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Abstract
The humid air gliding arc plasma (GP) has demonstrated its capability to synthesize cata-
lysts (metal (hydr)oxides and supported catalysts) with intriguing properties and signifi-
cant catalytic activity while employing interesting synthesis conditions compared to con-
ventional catalyst synthesis. However, previous studies exposed various precursors to the 
plasma without prior knowledge of their reactivity through GP. The objective of this paper 
is to investigate the parameters influencing precursor reactivity and precipitation under 
humid air GP, by identifying commonalities between reactive and non-reactive precur-
sors. Several factors were identified as predominant: the solubility of the precursor and 
precipitate, the acidification of the medium along exposure, the redox potential of reactions 
between the precursor and HNO2/NO2

− species plasma-generated, and the metal precursor 
nature. These identified factors have enabled us to create a dichotomous key that can be 
used for any type of precursors, allowing to anticipate their potential precipitation when 
exposed to the GP. By utilizing this key, we have identified two new precursors that react, 
forming new types of solids never synthesized before by GP: Au and Ru-based solids. This 
demonstrates that GP may be a promising method for developing new types of catalysts, 
such as metal-supported catalysts, but also indicates that a limited number of precursors 
may react, at least without changing the conventional synthesis parameters. Therefore, this 
article highlights both the possibilities and limitations of GP catalyst synthesis.

Keywords  Glidarc plasma · Catalysts · Precipitation · Metal precursors · Solubility · pH · 
Redox

Introduction

Due to their significant contributions to both the economic viability and environmental 
sustainability of chemical industries, catalysts are utilized in over 90% of all industrial 
chemical transformations across various sectors, including polymers, pharmaceuticals, 
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agrochemicals, and petrochemicals [1]. As a result, ongoing research in catalysts synthe-
sis aims to enhance their properties and performances in a wide variety of reactions [2]. 
Numerous liquid-phase techniques have been developed to create these catalysts, such as 
sol–gel and precipitation processes, the last one being widely used industrially. However, 
despite their advantages, such as their well-established nature and ability to generate cata-
lysts with a wide range of interesting properties (including porosity, specific surface area, 
stability, purity, etc.), they also possess inherent drawbacks. Among the primary disad-
vantages are the high cost of the precursor materials, the time-consuming nature of the 
synthesis, the meticulous parameters control during the whole synthesis, the necessity of 
adding numerous substances that induce precipitation, and the utilization of environmen-
tally harmful solvents. Consequently, the pursuit of new synthesis methodologies capable 
of mitigating these shortcomings while still yielding catalysts with desirable properties 
remains an exciting field of research. It is within this context that the utilization of plasma, 
as a novel synthesis method for catalysts, emerges as a promising objective [3]. Among the 
various types of plasma used for catalysts preparations, gliding arc plasma stands out due 
to its “non-thermal” properties. It combines the benefits of both thermal, through the reac-
tive species it generates, and non-thermal plasma, by operating at atmospheric pressure and 
low temperatures [3, 4].

The glidarc plasma reactor was invented by H. Lesueur and further developed by A. 
Czernichowski in 1988 [5, 6]. It consists of two stainless steel electrodes with a divergent 
profile that are connected to a high-voltage generator. When the generator is activated, an 
arc forms at the smallest distance between the electrodes. Then, a flow of gas (plasma gas) 
is directed perpendicular to the arc, pushing it along the electrodes. At the end of these 
electrodes, as the distance between them increases, the arc cannot be sustained, and a new 
discharge can begin at the smallest distance between the electrodes. In this system, the 
arc (which constitutes the thermal part of the plasma) is cooled down to approximately 
ambient temperature by the gliding process and bursts into a plume of quenched plasma at 
atmospheric pressure (Fig. 1) [5, 7–12]

The plasma plume comprises a variety of species, including electrons, cations and 
free radicals, all of which possess reactivity that can be used to carry out chemical reac-
tions in and/or on gas, solid or liquid targets. When humid air is employed as plasma gas, 
the species produced are known to have mostly acidic and oxidant effects on the target. 
Plasma gas interacts with the arc’s electrons (and photons), forming activated species, ions, 
and radicals, known as “primary species”. In addition to these radicals, “secondary spe-
cies” can be formed when primary species react with each other or with parent species 
(Fig. 1). Among all these species generated in humid air plasma, some are considered as 
“short-lived species” such as the radicals OH°, NO°, O°; etc. (with lifetime in the nano-
second range), while some are “long-lived species” such as H2O2, HNO3, HNO2, etc. (life-
time > 1 s) (Fig. 1). Only species with longer lifespans have the capability to transit through 
and react within the bulk liquid, whereas shorter-lived species only induce reactions at the 
gas–liquid interface [8, 10, 12–23].

