionally, the Fe>* ions
formed both during the discharge and the PD step can still react with the
remaining H,0 and SO~ in the solution. Thereby, FeOOH and iron
sulfate phases can further be created. This can occur either at the surface
of previously formed particles or lead to the formation of new particles.

However, other phenomena can take place during this stage without
being influenced by the plasma species generated. As suggested by the
XPS results, this primarily occurs at the surface of particles already
formed during the discharge. FEFOHSO4 can indeed react with water to
form FeOOH, but it can also decompose into Fep(SO4)3 and FeOOH (Eq.
(6); Eq. (7)). This can explain the increased amount of Fe,O3 present in
the solid and at its surface, as well as the appearance of Fey(SO4)3.
However, since the transformation of FeEOHSOy, is more efficient under
heat, it can explain why solids formed from a PD performed at 100 °C
have a reduced presence of this phase (Fig. 3) [29].

Fe(OH)SO4 + H,O0—FeOOH + H,SO, 6)
3FeOHSO,—Fe;(S04), + FeOOH + H,O 7

At this stage, it is understood that both types of PD facilitate the gradual
transformation of the iron sulfate phase into iron oxide. Nevertheless,
the supply of energy to the system seems to help accelerate this trans-
formation (Fig. 3).

Regarding the change in solid morphology during the PD process, the
growth of FeOOH crystals has previously been investigated by A. Tiya
Dowe with (NH4)2Fe(SO4), as a precursor [35]. It was observed that
during the PD, the particles agglomerate and develop into sea-urchin
like hollow spheres, thereby enhancing their specific surface area and
pore volume (Supplementary information SI.4, Fig. 3). In our study,
comparable findings were noted for the solid formed using both iron
precursors. When PD is performed at 100 °C for 3 h and at 25 °C for 72 h,
solids develop cavities and form crystals with more spikes on their
surface, thereby increasing the specific surface area of the solid (Sup-
plementary information SL.5, Fig. 4). When performing the PD at 100 °C,
alongside the emergence of spikes, we observe the formation of the “sea-
urchin like” crystals for both precursors. This observation indicates that
applying heat during the PD step facilitates the advancement of crystal
development (Fig. 4 (b)). Consequently, conducting PD results in solids
with a larger specific surface area and pore volume for both precursors,

he_,
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especially when done at 100 °C for 3 h (Table 5).

In terms of catalytic activity of the solids derived from iron pre-
cursors, it is slightly enhanced when a PD is performed at 100 °C for 3 h
for both precursors. However, the PD (72 h-25 °C) is only beneficial for
catalyst produced from (NH4)oFe(SO4); (Fig. 5). These results align with
previously identified characteristics. As the PD process increases the
presence of the catalytically active phase (FeyO3) in the solid and
slightly augments its specific surface area and pore volume, it accord-
ingly enhances the catalytic activity of the resulting material. In the case
of solids formed from iron precursors, the application of heat promotes
the gradual transformation of the iron sulfate phase into iron oxide and
improves the formation of crystals with a higher specific surface area
and pore volume. Consequently, conducting the PD at 100 °C for 3 h has
a more significant impact on the catalytic activity of the solid obtained
from both precursors.

3.1.2. Tin precursors

The first observation is that the presence of plasma-generated species
is not necessary for the reaction and precipitation of tin precursors, as
even without plasma, a solid is formed (Table 6). This phenomenon
arises from the instability of Sn®* ions in a not acidic enough aqueous
solution, causing them to spontaneously react and form Sn(OH)4 [34].
Additionally, SnSO4 and SnCly in water tend to undergo hydrolysis,
transforming into Sn3O(OH)2SO4 and Sn(OH)Cl respectively
[34,36-39]. However, through plasma synthesis, the quantity of
recovered precipitate significantly surpasses that obtained without
plasma (Table 6). This heightened yield is likely attributed to the
oxidizing species generated by plasma. These species accelerate the
oxidation of Sn*>" to Sn*" and potentially also convert the intermediates
Sn30(0OH)2S04 and Sn(OH)CI into Sn(OH)4. Moreover, the increased
amount of recovered solid for both types of PD (3 h-100 °C and 72 h-
25 °C) for the SnCl, precursor shows that this step enables the species
created during the plasma discharge to persist in their reactivity, facil-
itating further precipitation.

