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ABSTRACT

Sulfur hexafluoride (SFe) is one of the most harmful greenhouse gases producing environmental
risks. Therefore, developing ways of degrading SFes without forming hazard products is
increasingly important.

Herein we demonstrate for the first time the plasmon-catalytic heterogeneous degradation of SFs
into non-hazardous MgF> and MgSOs products by non-toxic and sustainable plasmonic
magnesium/magnesium oxide (Mg/MgO) nanoparticles, which are also effective as a plasmon-
enhanced SF¢ chemometric sensor. The main product depends on the excitation wavelength;
when the localized surface plasmon resonance (LSPR) is in the ultraviolet then MgF> forms,
while visible light LSPR results in MgSOs. Furthermore, Mg/MgO platforms can be regenerated
in few seconds by hydrogen plasma treatment and can be re-used in a new cycle of air
purification. Therefore, this research first demonstrates effectiveness of Mg/MgO plasmon-
catalysis enabling environmental remediation with the concurrent functionalities of monitoring,

degrading and detecting sulfur- and fluorine- gases in the atmosphere.



1. Introduction

Sulfur hexafluoride (SFs) is a long-lived highly potent greenhouse gas (GHG), with an
atmospheric lifetime of 3200 years' and a global warming potential 24,000 times greater than
CO»*’ regulated under the Kyoto Protocol.® For those reasons, SFs was banned for its use in the
European Union (EU) in 20147 with the exception of the electrical power industry, where SF
has been used as a dielectric and insulating material for many years in high-voltage circuit
breakers, high-voltage transformers, distribution voltage switchgear, gas-insulated power
substations, gas-insulated transmission lines, and radar equipment. All these applications release
SFs into the atmosphere.® In its normal form, SFs is relatively harmless to humans. However,
when exposed to electrical discharges typical for power applications, highly toxic by-products
are produced, which include, among others, SoFi0, considered by the US Environmental
Protection Agency (EPA) “the by-product of greatest concern due to its relatively high toxicity.”
Other by-products of SF¢ include thionyl sulphide (SOF»), sulphur tetrafluoride (SF4) and
sulphuryl fluoride (SO2F2), with significant negative health impacts, including irritation to the
eyes, nose and throat, pulmonary edema, skin and eye burns, nasal congestion and bronchitis.!°
Therefore, in 2014 the EU reinforced a 2006 fluorine-gas regulation,’ aiming to reduce the EU’s
F-gas emissions in 2030 by two-third of the 2014 levels. This specific aim is part of the EU’s
ultimate objective of reducing by 2050 all GHG emissions by at least 80% of 1990 levels.!!
Unlike CO», SFs has no effective disposal method, making its accumulation in the atmosphere
irreversible. To date, SFe¢ degradation has been achieved by combustion and plasma methods,'?
which, however, suffer from high energy consumption and release the toxic by-products
mentioned above. Therefore, an eco-sustainable and efficient degradation technology for SFs gas
that does not release hazardous by-products is urgently needed.

Magnesium (Mg) is gaining interest in recent years as an active element in a broad range of

applications ranging from hydrogen storage'’ as magnesium hydride (MgH>), to electronics as


https://ec.europa.eu/clima/policies/f-gas/legislation_en

the transparent semiconductor magnesium hydroxide (Mg(OH):)'4, and to plasmonics. Mg
nanostructures support localized surface plasmon resonances (LSPR) tunable from the near-
infrared (NIR) to the ultraviolet (UV)!>!® suitable for sensing,!” photovoltaic enhancement,'®
photocatalysis,!” and photonic applications such as dynamic plasmonic color displays.?® A Mg
(metal)/MgO (dielectric) platform has recently been proposed for transient photonics.?!
Interestingly, the LSPR can also be exploited to promote chemical transformations, a
phenomenon known as plasmonic catalysis, which has emerged as a novel frontier in
nanocatalysis.!??%2 Additionally, nanoscale MgO structures, due to their high adsorption
capacity, non-toxic nature, and limited solubility in water,* have emerged as appealing
defluorination agent for the removal from water of fluoride, one of the major pollutants of
groundwater.