The humid air glidarc plasma reactor’s acidifying, oxidizing, and reducing features 
make it highly interesting for a wide variety of applications, including water and air depol-
lution, hydrogen production, hydrocarbon oxidation and conversion, and modification of 
solid surface properties [5, 10, 12, 25]. Furthermore, this method has already demonstrated 
its ability to synthesize catalysts such as metal (hydr)oxides (TiO2, FeOx, MnO2, SnO2, 
WO3) and supported catalysts (FeOx/Kaolinite, TiO2/SnO2) with good properties and inter-
esting catalytic activity when used for pollutant degradation in both gaseous and liquid 
phases (Table  1) [13, 14, 22, 26–29]. In addition to the interesting catalysts developed, 
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Fig. 1   Scheme and species created in humid air glidarc plasma reactor; plasma plume from [24]

Table 1   Catalysts synthesized by humid air glidarc plasma in the literature [14, 28, 30–32]

Precursor Catalyst syn-
thesized

Synthesis reaction

TiCl3 TiO2 [14, 33] TiCl3 + OH◦ + H2O ⇌ TiO2 + 3HCl

TiCl3 + SnCl2.2H2O TiO2/SnO2 [26] TiCl3 + SnCl2 + 3OH◦ + H2O ⇌ TiO2∕SnO2 + 5HCl

(NH4)2Fe(SO4)2.6H2O FeOOH [13, 
31]

Fe2+ + OH◦
⇌ Fe3+ + OH−

Fe3+ + 2OH− + H2O ⇌ FeOOH + H
3
O+

Fe2O3 [31, 34]
2FeOOH

calcination
→ Fe2O3 + H2O

Mayouom Kaolin-
ite + (NH4)2Fe(SO4)2.6H2O

FeOx/kaolin-
ite[31]

Fe2+ + OH◦
⇌ Fe3+ + OH−

Fe3+ + 2OH− + H2O ⇌ FeOOH + H
3
O+

KMnO4 α-MnO2 and 
γ-MnO2 [22, 
29, 30]

MnO−
4
+ NO◦

⇌ MnO2 + NO−
3

Mn(CH3COO)3.2H2O γ-MnO2 and 
β-MnO2 [22]

Mn3+ + OH◦ + H2O ⇌ MnO2 + H+

SnCl2.2H2O SnO2 [28] SnCl2 + H2O ⇌ Sn(OH)Cl + HCl

Sn(OH)Cl + 3OH◦
⇌ SnO2 + 2H2O +

1

2
Cl2

Na2WO4.2H2O WO3 [32] Na2WO4.2H2O + 2NO◦
⇌ WO3.2H2O + 2

(

Na+ + NO−
3

)
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glidarc plasma synthesis also provides interesting synthesis conditions in comparison to 
conventional catalysts synthesis processes. The most significant advantage of this method 
is that it operates under mild conditions and has a short processing time. Furthermore, this 
approach may be considered eco-friendly and cost-effective because the sole chemical uti-
lized to form reactive species is water-saturated air, which is non-polluting, available and 
renewable [13].

However, despite the utilization of various types of precursors in previous literature, 
which have demonstrated the efficacy in precipitating oxides or hydroxides, we still lack 
understanding regarding why these precursors work. It remains uncertain whether every 
type of metal precursor is capable of reacting and forming a precipitate via glidarc plasma. 
Until now, we have simply exposed precursors to the plasma without prior knowledge of 
whether they were the right choice. Consequently, we are unable to explain why certain 
precursors react while others do not. This lack of understanding makes it challenging to 
ascertain the potential versatility of the method in synthesizing various types of catalysts.

Therefore, the objective of this paper is to investigate the parameters influencing the 
ability of certain precursors to react via humid air glidarc plasma, forming a precipitate. 
The aim is to enhance our understanding of the method, ultimately enabling the synthesis 
of a broader range of catalysts. This, in turn, could enhance the interest of GP as an innova-
tive method for catalysts synthesis.

To fulfil this objective, the strategy was to identify commonalities between precur-
sors that do form a precipitate via glidarc plasma and those that do not react. To achieve 
this, several precursors were tested to establish a pool of both reactive and non-reactive 
precursors.

To determine the factors dictating the ability of the precursors to react, the strategy was 
to draw inspiration from the factors that affect the classical synthesis of catalysts by pre-
cipitation, which shares many similarities with synthesis via GP exposure. Furthermore, 
it involved revisiting the basics of chemistry and conducting calculations to theoretically 
rationalized the plasma reactions. Additionally, insights from previous research were valu-
able as it was found that among the plasma species created, the long-lived species, espe-
cially HNO2/NO2

−, predominantly impact the oxidoreduction of the precursors [35].
Several factors were identified as predominant, including medium pH, redox potential 

of reactions between the precursor and HNO2/NO2
− species plasma-generated, precipitate 

solubility and of course the nature of the metal precursor.

Materials and Methods

Materials

Al(NO3)3.9H2O  (≥ 95%), AlCl3 (99%), HAuCl4.3H2O (99%), K2Cr2O7 
(≥ 99%), Fe(NO3)3.9H2O (≥ 98%), FeCl3.6H2O (≥ 99%), FeSO4.7H2O (≥ 99%), 
Mn(CH3COO)3.2H2O  (97%), Mn(CH3COO)2.3H2O (99.99%), NaMnO4 (solution 40% 
wt in H2O), MnSO4.H2O (≥ 99%), Na2MoO4.2H2O (≥ 99%), Ni(NO3)2.6H2O (≥ 97%), 
Ni(CH3COO)2.4H2O (98%), SnSO4 (≥ 95%), SnCl2 (≥ 99%), TiCl3 (solution 10–15% in 
HCl) were purchased from Sigma Aldrich.

Bi(NO3)3.5H2O  (≥ 98%), Co(NO3)2.6H2O  (≥ 98%), (NH4)2Fe(SO4)2.6H2O  (≥ 99%), 
KMnO4 (≥ 99%), Mn(NO3)2.4H2O  (≥ 98%), MnCl2 (97%), Na2WO4.2H2O (≥ 99%) were 
obtained from Roth.
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AgNO3 (99.9%), AgCH3COO (99%), Fe(CH3COO)2 (95%), MnCl2 (97%), (NH4)2PtCl4 
(99.99%), Ti(SO4)2 (15% (w/v) solution in diluted sulfuric acid), KRuO4 (97%) were 
obtained from Thermo Scientific.