The precursor solution is already acidic before plasma exposure,
owing to the spontaneous formation of Sn(OH)4, Sn30(OH)2SO4 and Sn
(OH)CL, which release H' ions in the medium when SnSO4 and SnCl, are
dissolved in water [34,37,39]. The exposure to plasma further acidifies
the solution by generating H™. Throughout the PD, the pH level remains
relatively stable because the solution is already at a very low pH, where
the HNO3/NO3 couple present in the medium (pKa = 3.3) acts as a
buffer. (Table 6) [40].

The XRD diffractograms of the solids derived from tin precursors
reveal that the phases developed before and after both PD (3 h-100 °C
and 72 h-25 °C) remain unchanged. In both precursors, the phase
developed is cassiterite (SnOy), resulting from the dehydration of the Sn
(OH)4 formed in solution during the solid’s drying steps (Supplementary
information SL.7). However, the presence of S and Cl detected by XPS
and EDX for solids obtained from SnSO4 and SnCl; respectively, suggests
the possible development of another amorphous phase (Table 7). These
phases could be Sn(OH)Cl and SngO(0OH)2SO04, formed through the hy-
drolysis of SnSO4 and SnCly respectively, as previously explained
[34,37,39]. This speculation gains support from the binding energy
measured by XPS, as the Cl1s peak position around 199 eV corresponds
to that of chlorine atoms linked with a transition metal, and the S1s peak
position around 169 eV aligns with that of a sulfate element

FeOHSO,+Fey(SO); . | \
N ~,
Y

® » L

Fig. 3. Mechanism of formation of solids obtained with iron precursors without and with PD.



F. Hanon and E.M. Gaigneaux

2,00KV SEI

nm|
GB_HIGH WD 8.6mm

Chemical Engineering Journal 489 (2024) 151088

Fig. 4. SEM images of solids formed from (NH4)2Fe(SO4)2 (a) no PD; (b) + PD (3 h-100 °C).

Table 5

Textural properties obtained by N,-physisorption with iron precursors without
and with PD (3 h-100 °C and 72 h-25 °C) (isotherms Supplementary information
SL6).

Specific surface area Pore volume

(m*/g) (cm®/g)
(NH,)5Fe(SO4); no PD 69 0.18
(NH,),Fe(S04), + PD (3 h-100 °C) 112 0.30
(NH,),Fe(S04); + PD (72 h-25 °C) 80 0.22
FeSO4 no PD 95 0.33
FeSO, + PD (3 h-100 °C) 133 0.34
FeSO, + PD (72 h-25 °C) 63 0.17

(Supplementary information SI.8) [23,39]. Concerning the binding en-
ergy of the other elements (Sn and O), no significant variation is
observed. Therefore, it can be concluded that the valence of these ele-
ments remains the same across varying synthesis conditions (Supple-
mentary information SI.8).

XPS and EDX data highlight that the at % of each element at the
surface and in bulk significantly differs, indicating the heterogeneous

—-@— (NH,),Fe(SO,), no PD

100 ~
- @- (NH,),Fe(SO,), + PD(3h-100°C)
| ~@-(NH,),Fe(S0,), + PD(72h-25°C)
— [l —FeSO, no PD
%0 - FeSO, + PD(3h-100°C)

— [ - FeSO, + PD(72h-25°C)
{ |- X - Fe,0, commercial

60

40

Conversion of benzene (%)

20 +

composition of the precipitates. Furthermore, the at % of S and Cl at the
surface is higher than in bulk, implying that iron sulfate or iron chloride
phases predominantly exist on the outer layer of the solids (Table 7).

For catalytic purposes, our primary interest lies in promoting the
formation of more tin oxide and less tin sulfate or tin chloride phases
since sulfur and chloride are known to act as poisons in reactions like
total oxidation for depollution purposes [41-43]. Therefore, an ideal
solid for depollution catalysis should have a reduced S and Cl content
and a Sn/O ratio closer to 0.5. A solid containing a higher proportion of
SnO; (Sn/0 = 0.5) than Sn30(0OH)2SO4 (Sn/O = 0.43) or Sn(OH)CI (Sn/
O = 1) achieves a Sn/O ratio closer to 0.5. For both types of PD, the at %
of S and Cl decreases at the surface, but the PD performed at 25 °C for 72
h has the most effective impact. Consequently, the development of tin
oxide occurs at the expense of tin sulfate or tin chloride, at the surface of
the solid. In bulk, the at % of S and Cl is already close to 0, so no big
change is observed (Table 7).