Herein we demonstrate that the environmentally friendly, non-toxic, and sustainable
magnesium/magnesium oxide (Mg/MgO) plasmonic nanoparticles (NPs) create an efficient
plasmon-catalyst platform for the heterogeneous degradation of SFs to non-toxic products of
MgF> and MgSOs. Importantly, we demonstrate that the tunable LSPR of the Mg/MgO platform
can be used to select the SF¢ degradation pathway and, therefore, the decomposition products:
with LSPR in the ultraviolet photon energy range catalyzing the degradation to MgF> mainly,
whereas LSPR in the visible range catalyzing mainly the SF¢ degradation pathway to MgSOs.
We also demonstrate that the plasmonic catalyst Mg/MgO NPs can be re-generated in a few

seconds using a hydrogen plasma afterglow process at room temperature.

2. Results and Discussion

2.1 LSPR tunability, surface morphology and chemical analysis


https://www.sciencedirect.com/topics/chemistry/chemical-transformation
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We first demonstrate the tunability of the Mg NPs LSPR and its modification upon air
exposure. Figure 1 shows the real-time evolution of the imaginary part of the pseudodielectric
function, (€,), of two representative samples of Mg NPs recorded in-sifu during their deposition
on ALOs. These spectra clearly show the appearance of LSPR peaks. Interestingly, as seen in
Fig. 1(a,d), during the first 50 seconds of the deposition process, a LSPR peak appears at
approximately 5.1 eV, which corresponds to Mg NPs with diameters smaller than 30 nm,
consistent with observations of the LSPR of Mg NPs suitable for UV plasmonics.!>!® With
further Mg deposition, a LSPR peak at lower energies appear which red-shifts with increasing
NP density, NPs size and cluster formation.” This provides evidence that by tailoring the size of
self-assembled Mg NPs, a LSPR in the visible can be achieved. The histogram analysis of NP
diameter (see Fig. 2), determined using AFM, corroborates these ellipsometric results showing
that the 30 nm diameter NPs (Fig. 2(a)) evolve to NPs with a bimodal diameter distribution (Fig.
2(b,f)), explaining the appearance of a LSPR in the UV (generated by Mg NPs smaller than 30
nm in diameter) and a red-shifting LSPR generated by larger Mg NP clusters (50-100 nm).

Based on the LSPR energy, which results from the NPs size and therefore depends on the time of
Mg deposition, we have grouped samples into two categories:
- (UV)Mg NPs: with LSPR peaks at energies above 3 eV (e.g. Fig. 1b),
- (VIS-UV)Mg NPs: with a LSPR extending into the visible range (e.g. Fig. le).
Figures 1(c,f) show the effect of a one day of air exposure on the LSPR of the two Mg NPs
representative samples. A quenching of the plasmon resonance upon exposure to air is observed
due to oxidation of the NPs, creating a shell of the dielectric oxide MgO around the Mg core,!6%
as confirmed by XPS measurements (see Fig. 2(e,i)) and supported by electromagnetic
simulations performed on a Mg/MgO core-shell sphere with total radius R = 50 nm, as shown in

Fig. 1(h). Figure 1(i) shows a 2D color map of the spectral absorption efficiency (Q.s) as a



function of the MgO shell thickness varied from 0 (100% Mg nanoparticle) to 50 nm (100%
MgO nanoparticle). For small MgO thicknesses (< 10 nm), the excellent plasmon performance of
Mg in the UV dominates'® because the absorption of MgO is negligible in this spectral range.
The Mg plasmon performance reduces with the increase in the MgO shell to the point at which
the plasmon peak is fully quenched. Despite this effect on the LSPR amplitude, the MgO shell
plays an important role in the electron transfer (ET), via electron tunneling, from the plasmonic
Mg core to adsorbed SF¢ molecules as explained in the below (see Fig. 3(a)). Full quenching of
the plasmon resonance upon further exposure of the same samples to air contaminated with SFg
is observed (Fig. 1(c,f)).