All the solutions were prepared with demineralized water as solvent.

Methods

Synthesis Device: The GP Reactor

The gliding arc plasma system employed in this study comprises the following components 
(Error! Reference source not found.):

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

•	 A gas supply setup consisting 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 pre-
sent to facilitate retrieval of the reactor content following plasma exposure.

Precursors Exposure and Solid Recovery

Various metal precursors were exposed to the glidarc plasma to establish a pool of both 
reactive and non-reactive precursors (Table 2).

The precursor solutions were prepared by dissolving these compounds in deionized 
water to obtain a certain concentration (Table 2). Subsequently, 450 mL of the respective 
solutions were introduced into the reactor, stirred magnetically (1 rotation/s), and exposed 

Table 2   Type and concentrations of precursors exposed to the glidarc plasma

Concentration 
(mol/L)

Metal Precursor

0.001 Au, Ru, Bi, Pt HAuCl4.3H2O, KRuO4, Bi(NO3)3.5H2O, (NH4)2PtCl4
0.01 Ag, Cr, Co, Fe, Mn, Mo, Ni, 

Sn, Ti, W
AgNO3, AgCH3COO, K2Cr2O7, Co(NO3)2.6H2O, 

Fe(NO3)3.9H2O, FeCl3.6H2O, FeSO4.7H2O, 
Fe(CH3COO)2, (NH4)2Fe(SO4)2.6H2O, 
Mn(NO3)2.4H2O, MnCl2, MnSO4.H2O, 
Mn(CH3COO)3.2H2O, Mn(CH3COO)2.3H2O, 
KMnO4, NaMnO4, Ni(NO3)2.6H2O, 
Ni(CH3COO)2.4H2O, SnCl2, SnSO4, Ti(SO4)2, 
Na2WO4. 2H2O

0.02 Al Al(NO3)3.9H2O, AlCl3
0.03 Mo Na2MoO4.2H2O
2 Ti TiCl3
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to the plasma discharge for maximum 2 h. If no solid formed within this time frame, we 
assumed that the precursors did not react to form a precipitate via glidarc plasma.

The pH of the precursor solution was measured using a pH meter before and after expo-
sure to the plasma.

If a solid precipitate was obtained after exposure to the plasma discharge, it was recov-
ered by centrifugation (24490 G, 30 min) and subjected to two washing cycles with dis-
tilled water. The solids obtained after centrifugation were subsequently dried in an oven 
under air at 110 °C for 22 h ± 2 h.

Characterization of the Solids Formed: X‑Ray Diffraction (XRD)

XRD analyses are performed when precursors reacted by GP have formed a precipitate. 
The solid, previously ground, is placed on a polished Si single crystal sample holder cov-
ered with a thin layer of Nivea© cream and is introduced into a Bruker-D8 Advance dif-
fractometer with a Bragg–Brentano geometry. The X-rays sent to the sample are produced 
using a copper anode (Kα = 0.15418 nm) operated 1200 watts, 30 mA and 40 kV. The anal-
ysis is performed for angles 2θ = 5° to 80° with an increment of 0.015° and 0.15 s integra-
tion time. Detection is performed using a LynxEye XE-T Technology detector. The diffrac-
tograms are then processed using the ICDD-PDF2-2004 database [36].

Results and Discussion

Factors Influencing the Ability of a Precursor to React

As previously explained, the GP catalysts synthesis shares many similarities with the clas-
sical synthesis involving a precipitation process. Therefore, it was anticipated that similar 
factors influencing the precipitation method would also be important in our case. Among 
these factors, the pH of the medium, the nature of the precursor used, and the solubility 
of the precipitate will be discussed. However, one specific factor arises from the plasma 
species, namely HNO2 and NO2

−, generated from the humid air GP and which trigger the 
redox reaction of precursor exposed to the medium. This factor is the potential of the redox 
couple involved in the reaction.

pH of the Medium

As suggested in previous literature, acidic species such as HNO3 and HNO2 are among 
those created by the plasma [12, 17, 35]. These species decrease the pH of the solution 
during the exposure, reaching a pH around 3, if only distilled water is exposed. The pH sta-
bilizes around this value due to the buffering effect of the HNO2/NO2

− couple (pKa = 3.3) 
[37]. In fact, as shown in Table 3, the final pH of the exposed precursor solution often sta-
bilizes around this value, except when the metal precursor can act as a secondary buffer, as 
observed with acetate precursors. However, not all types of solids form under such acidic 
conditions. Therefore, we suggest that the first factor influencing the ability of a precipitate 
to form under glidarc plasma is this acidification of the medium during the exposure.

To investigate this hypothesis, the Pourbaix diagrams of the various metals tested by gli-
darc plasma are of primary interest (Fig. 2 as example, Supplementary information SI.2 for 
other metals) [38]. In these diagrams, the x-axis represents the pH of the medium, while 
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the y-axis represents the voltage potential with respect to the standard hydrogen electrode. 
Furthermore, it should be noted that the dashed “a” and “b” lines in this diagram refer to 
the thermodynamic limitations corresponding to the redox behaviour of water itself, which 
is here the solvent. From a thermodynamic point of view, only species comprised between 
these lines should therefore exist in water. However, kinetic limitations could allow for the 
stabilization of metastable species under certain conditions [38].