However, regarding the Sn/O ratio, even before the PD, the value
exceeds 0.5 and becomes even larger afterward (Table 7). This scenario
is not feasible if only SnOs, as tin oxide, is formed during the trans-
formation of tin sulfate or tin chloride. Our observations therefore imply

250 300

T T T
350 400

Temperature of reaction (°C)

Fig. 5. Catalytic performances of solids formed from iron precursors without and with PD (3 h-100 °C and 72 h-25 °C) for the total oxidation of benzene (conversion

of benzene as function of temperature reaction).
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Table 6
Mass of solid produced and pH of the solution when tin precursors are exposed to
the glidarc plasma without PD, with PD (3 h-100 °C and 72 h-25 °C) and without
plasma.

Mass of solid produced (g) pH
After After no Precursor After After
exposure/ plasma solution exposure PD
PD exposure
SnSO4 no 0.686 0.156 /
PD
SnSO,4 + 0.681 0.356 1.9
PD (3 h-
100°C)
SnSO,4 + 0.677 0.336 1.8
PD (72
h-25°C)
SnCl, no 0.674 0.069 25 2 /
PD
SnCl, + 0.723 0.406 1.8
PD (3 h-
100 °C)
SnCl, + 0.705 0.023 1.7
PD (72
h-25°C)
Table 7

XPS and EDX data of solids obtained with tin precursors without and with PD (3
h-100 °C and 72 h-25 °C).

Sn (o] SorCl Sn/
(at %) (at %) (at %) (o]
XPS EDX XPS EDX XPS EDX XPS
(Sn3d) (O1s) (S2p or
Cl1s)
SnSO4 no PD 33.5 14 63.5 85 2.9 1 0.53
SnSO4 + PD (3 35.2 17 62.4 81 2.5 1 0.56
h-100 °C)
SnSO4 + PD 36.5 21 61.3 79 2.2 1 0.58
(72 h-25 °C)
SnCl, no PD 35.2 29 63.4 71 1.4 0 0.56
SnCl, + PD (3 36.7 25 62.4 75 0.9 0 0.59
h-100 °C)
SnCl, + PD 38.7 25 60.7 74 0.5 0 0.64
(72 h-25 °C)

" The at % of O obtained by EDX is likely overestimated due to the underlying
adhesive carbon tape used to fix the sample.

the presence of another unidentified phase with a Sn/O ratio > 0.5 in the
solid. This could be SnO (Sn/O = 1) from Sn30(0OH)»SO4 or Sn(OH)Cl
that has not had the opportunity to oxidize and subsequently transforms
into tin(II) oxide. This might explain the observed increased Sn/O ratio
after PD.

With the above information, we propose a hypothetical reaction
mechanism for SnSO4 and SnCl; exposed to plasma discharge as follows:

1) Firstly, either Sn?* ions resulting from the dissolution of SnSO4 and
SnCl; precursors spontaneously oxidize to form Sn(OH)4 (Eq. (8)), or
the precursors undergo hydrolysis in water to produce tin hydroxy
sulfate or tin hydroxy chloride (Eq. (9); Eq. (10)). In fact, in solution
with CI~ or SO3™ ions at pH = 2.5, Sn®* does not form the tin hy-
droxide Sn(OH), but instead prefers to transform into these com-
ponents, which are more stable [34,36-39]:

Sn*" +4H,0—Sn(OH), +4H" +2e~ (8)
351804 +3H,0~Sn;0(OH),S0, +4H " + 2803~ (C)]
SnCl, + H,0—~Sn(OH)CI+ HCI 10)
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2) Subsequently, Sn?* ions that have not had sufficient time to react
spontaneously with water and tin sulfate or tin chloride in-
termediates formed previously can be oxidized by the plasma species
into Sn(OH)4 [33] (Eq. (11)):

Sn** +2NO; —»Sn(OH), +2NO" + H,0 amn

In the process of transforming SngO(OH)2SO4 or Sn(OH)CI particles into
Sn(OH)g, it is conceivable that upon their transformation, these particles
undergo rapid oxidation by plasma species, preventing them from being
“trapped” within the particle core. Consequently, when plasma exposure
ceases, the unoxidized portion of the precipitate predominantly resides
on the solid’s surface. This phenomenon could explain the absence of S
or Cl in the material’s bulk (Fig. 6).