Figure 2(b,f) shows the different change in the surface morphology of the Mg NPs samples in
Fig. 1 after one day exposure to an atmosphere contaminated by SFe. Upon exposure to SFg
contaminated air, micron-size dendritic crystals of different shape and density form depending
on the Mg/MgO LSPR energy. The color contrast in the phase images indicates that these
crystals are of a different chemical nature than the Mg/MgO nanoparticles. The composition of
those crystals has been determined by combining Raman spectra, FTIR absorbance spectra and
XPS Mg2p, Ols, Fls and S2p photoelectron core level spectra reported in Fig. 2. The details of
those analyses reported in SI confirm different chemical transformations and indicate different
pathways of SF¢ decomposition on the Mg/MgO surface depending on the energy (wavelength)
of the LSPR. Specifically, the (UV)Mg NPs decompose SFsto MgF, mainly, while the (VIS-

UV)Mg NPs sample results in MgSO, as main product.

2.2 Plasmon-selective SF; degradation pathways
According to the above findings and analyses, different SFs degradation pathways are proposed

as shown in Fig. 3(b,c). SF¢ decomposition into SFs and fluorine radicals requires 4.04 + 0.14 eV



(bond dissociation energy); achieving this energy is difficult without UV illumination, and
photodissociation is achieved when the photon energy exceeds ~10 eV,? or by electrons with
energy >4 eV.
Here, considering the energy diagram in Fig. 3(a), the work function, Wy, of Mg = 3.7 eV, and
the energy levels of the MgO valence band and conduction band, the latter almost resonant with
the SFy electron affinity level, we take advantage of the LSPR at approximately 5 eV yielding
free electrons that can be transferred through MgO to SF¢ molecule, which is a well-known
electron-scavenger molecule, i.e., attachment of free electrons to SF¢ has a very low activation
energy of 0.2-0.4 eV.2" The dissociative electron attachment of SF is also well known and very
fast; hence, SF directly adsorbs on the Mg/MgO surface, it captures electrons with one of the
highest cross sections?® and dissociate into SFs and F-radicals according to the reaction
SFs+e¢ > -SFs + F (1
This heterogeneous dissociation of SFs is consistent with the absence of any SFe signal in the
XPS, FTIR and Raman spectra.
As shown in Fig. 3(b), the subsequent steps of SFs heterogeneous dissociation require electrons
with energy > 4 eV that are activated by the light exciting the LSPR in the UV, generating hot
electrons with nearly free-electron behavior. This leads to cascade dissociation channels as
shown below:

SF. + e(>4.5eV) > Sf4 2> .iF3 > _SI_FZ - §_F 2>S

F F F F
2)

The fluorine reacting at the Mg/MgO surface results mainly in MgF> and MgO,F, and a
relatively small amount of MgSO, as observed for the (UV)Mg NPs sample.
On the other hand, the LSPR at approximately 1.5 - 2 eV is resonant with the following

dissociation channels yielding primarily adsorbed SO,:



SFs+e (1.6eV) > -SF, + F
SF;+e (2eV) > -SE,+F
with the -SF, and -SF, radicals reacting with moisture and oxygen and/or the O-sites and OH-
sites of MgO according to the reaction:
sp, Q/OM/MO, soF, _H0 | 50, + 2HF
3)
As a result, the formation of MgSO, can be explained in two steps. First, the heterogeneous

reaction of adsorbed SO, on acidic magnesium sites (Mg?*) of MgO forming MgSO,

This reaction has already been observed by Czyzewski et al. on MgO loaded porous carbons.”
Second, the further oxidation of MgSO; leads to MgSO,,as reported by Luque et al.*® and occurs

in the presence of humid air through the reaction

MgSO; + 2 O, + 7 H,O — MgSO,*7 H,O 5)
It has been suggested by the theoretical study of Pacchioni et al.3! that sulfate can also form
heterogeneously by interaction of the sulfur atom in sulfite with two oxide anions on the
unreconstructed MgO surface.
On the other hand, oxyfluorides may arise from the reaction of hydrogen fluoride (HF) from

reaction (3) with MgO, i.e.,

MgO + 2 HF —» MgF, + H,0O (6)
MgO + x HF —» MgOl_x/zFx + x/2 HzO (7)
MgO + CHXF4_x —> 1\/Ig()l:“4_x + x/4 CH4 (8)