To simplify the interpretation of these diagrams and understand the types of precipitates 
that can potentially form, we have compiled in Table 3 the solids that can form in water for 
all the metal tested, along with the approximate pH range where they can be created. To 
determine this range, we used the “-2” line on the Pourbaix diagram as a limit, as it repre-
sents the equilibrium between solid and soluble substances when the concentration of the 
dissolved substance is 10–2 mol/L, corresponding to the quantity of metal ions in our solu-
tion due to the initial concentration of precursors we chose [38]. By comparing this range 
to the final pH of the exposed solution, we observe that some precipitates cannot form at 
such pH which explains why they are not formed (marked in black). Furthermore, it is 
worth noting that all the precursors reacting via glidarc plasma have a final pH within the 
range of the corresponding solid formed (marked in green). This indicates that the pH of 
the medium is an important factor in determining whether a precursor can react via glidarc 
plasma to form a precipitate.

However, we also observed that some precursors can normally form certain solids at the 
final pH of the solution after exposure but still do not produce any precipitate (marked in 
red). This suggests that other factors need to be considered.

Fig. 2   Pourbaix diagram of Mn-water at 25 °C (considering β-MnO2 (pyrolusite)) [38]
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Potential of the Redox Reaction

The second important factor can be illustrated using the Mn precursors as an example. 
While Mn(III) and Mn(VII) precursors react by plasma to form MnO2, Mn(II) does not. 
This underlines the significance of another important factor: the oxidation state, or more 
precisely, the standard potential of the redox couple in which the metallic ion is involved 
(Mn+/precipitate).

As mentioned in the introduction, we previously discovered that the long-lived species, 
especially HNO2 and/or NO2

−, are the main species initiating the precipitation process of 
precursors exposed to the glidarc plasma [35]. These species have the ability to undergo 
redox reactions with the precursor, that could induce precipitation. Actually, HNO2 and 
NO2

− exhibit dual properties and can function either as oxidants or reducers in diverse 
types of redox couples [38]. In this first approach, as redox reactions are known to be kinet-
ically favoured when less electrons are involved, we focused on reactions involving a single 
electron transfer for the redox couple where HNO2 or NO2

− species are involved (Table 4) 
[42]. Knowing this, it is possible to evaluate their ability to undergo a redox reaction by 
calculating the difference in standard potential (∆E°) and equilibrium constant (K) of the 2 
couples reacting together (Eq. 1). In a previous article, we already performed this analysis 
for all the precursors known to undergo a redox reaction by glidarc plasma (Fe2+, MnO4

−, 
Sn2+ and Ti3+), demonstrating that the redox reaction followed by the precipitation process 
of precursors triggered by the HNO2 or NO2

− species is indeed theoretically feasible, as 
∆E° > 0 and K > 103 (Eq. 1) [35].

where F = 96485C; R = 8.314 J/mol; T = 298 K;ΔE◦ = E◦

ox − E◦

red

However, previous calculations were made considering the E°, the standard equilibrium 
potential of the reaction at 25  °C. This value does not account for the actual concentra-
tion of ionic species or the pH of the medium. The real E in our medium for a couple 
εaA +mH+ + ne− ⇌ bB + cH2Oε can be calculated using the Eq. 2 [36, 38]:

Given that we know the pH of the medium after exposure of each precursor and the 
concentration used for each, it is possible to calculate the actual E for all the redox couples 
considered. However, since the exact concentrations of HNO2 and NO2

− in our medium are 
unknown, it is not possible to calculate the actual E for their redox couple. Therefore, we 

(1)K = exp
(

nFΔE◦

RT

)

(2)E = E◦ +
0.059

n
log

(

(CA)
a

(CB)
b

)

− 0.059
(

m

n

)

pH

Table 4   Redox couples where HNO2 or NO2
− act as oxidants and reducers with only 1 electron involved 

[38]

When HNO2 or NO2
− 

act as oxidant
When HNO2 or NO2

− 
act as reducer

E° (V/NHE) Equation number

Oxidant NO−
2
+ 2H+ + e− NO◦

(g) + H2O 1.2 Eq. 3
HNO2 + H+ + e− NO◦ + H2O 1.00 Eq. 4

Reducer NO2 + e− NO−
2

0.9 Eq. 5
NO2 + H+ + e− HNO2 1.09 Eq. 6
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will use the standard electrode potential (E°) for these species instead. Consequently, ∆E 
for each redox reaction was calculated using these accurate E values (Table 5, Table 6).

By considering the correct E value for the precursors reacting through GP (marked in 
green in the Table 3), calculated from the final pH obtained after exposure (Table 3) and 
the initial concentration of the precursor (Table 2), we still obtain ∆E > 0 corresponding to 
a negative free enthalpy change G, indicating that they can indeed theoretically react with 
HNO2 or NO2

− species (Table 5).
Therefore, it may be possible to theoretically explain, with the same calculations, 

why all the other precursors, which are normally capable of forming a solid with a dif-
ferent oxidation state (OS) under the final pH obtained after exposure, do not seem to 
react by glidarc plasma (marked in red in the Table 3). By doing this, we observe that 

(a)

(b)

Fig. 3   Pourbaix diagram of a Pt-water at 25 °C [38]; b Pt-water containing 0.5 M of HCl at 25 °C [44]
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in all cases, the redox reaction of these precursors with HNO2 or NO2
− species yields 

∆E < 0 (Table 6). Consequently, it is evident that these reactions cannot occur. This 
implies that the reason why these precursors do not yield to a solid after exposure to 
the GP is because they cannot undergo a redox reaction with the HNO2 or NO2

− spe-
cies, which have been identified as the primary active species in the observed redox 
reactions [35].