Afterward, as Sn(OH); is less stable than Sn(IV) oxide, the applica-
tion of heat during the drying steps leads to the spontaneous dehydra-
tion of Sn(OH)y, resulting in SnO,, which is the phase observed by XRD
(Eq. (12); Supplementary information SI.7, Fig. 6).

Sn(OH),—Sn0, +2H,0 (12)

Throughout the PD step, NO; is still present due to its extended lifespan,
allowing it to probably continue oxidizing some Snz3O(OH)»SO4 or Sn
(OH)CI particles into Sn(OH)4. However, NO2, which is no longer
generated during this step, tends to transform into NOg, thus hindering
its ability to completely oxidize these phases (Supplementary informa-
tion SL.3) [34]. Consequently, some SngO(OH)2SO4 or Sn(OH)Cl may
simply decompose into Sn(OH),, which is later transformed to SnO
during the drying step (Eq. (13), Eq. (14), Eq. (15); Fig. 6). This hy-
pothesis fits with the observed increased Sn/O ratio during the PD step.
Furthermore, even though the PD at 25 °C for 72 h has a more significant
impact on transforming sulfate and chloride phases, the PD performed at
100 °C for 3 h already effectively transforms these phases. It appears that
applying heat to the system seems to accelerate the transformation,
which would probably occur anyway under ambient temperature con-
ditions if given sufficient time.

Sn;0(OH),S0,4+3H,0—3Sn(OH), + SO~ +2H* (13)
Sn(OH)Cl+ H,0—Sn(OH), + ClI” + H* (14)
Sn(OH),—SnO+ H,0 15)

Regarding the change in solid morphology during the PD process, for
both precursors, the specific surface area of the solid decreases without
changing the pore volume (Table 8). This is likely a result of particle
agglomeration due to heat and time.

Regarding the catalytic activity of solids derived from tin precursors,
it is enhanced when a PD is performed at 100 °C and 25 °C for both, but
the 72 h PD demonstrates a superior effect, especially for SnSO4 (Fig. 7).
These results align with previously identified characteristics. As the PD
process leads to an increased presence of the catalytically active phase
(tin (IV and II) oxide) at the surface of the solid, particularly when
conducted at 25 °C, it thereby enhances its catalytic activity. However,
in both cases, the specific surface area of the solids diminishes when a
PD step is performed, especially when done at 25 °C for 72 h. This im-
plies that augmenting the quantity of the catalytically active phase has a
more significant impact than the decrease in specific surface area.
Consequently, conducting the PD at 25 °C has a more significant impact
on the catalytic activity of the solid in both cases.

3.1.3. What are the similar impacts of the PD on precursors exposed to the
GP?

At this stage, we cannot assert that a particular type of PD consis-
tently yields superior results by developing more interesting character-
istics for all types of plasma-synthesized solids. However, when
considering the influence of the PD step on precursor salts of the same
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Table 8

Textural properties obtained by N2-physisorption with tin precursors without
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Fig. 6. Mechanism of formation of solids obtained with tin precursors without and with PD.

and with PD (isotherms Supplementary information SI.9).

Specific surface area

Pore volume

(m*/g) (cm®/g)
SnSO4 no PD 162 0.13
S$nSO4 + PD (3 h-100 °C) 140 0.15
SnSO,4 + PD (72 h-25 °C) 132 0.14
SnCl, no PD 146 0.11
SnCl, + PD (3 h-100 °C) 110 0.11
SnCl, + PD (72 h-25 °C) 89 0.11
100 4 —®— SnSO, no PD
SnSO, + PD(3h-100°C)
SnSO, + PD(72h-25°C)
—&— SnCl, no PD
80 4 |—=—SnCl, + PD(3h-100°C)
3 —&— SnCl, + PD(72h-25°C)
e - X~ SnO, non plasma synthesized
£
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Fig. 7. Catalytic performances of solids formed from tin precursors without and
with PD for the total oxidation of benzene (conversion of benzene as function of
temperature reaction).

metal, a discernible pattern emerges. Specifically, solids obtained from
different precursors of the same metal exhibit identically superior cat-
alytic activity when synthesized under similar conditions. Precisely, in
the case of iron precursors, the PD at 100 °C yields the most interesting
properties, while for tin precursors, the PD at 25 °C proves most
promising. This suggests that we may be able to anticipate in advance
the preferable type of PD to conduct when using a new precursor of a
metal previously studied with a different precursor.