Therefore, the wavelength-dependence of the observed products demonstrates that the LSPR of

Mg/MgO NPs produces the heterogeneous decomposition of SFe to primarilyMgF, or MgSO,,

both non-toxic products.

2.3 Differentiating thermal versus non-thermal plasmon-catalytic effects

In plasmon-catalysis, the distinction between thermal and non-thermal contributions is

challenging and controversial.?>3?> Therefore, we have performed several tests to prove our

plasmonic catalytic effects:

Both Mg-face and the O-face MgO(111) single crystals with very rough surfaces and,
therefore, a high surface area for adsorption (roughness peak-to-valley, R,, ~ 20 nm,
comparable to that measured for the used NPs samples), as well as polycrystalline 2 mm
thick disks of magnesium, have been exposed for 60h to the same SFs contaminated
atmosphere, maintaining them at a controlled temperature in the range 25 - 600°C. In this
case, in absence of LSPR, up to a temperature of 500°C only oxidation of the samples has
been observed, consistent with the high thermal stability of SF¢.>* This provides indication
that the LSPR is needed to catalyze SFs decomposition.

In order to verify the wavelength-dependent plasmonic effect, samples of Mg/MgO with
LSPR at 1.9 eV, at 2.5 eV and at 4.7 eV have been exposed to the same SF; contaminated
atmosphere and concurrently irradiated with off-resonant and resonant lasers with
wavelengths of 787 nm (1.57 eV), 633 nm (1.95 eV), 532 nm (2.33 eV) and 473 nm (2.62
eV) (laser power 5 mW) for 30min. The sample with LSPR at 4.7 eV has been irradiated
with an UV-lamp (deuterium lamp, 160 - 400 nm (3.1 - 7.75 eV)) for 30 min. The samples
were mounted in a temperature-programmable and controllable cell and monitored by

Raman spectroscopy. The results are reported in Fig. 3(d). For each sample we measured the



Raman spectra after irradiation with different wavelength light, specifically monitoring the
primary -products of MgSO, at 986 cm™ and MgF, at 469 cm. The intensity of these
product signals is a measure of the SFs decomposition efficiency enabled by the different
laser irradiation wavelengths. Since the laser irradiation at 787 nm is off resonance for all
samples, the Raman spectrum did not show any relevant peak due to SF; products,
indicating that no plasmon-catalyzed decomposition occurred. The maximum intensity
signal for the peak at 986 cm'! of MgSO, was obtained for the resonance irradiation
condition of 633 nm for the sample with the LSPR at 1.9 eV; a maximum intensity for the
MgF, peak at 469 cm™!' was obtained for the resonance condition of 532 nm irradiation for
the sample with the LSPR at 2.5 eV and with the UV lamp irradiation of the sample with
LSPR at 4.7 eV. The observed wavelength-dependent products formation supports the

plasmon-catalytic effect.

2.4 Regeneration of Mg/MgO NPs platform

Interestingly, we found that the Mg/MgO NP platforms can be regenerated and reused in a new
SF¢ degradation cycle by removing MgF,/MgO,F, and MgSO,products from the sample surface.
The regeneration of the Mg/MgO is performed by exposing it to a remote hydrogen plasma at a
temperature of <100°C for few seconds (the specific time being dependent on the size of the
Mg/MgO sample to regenerate and on the plasma parameters) as shown in Fig. 4(a,b); the
micrographs and the XPS survey spectra of the sample before and after the hydrogen show
disappearing of S2p and F1s signals, while Fig. 4(c) shows the faster kinetics of its re-use (for

details see SI).