Nature of the Precursor

Another aspect that we did not previously consider is that some precursors introduce other 
types of species that can impact the reactions occurring in the medium. In our earlier dis-
cussions, we only considered that the precursors dissolved to yield aqua ions when reacting 
with water molecules ([M(OH2)N]z+, here noted as Mz+). However, some precursors are 
made of complex ions involving coordinating species like Cl− and NH3, and appear as such 
upon dissolution.

That is indeed what happens with (NH4)2PtCl4. Upon dissolution, [PtCl4]2− ions are pre-
sent, as a result of the dissociation of the precursor [43]. To understand the influence of 
these complexes, we have to examine the Pourbaix diagram of Pt, both without and with 
the presence of Cl− ions, as shown in Fig. 3 [44]. We observe that when Pt2+ is present as 
a complex [PtCl4]2−, its stability range is extended to a higher pH value (up to around 6). 
This diagram also shows that for Cl–Pt complexes, at the pH obtained after the exposure 
of the Pt precursor (2.7), PtO2 can no longer be formed, and Pt is the only solid that can 
precipitate at this pH. This highlights the importance of considering the ions actually pre-
sent in the solution after the dissolution of the precursor, and of taking into account, when 
necessary, the possible reactions these ions could undergo in solution.

Knowing this, it is possible to calculate ΔE for the redox reaction of [PtCl4]2− with 
HNO2 or NO2

− to eventually form Pt (Table 7), calculated from the final pH obtained after 
GP exposure (Table 3) and the initial concentration of the precursor (Table 2). To do so, we 
need to consider the potential of the couple MLy/M (Eq. 6) that can be calculated thanks 
to the formation constant (Kf) of the MLy complex (Eq. 3) and the potential of the redox 
couple that does not imply the ligand, Mn+/M (Eq. 4).

For a neutral L ligand, the corresponding equations are:

Table 7   Redox reactions between HNO2 or NO2
− species and (NH4)2PtCl4

(NH4)2PtCl4 [43]:
Where Kf = 1016;E◦
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= 0.924V

NO2/NO2
− (Eq. 5)

E◦ = 0.9 V
[

PtCl4
]2− + 2NO−

2 ⇌ Pt + 2NO2 + 4Cl− ΔE = 0.02 V

NO2/HNO2 (Eq. 6)
E◦ = 1.09 V

[

PtCl4
]2− + 2HNO2 ⇌ Pt + 2NO2 + 2H+ + 4Cl− ΔE = −0.17 V
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We can therefore see that considering the actual ions present in solution upon dissolu-
tion of the precursor is important to anticipate its potential reaction with plasma species 
and, consequently, its possible precipitation. In the case of the (NH4)2PtCl4 precursor, pre-
cipitation is not possible because the ΔE for the redox reaction of [PtCl4]2− with HNO2 or 
NO2

− is either very close to 0 or less than 0.

Solubility of the Precipitate

In addition to the precursors mentioned above, there are other precursors that did not pre-
cipitate and were not previously discussed. These include compounds that do not require a 
change of oxidation state (OS) to form the corresponding solid (Al3+, Fe3+, Ti4+) (Table 3). 
For these precursors, a redox reaction is not the phenomenon required to initiate the pre-
cipitation. Instead, the formation of the precipitate depends solely on the concentration of 
ions present in the solution that participate in the formation of the solid. It is governed by 
the solubility of the precipitate that can be formed.

In fact, a solid in solution exists in a chemical state known as solubility equilibrium. 
Each solubility equilibrium is defined by a temperature-dependent equilibrium constant 
(Ks). In a dynamic equilibrium as such, certain individual molecules migrate between the 
solid and solution phases at equal rates of dissolution and precipitation. When equilibrium 
is reached and the solid has not been completely dissolved, the solution is considered satu-
rated. The concentration of a solute in saturated solution is known as the solubility (s), 
which is temperature dependent. A solution containing a higher concentration of solute 
than the solubility is said to be supersaturated, and it is under these conditions that a pre-
cipitate can form [45]. This occurs when the so-called solubility quotient (Qs) (that has the 
same expression as Ks but with the concentrations at a specific point in time) is higher than 
the solubility constant Ks [46].

When the precipitate is a hydroxide of a metal ion (which can later be transformed into 
an oxide either through thermal treatment or spontaneously if the hydroxide form is unsta-
ble), Ks is usually defined as follows [43]:
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To determine whether a hydroxide can form in our plasma-exposed solution, we need 
to have Qs > Ks, which is thus function of the amount of metallic ion Mn+ and OH− present 
in the medium. By considering this, we can calculate the Qs of the precursors mentioned 
above since we know the concentration of Mn+ introduced into the solution (from the ini-
tial concentration of the precursor) and the concentration of OH− determined from the final 
pH measurement (Eq. 9) (Table 8) [43]. By doing that, we observe that, for all of these pre-
cursors, Qs < Ks, which is coherent with the fact that no precipitate was observed.