Although the impact of each PD type varies for different metal pre-
cursors, a global effect can still be observed. Firstly, the PDs do not
fundamentally alter the type of solid formed. Instead, a phase formed
during the plasma discharge is more or less present after the PD due to
the transformation from one phase to another. Consequently, the same
atoms remain in the solid after the PD, but not in the same atomic
percentage. Additionally, all tested precursors tend to form a sulfate or
chlorate phase, primarily located at the solid surface during the plasma
discharge. Throughout each PD type, this intermediate appears to
transform into a metal oxide. Furthermore, the PD invariably influences
the textural properties of the solid. While the pore volume may not

always change, the specific surface area does. Due to factors like time
and temperature, particles formed during plasma discharge tend to
agglomerate. However, this does not consistently result in a decrease in
a specific surface area. Depending on crystal growth patterns, some
roughness and porosity can be created, thereby increasing the solid’s
specific surface area. Certainly, the fact that PD affects various solid
characteristics leads to changes in its catalytic activity. The activity
improves when the catalytically active phase increases and/or the spe-
cific area increases, but it worsens if the opposite occurs.

However, in nearly all cases, conducting a PD at either 100 °C or
25 °C enhances catalytic performance, with the exception of FeSO4 + PD
(72 h-25 °C). This suggests that incorporating a PD step is almost always
beneficial. If a quicker synthesis is preferred, the PD at 100 °C is the
more compelling choice. Alternatively, if a synthesis method requiring
less energy input and resulting in a higher yield of recovered solids is
desired, the PD at 25 °C is more suitable. These results indicate that,
depending on the synthesis parameters of preference, one PD may
outperform another, but the addition of a PD step consistently proves to
be a constructive way to enhance the performance of a plasma-
synthesized catalyst.

Furthermore, it has been observed that the amount of solid recovered
is impacted when a PD is performed. For most precursors, allowing more
time for the solid to develop increases the quantity of recovered solid.
Hence, although there are instances where the catalytic performance of
the catalysts does not exhibit a significant change, questioning the ne-
cessity of adding a PD step, it consistently enhances the yield of solid
formation. Therefore, incorporating a PD step is an effective way to
enhance the overall plasma synthesis for two reasons: by augmenting the
yield of solid formation while increasing its catalytic activity.

3.2. Elucidation of the mechanism underlying the PD

We have demonstrated that PD is an interesting step to apply in the
GP synthesis, enhancing the yield of recovered solids and enabling the
development of catalysts with more interesting properties. However, the
exact mechanism behind this step remains unclear. Some hypotheses
proposed in the literature suggest that the species generated during the
PD (H305, HNO3, HNO,, etc) influence the modification of the solid.
Actually, these hypotheses were never proven before. Therefore, our
objective is to comprehend the functioning of the PD step and determine
whether the plasma species present during the PD indeed impact the
modification of GP-synthesized solids. To address this, we compared
solids obtained from (NH4)2Fe(SO4)2 and SnSO4 subjected to a classical
PD step with solids developed when a PD is conducted without the
presence of plasma species.

The diffractograms obtained for these solids reveal that the phases
developed when the PD is performed with or without the presence of
plasma species are identical for (NH4)2Fe(SO4)2 and SnSO4 in both types
of PD (Fig. 8, Supplementary information SL.10).

By comparing the at % of elements present in solids synthesized with
and without plasma species during the PD step, it is evident that they
rarely exhibit really close similarities (Table 4, Table 7, Table 9).
Notably, the only samples demonstrating a relatively similar elemental
composition are the solids formed from (NH4)oFe(SO4)2 with a PD(3
h-100 °C). However, certain commonalities are observable. Firstly, the
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Fig. 8. XRD data of solids obtained with (NH4)2Fe(SO4)2 with PD with and without plasma species.

binding energy of S2p around 169 eV as determined by XPS, constantly
corresponds to SO3~, as previously observed (Supplementary informa-
tion SI.11). Furthermore, the changes occurring within the solid during
the PD step remain consistent, regardless of the presence of plasma
species. Specifically, the at % of S decreases, while the at % of Sn or Fe
increases (Table 4, Table 7, Table 9). This suggests that the plasma-
generated species present during the PD are not essential for trig-
gering the observed transformation that typically occurs during this
step, which is the conversion of iron or tin sulfates into iron or tin oxides.