2.5 Plasmonic and Colorimetric Sensing of SFs photocatalysis
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The plasmon-catalyzed degradation of SFy entails a change in the pseudodielectric function of
the Mg/MgO NPs platform, with the LSPR of the Mg/MgO NPs being quenched and blue-
shifted due to the LSPRs sensitivity to changes in the refractive index from MgO to MgSO, and
MgF,. This phenomenon opens the possibility of using either the spectroscopy of LSPRs or
colorimetry measurements of the Mg/MgO NPs samples to detect and monitor the products from
the photocatalyzed transformation of the MgO-shell/Mg-core nanoparticles into MgSO, and
MgF,. To demonstrate this, we have performed electromagnetic simulations on a Mg/MgO core-
shell spherical nanoparticle (total radius R = 50 nm and core radius R, € [0, 25] nm) with the
MgO shell being converted progressively into MgSO./MgF, until MgO is completely
transformed (100% MgSO.,/MgF, shell) (see inset in 5(c)). Figures 5(b) and 5(c) plots the
spectral shift (AA) of the LSP dipolar resonance as the MgO shell is converted to MgSO./MgF,
with respect to the spectral position of the 100% MgO shell. This calculation has been performed
for different values of R. while keeping the total R = 50 nm. In both cases, the transformation of
the MgO shell into MgSO.,/MgF, produces a blue-shift of the LSPR, consistent with the
experimental results in Fig.1(c,f). This can be rationalized by considering the refractive index of
MgSO, and MgF,, n, lower than MgO (the latter being 1.73%* vs 1.54% for MgSO, and 1.42% for
MgF,); consequently, as the thickness of the MgSO.,/MgF, layer increases, the refractive index of
the effective surrounding medium of the Mg core lowers, leading to a blue-shift of the LSPR.
Since the contrast between the refractive indices of MgO and MgF, is higher than that of MgO
and MgSQO,, the blue shift for MgF, formation is larger than for MgSO,. In both cases, the
sensitivity of the LSPR to the formation of a very thin shells of MgSO4(MgF,) increases with R..
For instance, for the highest (25 nm) and lowest (5 nm) values of R, considered, the values of AL
for a MgSO, (MgF,) shell thickness of 5 nm are -2.3 and O (-3.6 and 0 nm), respectively.

Therefore, the sensitivity to the conversion of the MgO shell into MgSO./MgF, increases with

11



the amount of metallic Mg in the NPs (larger values of R.). This can be understood considering
the change in the refractive index experienced by the near-field around the Mg core. Figure 5(b)
maps the modulus of the near electric field |El for Mg/MgO/MgF, multilayered spheres with R, =
5 and 25 nm, and a MgF, shell of 5 nm. Note that the maps for the Mg/MgO/MgSO, (not shown
here) are very similar. For the smallest cores and the thinner MgSO.,/MgF, shells, the range of
the near field, which decays with the square of the distance, does not reach the boundary between
the MgO and MgSO./MgF,, being its response insensitive to the growing shell (see Fig. 5(b)
bottom). However, in NPs with higher values of R., the near-field range produced by the Mg core
reaches the boundary between MgO and MgSO./MgF,, consequently, even for the thinner shells,
a blue-shift of the LSPR is experienced (see Fig. 5(b) top). From a practical point of view, these
results provide a guidance to design the appropriate NPs size for exploiting the sensing to the
photocatalytic effect.