The solubility constant explains why these precursors did not form a precipitate by 
exposure to the glidarc plasma. Indeed, the initial concentration of the precursor used, 
and therefore of the metallic ions, was not high enough to fulfil the condition Qs > Ks 
and initiate precipitation. To confirm this, we attempted to expose a precursor contain-
ing Fe3+ and Al3+ ions at a higher concentration (0.03 mol/L) to the plasma, ensuring 
Qs > Ks. Under these conditions, a precipitate formed. However, it is worth noting that 
precursors that do not require a change in OS to form the corresponding hydroxide do 
not necessitate plasma to precipitate. On the contrary, since hydroxides are the primary 
species involved in the precipitation, exposing the precursor to plasma, which generates 

(8)Ks =
[

Mn+
]

[OH−]n

(9)pOH = 14 − pH, and, pOH = − log [OH−]

Table 8   Initial concentration, final pH after plasma exposure, precipitate that is supposed to form, Ks and 
Qs of precursors that do not necessitate a change of OS to form a precipitate in the final pH range obtained 
after plasma-exposure

Metal Precursor Initial cc (mol/L) Final pH Precipitate that 
can be formed 
[38]

Ks [38] Qs

Al AlCl3 0.02 3.2 Al(OH)3/Al2O3 10
−34

10
−35

Fe Fe(NO3)3 0.01 2.3 Fe(OH)3/Fe2O3 Between 10−37 and 10−42 10
−38

FeCl3 0.01 2.4 Fe(OH)3/Fe2O3 Between 10−37 and 10−42 10
−37

Ti Ti(SO4)2 0.01 1.6 Ti(OH)4/TiO2 Between 10−40 and 10−43 10
−52

Table 9   Initial concentration, final pH after plasma exposure, precipitate that is supposed to form, Ks and 
Qs of precursors reacting by glidarc plasma to form a precipitate

Metal Precursor Initial cc (mol/L) Final pH Precipitate Ks [38, 47] Qs

Fe FeSO4 0.01 3 Fe(OH)3/Fe2O3 Between 10−37 and 10−42 10
−35

(NH4)2Fe(SO4)2 3 10
−35

Mn Mn(CH3COO)3 0.01 4.8 MnO2 Insoluble
KMnO4 3.2
NaMnO4 3.2

Sn SnCl2 0.01 1.6 Sn(OH)4/SnO2 Between 10–58 and 10−64 10
−51

SnSO4 10
−50

Ti TiCl3 0.01 3.7 TiO2 Insoluble
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H+ species, tends to prevent the precipitation. Indeed, when we compared the precipi-
tate formed from the Fe(NO3)3 precursor with or without exposure to the plasma, we 
obtained the same solid, confirming the lack of interest of plasma for these types of 
precursors (Supplementary information SI.3) (NB: To see the formation of a precipitate 
from a precursor containing Fe3+ ion at higher concentration, heating the solution was 
necessary either after plasma exposure for the GP synthesis or during the stirring for the 
non-GP synthesis).

This reveals another important parameter to consider before exposing any type of 
precursor, namely that the initial precursor concentration is high enough to allow the 
formation of a precipitate provided that a redox reaction can occur. Indeed, if we calcu-
late the Qs for all precursors that react by plasma (if possible), we observe that in every 
case, Qs > Ks (Table 9), in line with the formation of precipitates following the redox 
reaction in all these cases.

In conclusion to this part, the solubility of the precipitate formed is not a determin-
ing factor in whether a precursor will react by GP. However, it is important to consider 
this aspect to be able to observe the precipitate resulting from the redox reaction of the 
precursors with the plasma species. Therefore, solubility should be considered, as is the 
case for any usual precipitation process, after confirming that a precursor is expected to 
react by GP, before exposing it to the GP reactor.

Interest of the Plasma for Precursors That Spontaneously Form a Precipitate in Water

It also worth noting that some precursors forming a precipitate after GP exposure, tend 
to also undergo oxidation or reduction spontaneously in water. As previously discussed 
in Sect. "pH of the medium"., species located outside the zone between the lines “a” and 

Table 10   Redox reactions between HNO2/NO2
− species or H2O/H+ and precursors exposed to the glidarc 

plasma that give a precipitate

Precursor/precipitate Reaction with 
HNO2 or NO2

−
Reaction with H2O or H+ 
If metal reduction: 
O2 + 4H+ + 4e− ⇌ 2H2O 
E◦ = 1.23V  
If metal oxidation: 
2H+ + 2e− ⇌ H2

E◦ = 0V

Number 
of elec-
trons

ΔE
(V)

Number of elec-
trons

ΔE(V)

KMnO4:
MnO−

4
+ 4H+ + 3e− ⇌ MnO2 + 2H2O

E = 1.692 − 0.0788pH + 0.0197log
(

CMnO−
4

)

= 1.41V

3 0.51; 
0.32

12 0.18

SnSO4; SnCl2:
SnO2 + 4H+ + 2e− ⇌ Sn2+ + H2O

E = −0.077 − 0.1182pH − 0.0295log
(

CSn2+

)

= −0.26V

2 1.46; 
1.26

2 0.26

TiCl3 [38]:
TiO2 + 4H+ + e− ⇌ Ti3+ + 2H2O

E = −0.666 − 0.2364pH − 0.0591log
(

CTi3+

)

= −1.11V

1 2.31; 
2.11

2 1.11
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“b” on the Pourbaix diagram are not stable in water and tend to spontaneously trans-
form into more stable ones found within this zone [38]. However, MnO4

−, Sn2+ and Ti3+ 
precursors are all present outside this area, indicating that they tend to spontaneously 
transform into the solids also formed by GP. By employing a similar process to that 
used with HNO2 and/or NO2

− species, but this time using H2O as a reactant (O2/H2O or 
O2/O2− if reduction, H2O/H2 or H+/H2 if oxidation), we observe that the ΔE values of 
the redox reactions of these three precursors with water indicate spontaneous reaction 
(Table 10) [38, 43]. However, we know that plasma makes the formation of these pre-
cipitates quicker. For example, while it takes days for KMnO4 to precipitate into MnO2 
in water, with GP, a precipitate appears after only 4 min of exposure [29, 48].