The at % of S is smaller, while the at % of Fe or Sn is higher in almost
all cases when the PD is done without plasma species (Table 4, Table 7,
Table 9). This can be attributed to the “washing step” conducted by
recovering the synthesized solid after the discharge and immersing it in
fresh distilled water. This step not only removes the plasma-generated
species but also eliminates other ions, including SO . Consequently,
these species can no longer interact with the synthesized solid and,
therefore, cannot be deposited on its surface, diminishing the formation

Table 9
XPS and EDX data of solids obtained with (NH4),Fe(SO4), and SnSO,4 with PD
without plasma species.

Fe or Sn (o] S Fe/O
(at%) (at%) (%at) or
Sn/0

XPS EDX XPS EDX XPS EDX XPS

(Fe2p (0O1s) (S2p)
or
Sn3d)
(NH4)2Fe(SO4)2 28.1 31 65.6 66 5.2 3 0.43
+ PD (3 h-
100 °C) new
water
(NH,4)2Fe(S04)2 31.6 31 64.7 67 3 3 0.49
+ PD (72 h-
25 °C) new
water
SnSO4 + PD (3 35.8 21 63.3 79 1 0 0.57
h-100 °C)
new water
SnsSO,4 + PD 34.9 20 62.9 80 2.3 1 0.55
(72 h-25 °C)
new water

" The at % of O obtained by EDX is likely overestimated due to the underlying
adhesive carbon tape used to fix the sample.

of the sulfates during this step.

Regarding their texture, it is evident that the changes in the solid are
consistent, regardless of the presence of plasma species during the PD
step (Table 5, Table 8, Table 10). When the PD is performed at 100 °C for
(NH4)2Fe(S04)2, the specific surface area and pore volume increase.
However, these features decrease when the PD is carried out at 25 °C for
the (NH4)2Fe(SO4)2 and for both PD involving SnSOy.

Finally, regarding their catalytic activity, both precursors, irre-
spective of plasma species presence during PD, yield solids with higher
catalytic activity (Fig. 9). This is attributed to the consistency in solid
transformation, whether plasma species are present or not. In fact,
although the catalytic activities of solids synthesized with or without
plasma species present in the PD may not be identical, we have observed
a consistent pattern of solid transformation that tends to enhance cata-
lytic activity. Therefore, these modifications result in a similar impact on
the catalytic test, regardless of the presence of plasma species during the
PD, ultimately improving it compared to when no PD is performed.

With the above information, in contrast to earlier suggestions in the
literature, we can conclude that species generated by plasma do not play
a role in the solid transformations occurring during the PD step. The
phases conversion and crystal growth observed in this process primarily
reflect a maturation step that involves the solid in a specific manner,
contingent upon the applied heat and the duration of the step.

In classical plasma applications, the term “post-discharge” holds a
different meaning than in glidarc plasma. It is defined as “the area
downstream of the discharge, where the species produced by the
discharge are entrained by a gaseous or liquid flow but are no longer
influenced by the electric field” [44]. In the gold nanoparticles (NPs)
synthesis described by Mariotti et al., it is explained that within the

Table 10
Textural properties obtained by Na-physisorption of solids obtained with (a)
(NH4).Fe(SO4)2 and (b) SnSO4 with PD with and without plasma species.

Specific surface Pore
area volume
(m%/g) (cm®/g)
(NH,4)2Fe(SO4)2 + PD (3 h-100 °C) new 105 0.30
water
(NH4)2Fe(S04)2 + PD (72 h-25 °C) new 74 0.28
water
SnSO4 + PD (3 h-100 °C) new water 107 0.14
SnSO4 + PD (72 h-25 °C) new water 120 0.14
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Fig. 9. Catalytic performances of solids formed with (a) (NH4)2Fe(SO4)2 and (b) SnSO4 with PD with and without plasma species.