Furthermore, this feature may allow detecting or even monitoring the evolution of
MgSO./MgF, formation on Mg/MgO surfaces using colorimetric measurements. In order to
study the change of color in our samples we have performed colorimetric simulations in
multilayer systems as in Fig. 5(d), consisting of: (1) an infinite Al,O; substrate, (ii) a Mg layer of
thickness &, (iii) a layer of MgO which is converted to MgSO,/MgF, and (iv) air as surrounding
medium. The total thickness of the Mg and MgO layers has been fixed to 50 nm. We have
calculated the color coordinates, L*a*b, for Mg layer thicknesses, s, ranging between 5 and 20
nm. These values have been chosen to be consistent with our samples in Fig. 1. Each point in the
Figs. 6(e-g) corresponds to increasing thickness of the MgSO./MgF, layer that ultimately
consumes the MgO. The sweep goes from 100% MgO to 100% MgSO.(or MgF,) in steps of 1
nm. The color of each dot corresponds to the color of the film. As the value of & increases (more

Mg in the system), the value of the luminosity L* increases, leading to a shinier appearance more
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characteristic of metallic surfaces. The samples have a brownish color that becomes lighter as &
increases. In order to objectively evaluate how the color of the system changes as the thickness
of MgSO4/MgF, layer increases with respect to MgO layer, we have calculated the value of AE
between these two situations for different values of 4 as a function of the thickness of the

MgSO./MgF, layer (see Figs. 6(h,i)). The color difference between two points in the L*a*b*

space is defined as AE = \/(aj —a3)? + (bj — b3)?2 + (L} — L3)?. In our case L;*a;*b*
corresponds to the color coordinates of the system with 100% MgO layer and L,*a,*b,*
corresponds to the color coordinates of the system with different thicknesses of the MgSO./MgF,
layers. A growing MgF, layer yields values of AE higher than MgSO, because of the higher
contrast in the refractive index between MgO and MgF, than MgSO,. In light of these results, the
measurement of AE can be used to detect and monitor the by-products grown on the surface of

Mg/MgO NPs coming from the plasmon-catalyzed decomposition of SFs.

3. Conclusions

The non-toxic and sustainable plasmonic Mg/MgO nanoparticles platform has been proven to
plasmon-catalyze the heterogeneous degradation of the long-lived greenhouse gas SFs into non-
hazardous MgF, and MgSO4 products and to effectively capture those them. Moreover, surface
plasmon resonance of those nanoparticles can be used to tune the main product, being MgF»
produced with a plasmonic resonance in the UV range, and MgSO4 produced when the plasmon
resonance is in the VIS range. Mg/MgO platforms can be regenerated using a hydrogen plasma
treatment at T < 100°C that reduces the contaminants in the sample, so that it can be used in a
new cycle of air purification. Furthermore, the plasmonic Mg/MgO NPs platform functions also

as plasmon-enhanced colorimetric sensor to SFs degradation.

13



Therefore, this research identifies a new application of plasmon catalysis for environmental
remediation by demonstrating that Mg/MgO NP platforms function air purifiers that absorb,

monitor and detect the presence of SFs in air.

Supplementary Information
Detailed chemical analysis of the samples; chemical analysis of the samples after H-plasma

treatment; experimental details.
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Figure 1. Real-time evolution of the imaginary part, <e,>, of the pseudodielectric function
showing the localized surface plasmon resonance peak monitored by spectroscopic
ellipsometry during the nucleation and growth of Mg NPs and its subsequent exposure to
air and to SF; contaminated air. (a, d) Real-time evolution of the Mg NPs plasmon resonance
during, the first 50 seconds (a) and 70 sec (d) of Mg deposition; each ellipsometric spectrum is
taken every 1 sec. (b, e) show the further evolution of the plasmon resonance red-shifting with

increasing the Mg deposition time to 200 sec (b) and 400 sec (e); each spectrum is taken every 1
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sec. (¢, f) Ellipsometric spectra of the imaginary part, (g,), of the pseudodielectric function
showing the plasmon resonance spectra evolution during exposure to SFs contaminated air. (g)
Complex dielectric function € = €; +ie2 of Mg and MgO. , (h) Scheme of the geometry of
Mg/MgO core-shell spherical NP of total radius R = 50 nm used for electromagnetic simulations.
(i) 2D color map of the spectral absorption efficiency (Q.,s) of a Mg/MgO core-shell as a