In this context, the question arises as to whether we can anticipate the benefit of 
exposing a precursor to the GP rather than allowing it to react in water. To answer 
this, we need to consider the kinetics of the redox reactions. In fact, a redox reaction 
is more likely to occur if the number of electrons needed is smaller [42]. Furthermore, 
the greater the ΔE between 2 reacting couples, the quicker the reaction may occur [43]. 
In fact, for all the precursors that react by GP, we observe that the number of electrons 
needed is sometimes smaller and ΔE is always greater when reacting with plasma spe-
cies (Table 10). This theoretically demonstrates the benefit of using plasma over allow-
ing the reaction to occur in water, as calculations indicate that the redox reaction with 
GP-generated species are quicker than those with water species.

Application of the Identified Factors to Predict Precursors That May React By GP:

With the parameters we have identified, it is now possible to anticipate which precursors 
will react by GP to give a precipitate and which will not. To facilitate this approach, we 
have created a dichotomous key. This key allows to determine, step by step, whether a pre-
cursor may or may not fit the identified parameters identified crucial for its ability to react 

Fig. 4   Dichotomous key to determine whether a precursor may or may not to react and form a precipitate 
by GP
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and form a precipitate by GP (Fig. 4). If we examine this dichotomous key in detail and 
explain how it works, we can see that the first step is to choose a precursor that is soluble 
in water as, currently, only aqueous solutions of a precursors are used and studied when 
exposed to the GP. Next, we need to identify which species are present upon the dissolution 
of the precursor, as mentioned in Sect. "Nature of the precursor:" “Nature of the precur-
sor”. If a Pourbaix diagram of the formed metal ions is available, this tool allows us to 
quickly anticipate whether a precipitate can form at the type of pH we will have upon expo-
sure, typically around 2–3 if the precursor does not act as a buffer, or around the pKa of the 
precursor. In fact, if no precipitate can be formed at such pH, there is no interest in expos-
ing this precursor to the GP. If a precipitate can form, we still need to determine whether 
the metal ions present in solution would react with the plasma species by calculating the 
∆E of the redox reaction between the precursor and the HNO2/NO2

− species, as mentioned 
in Sect. "Potential of the redox reaction" “Potential of the redox reaction”. For better pre-
diction, it is preferable to calculate this ∆E using the actual E of the metal redox couple, 

Fig. 5   Pourbaix diagram of Ru-water at 25 °C [38]
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considering the concentration of the precursor we will use and the final pH we expect to 
have at the end of the exposure. If the ∆E indicates that no redox reaction with plasma spe-
cies will occur, the precipitate is unlikely to form. On the other hand, if the ∆E suggests 
that the reaction will occur, it is still possible to assess the benefit of exposing the precursor 
to the GP rather than allowing it to react spontaneously in water. This assessment involves 
examining the number of electrons and the ∆E of the redox reaction between the precursor 
and water, as explain in Sect. "Interest of the plasma for precursors that spontaneously form 
a precipitate in water" “Interest of the plasma for precursors that spontaneously form a pre-
cipitate in water”. Finally, before exposing the chosen precursor, we need to ensure that the 
initial concentration selected guarantees a Qs > Ks at the final pH we expect, as mentioned 
in Sect.  "Solubility of the precipitate" “Solubility of the precipitate”. This ensure that a 
precipitate will indeed form upon reaction, allowing us to recover it effectively.

By using this tool, two new precursors were identified as potentially reacting by GP: 
HAuCl4 and KRuO4.

For KRuO4, the first parameter is respected as this precursor is soluble. In solution, 
it dissolves to release RuO4

− and K+, is the later being a spectator ion. As seen in the 
Sect.  "pH of the medium", RuO2, Ru(OH)3 and Ru can all be formed under acidic pH 
conditions (Fig.  5) [38]. However, referring to the position of these solids with respect 
to RuO4

− in the Pourbaix diagram, we observe that the formation of RuO2 must precede 
the formation of Ru(OH)3 or Ru species. Therefore, it is only interesting to determine if 
RuO2 can be formed as, if not, other ruthenium-based solids will also not be able to form. 
To ascertain this, we calculated the ΔE for the redox reaction of RuO4

− with HNO2 or 
NO2

− species to form RuO2, which indicates that the reaction is feasible (Table 11). We 
can also confirm the interest of exposing this precursor to the GP rather than allowing it 
to simply react with water. By calculating the ΔE and the number of electrons involved in 
the redox reaction, it is evident that both values are respectively higher and smaller, when 
reacting with GP than with water species (Table 11). Finally, before exposing this precur-
sor to the GP, we need to ensure that the initial concentration of KRuO4 is high enough to 
have Qs > Ks. However, as RuO2 is considered completely insoluble, the initial concentra-
tion does not really matter [49]. To validate the theory that tells us that this reaction will 
work, we exposed a solution of 0.001 mol/L of KRuO4 to the GP for 30 min and observed 
indeed the formation of a black precipitate after 1 min, corresponding to RuO2 (supple-
mentary information SI.4).