“plasma zone”, where reactive species formed by the plasma discharge
are concentrated, the precursor undergoes transformation into gold NPs,
constituting the “nucleation step”. Subsequently, when these particles
exit this zone, they enter the “post-discharge zone” where the solid
grows, leading to the development of larger particles (Fig. 10) [45].
Knowing this, we can draw a parallel between the PD step of glidarc
plasma and classical plasma PD. In both cases, when the precursor is
exposed to the plasma discharge, it interacts with the plasma species to
form a precipitate. Subsequently, when the solid is placed in PD, it un-
dergoes a “maturation step”, influenced by the duration and tempera-
ture of the PD process.

Nevertheless, although it can be concluded that plasma species do
not contribute to the transformation during the PD of already precipi-
tated solids, it can be asserted that they do influence the reaction of
metal ions from the precursor that have not had sufficient time to react
during the discharge. This is evidenced by the increased amount of
recovered precipitate when iron and tin precursors undergo the PD step
(Table 3, Table 6). In fact, we have previously established that NO3 is
the main species responsible for the precipitation process and that it
persists long enough to be present during the PD step (Supplementary

Gas flow
DC power e | >
Anode - supply
+I I. - Cathode
v
Microplasma
o PD
(0] .
o 0O Nucleation
© O
— Precursor
Growth

Fig. 10. Schematic diagrams depicting the microplasma set-up used for NPs
synthesis.
adapted from [45]
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information SL.3) [14,33]. Therefore, these species do still initiate the
transformation of metal ion precursors remaining in solution. However,
once the discharge is shut down, no more NO3 species are generated,
and they tend to decompose into NO3 (which has been identified as not
triggering the reaction) (Supplementary information SL3) [33,34].
Consequently, they cannot remain present in sufficient amounts to
facilitate the reaction of all the remaining metal ion precursors in
solution.

4. Conclusion

GP catalyst synthesis offers interesting conditions when compared to
alternative synthesis methods, such as mild conditions and short pro-
cessing time. Additionally, this approach can be considered eco-friendly
and cost-effective, as the only chemical used to generate these reactive
species is water-saturated air, which is non-polluting, available, and
renewable. Nonetheless, while catalysts synthesized through this
method already exhibit promising characteristics and catalytic activity,
enhancing the method by introducing a new synthesis step while pre-
serving its advantageous parameters presents an opportunity to further
improve its interest.

As previously suggested in the literature for FeOx and MnOy derived
from (NH4)2Fe(SO4)2 and KMnOj4 synthesized through GP exposure, we
confirm that the PD step is valuable to all types of solids synthesized
from various precursors. Regardless of the precursor type, conducting a
PD either at 100 °C or 25 °C proves to be an interesting process to in-
crease the quantity of recovered solids and/or bring interesting new
characteristics to the catalyst. Moreover, we observed similar trans-
formations occurring during the PD, whatever the nature of the pre-
cursor salts used for a given metal. Specifically, solids with superior
catalytic activity are consistently synthesized under comparable condi-
tions for each metal. In our study, solids synthesized from iron pre-
cursors exhibit enhanced catalytic activity when the PD is performed at
100 °C, whereas for tin precursors, the PD at 25 °C shows the most
promising results.

Although the impact of each PD type varies from precursors to one
metal to another, a global effect is still apparent. That is the trans-
formation of sulfate or chloride phases into metal oxides, the influence
on the solid’s textural properties, the increase in the amount of recov-
ered solid, and the corresponding modification of its catalytic activity.

However, in nearly all cases, conducting a PD at either 100 °C or
25 °C enhances the catalytic performance of GP-synthesized solids. This
means that, depending on the synthesis parameters of preference, such
as a lower synthesis time, less energy input, or a higher yield of recov-
ered solid, one PD may outperform another.
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Consequently, the PD step has proven to be a crucial stage to
implement in plasma-synthesized catalysts. However, contrary to what
was stated before, our experiments show that species generated by
plasma do not play a role in the solid transformations occurring during
the PD step. In fact, we demonstrate that, whether plasma species are
present during the PD step or not, the transformations occurring in the
solid remain consistent. The phases conversion and crystal growth
observed in this process primarily reflect a maturation step that involves
the solid in a specific manner, contingent upon the applied heat and the
duration of the step.

However, this does not imply that plasma species present during the
PD step are irrelevant to the process. On the contrary, the NO3
remaining in solution during this stage does still facilitate the reaction of
ion precursors remaining in solution when the discharge is switched off,
transforming them into precipitates and thereby increasing the amount
of solid formed.
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