Table 11   Redox reactions between HNO2 or NO2
− or species and KRuO4 precursor

KRuO4 [38]: 
RuO−

4
+ 4H+ + 3e− ⇌ RuO2 + 2H2O

E0 = 1.533 − 0.0788pH + 0.0197log
(

CRuO−
4

)

= 1.238V  (if pH = 3 and Ci KRuO4
− = 0.001 mol/L)

NO2/NO2
− (Eq. 5)

E◦ = 0.9 V
RuO−

4
+ 4H+ + 3NO−

2
⇌ RuO2 + 3NO◦ + 2H2O ΔE = 0.338V;3e−

NO2/HNO2 (Eq. 6)
E◦ = 1.09 V

RuO−
4
+ H+ + 3HNO2 ⇌ RuO2 + 3NO2 + 2H2O ΔE = 0.148V;3e−

O2 + 4H+ + 4e− ⇌ 2H2O

E0 = 1.23 V
4RuO−

4
+ 4H+

⇌ 4RuO2 + 3O2 + 2H2O ΔE = 0.008V;12e−
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In the case of HAuCl4, the system is more complicated. This precursor is soluble and 
can potentially form the Au precipitate under acidic pH conditions (Fig. 6) [38]. However, 
when HAuCl4 dissolves in water, it behaves as a strong Brönsted acid and dissociates into 
H+ and AuCl4− ions (Fig.  6) [50]. Furthermore, in aqueous solution, AuCl4− undergoes 
spontaneous hydrolysis with different levels of hydroxylation depending on the pH (Eq. 10) 
[51, 52]. According to the literature, at pH around 2–3, the predominant species present in 
solution are AuCl4−, [AuCl3(OH)]−, and [AuCl2(OH)2]− [52, 53].

(10)AuCl−
4
+ jH2O ⇌ AuCl4−j(OH)−

j
+ jCl− + jH+

Fig. 6   Pourbaix diagram of Au-water-Cl− at 25 °C [50]
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Therefore, to determine if HAuCl4 is able to react with HNO2 or NO2
− species to form 

Au0, we first need to calculate the E(

[MLy]
z+

M

) of these complexes using their formation con-

stant Kf and the E(

Mz+

M

) of the redox couple Au3+/Au (Eq. 11–14, Table 12) [38, 54]. By 

calculating the ∆E of the redox reaction of these complexes with HNO2 or NO2
− species, 

we observe that all of them could achieve a redox reaction with at least NO2
−.

Before testing this precursor, we selected a concentration in HAuCl4 of 0.001 mol/L, as 
Au is considered as completely insoluble. Finally, when HAuCl4 is exposed to the GP, we 
do obtain a precipitate, which is pure metallic Au (supplementary information SI.5).

The formation of these two new precipitates suggests that the dichotomous key cre-
ated to predict the formation of a solid upon exposure of a metal precursor to the GP is 
effective.

Conclusion

The objective of this paper was to investigate the parameters influencing the ability of spe-
cific precursors to react via humid air GP, leading to the formation of a precipitate. The aim 
is to enhance understanding of the method, ultimately enabling the synthesis of a wider 
range of catalysts and increasing the interest of GP as an innovative method for catalyst 
synthesis.

To achieve this objective, we adopted a strategy to identify commonalities between pre-
cursors that do form a precipitate via GP and those that do not react. The purpose was 
to determine the factors influencing the ability of a precursor to react. Since our method 
shares commonalities with the precipitation process, we sought to draw inspiration form 
this technique.

Several factors were identified as predominant in the ability of a precursor to react, 
including medium pH, standard potential of redox reactions, nature of the metal precursor 
and precursor and precipitate’s solubility. Precisely, now we know that for a precursor to 
react by GP and form a precipitate, it is needed to:

1.	 Ensure that the precursor is soluble in aqueous medium.
2.	 Identify the actual species resulting from the dissociation of the precursors.
3.	 Identify if the metal can form a solid at acidic pH around 3 and that this formation 

necessitates a change of oxidation state of the metal.
4.	 Calculate whether the ∆E of the redox reaction between the precursor and HNO2 and/

or NO2
− plasma species to form the solid are > 0.

(11)
Au3+ + 3e− ⇌ AuE

◦

1
= 1.5 + 0.0197 log

(

CAu3+

)

= 1.44V
(

ifCAu3+ = 0.001mol∕L
)

(12)Au3+ + 4Cl− ⇌

[

AuCl4
]−
Kf = 1 ∗ 1024

(13)Au3+ + 3Cl− + OH−
⇌

[

AuCl3(OH)
]−
Kf = 1 ∗ 1019

(14)Au3+ + 2Cl− + 2OH−
⇌

[

AuCl2(OH)2
]−
Kf = 1 ∗ 1013
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5.	 Choose an initial concentration of precursor high enough to ensure that Qs > Ks for the 
precipitate.

6.	 Additionally, we can predict the potential interest of GP exposure over a simple water 
reaction by calculating the ∆E and the number of electrons needed for the precursor to 
undergo a redox reaction with water species. If the ∆E and number of electrons required 
are respectively higher and smaller with plasma species compared to water species, this 
indicates that GP exposure is advantageous.

These identified factors have enabled us to create a dichotomous key that can be used for 
any type of precursors that could be intended to expose to the GP, allowing to anticipate its 
potential reaction and precipitation. By utilizing this key, we have identified 2 new precur-
sors that react by GP, forming new types of solids never before synthesized by this method: 
Au and Ru-based solids. This demonstrates that GP may be a promising method for devel-
oping new types of catalysts, such as metal-supported catalysts. However, it is important to 
note that this dichotomous key also indicates that only a limited number of precursors may 
react by plasma, at least without changing the conventional synthesis parameters we are 
currently employed. Therefore, this article not only highlights the new possibilities that the 
GP catalysts synthesis may offer, but also underlines its limitations.
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