function of the MgO shell thickness.
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Figure 2. Change in the surface morphology and chemical analysis of Mg NPs with UV and
VIS-UV LSPRs after exposure to SF; contaminated air. (a) AFM morphology and size
distribution of the Mg NPs during the first 50 seconds of Mg deposition. AFM morphology (1ym
x lpym and 10gm x 10pm), corresponding NPs size distribution and optical microscopy images
(75pum x 75pum and 300xm x 300pxm) of Mg NPs samples with initial LSPR in the (b) UV and (f)
VIS-UV range after exposure to SFs contaminated air. The (50pgm x 50um) AFM phase images
indicate with different colors the different probed chemical nature of the crystals (green
corresponding to MgO, red corresponds to MgF, and blue corresponding to MgSO,). (c,g)
Raman, (d,h) FTIR absorbance and (e,i) XPS spectra of the Fls, Ols, MgSO, and Mg2p
photoelectron core level of the Mg NPs samples with LSPR in the UV (top) and VIS-UV
(bottom) spectral ranges. The semiquantitative XPS analysis gave for the (UV)Mg NPs F/Mg ~
1.2, O/Mg ratio ~ 0.7 and a very low S/Mg <0.1whereas for the (VIS-UV)Mg NPs O/Mg ~ 1.8,

S/Mg ~0.5 and F/Mg ~0.1
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Figure 3. Mechanisms of plasmon-catalytic decomposition of SFs by Mg NPs and LSPR
wavelength dependent product selectivity. (a) Energy band diagram of Mg/MgO NPs for
plasmon-catalysis decomposition of SF¢. Wy refers to the Mg work function from which the
LSPR level are positioned; Egc, Egy and E,,, refer, respectively, to the energy of the valence band
maximum, conduction band gap minimum and of the optical bang gap of MgO. The electron
affinity (E,) energy level of the SFs molecule is also shown. Scheme of the plasmon-catalyzed
decomposition process of SFs mediated by (b) UV plasmon (LSPR at 5 eV) and by (¢) VIS
(LSPR at 1.5 eV) plasmon. (d) Normalized Raman signal of the main by-products (MgSO, at
986 cm' and MgF, at 469 cm™!') monitored in Mg NPs samples with LSPR energy at 1.9, 2.5 and

4.7 eV illuminated under and off resonance.
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Figure 4. Mg/MgO catalyst regeneration using a hydrogen plasma treatment and its re-use.

(a) Optical micrographies and (b) XPS survey spectra of the (VIS-UV)Mg sample before (top)

and after (bottom) the hydrogen leaning process. (¢) Kinetics of exposure of the (UV)Mg sample

to SFs contaminated air before hydrogenation (1* cycle) and during its re-use after the hydrogen

plasma regeneration (2" cycle). The evolution of the surface coverage by MgF, crystals is shown

which is similar for the 1% and 2™ cycle of Mg NPs use.
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Figure 5. Plasmonic and colorimetric sensing of the SF photocatalyzation by-products.
Plasmonic simulations on a Mg/MgO core shell of total radius R = 50 nm and core radius R,. The
MgO shell is converted progressively into MgSO4/MgF, until it is completely consumed (100%
MgSO./MgF, shell) (see inset it ¢). (a) Near-field map of the modulus of the local electric field
for a Mg/MgO/MgF, multilayered sphere with R, = 5 and 25 nm and MgF, shell thickness of 5
nm. With arrows are indicated incident electric field polarization, E, (red) and propagation
direction, k, (yellow). (b, ¢) Spectral shift (AL) of the LSP dipolar resonance as the MgO shell is
converted to MgSO./MgF, with respect to the spectral position of the 100% MgO shell. This
calculation has been performed for different values of R. while keeping the total radius fixed to R
= 50 nm. (d) Scheme of the geometry in which the colorimetric simulations have been
performed: multilayer system constituted by an infinite ALL,O; substrate, a Mg layer of thickness
h, a layer of MgO which is converted in MgSO,/MgF, and air as surrounding medium. The total
thickness of the Mg and MgO layers have been fixed to 50 nm. (e-g) Color coordinates in
L*a*b* space of Mg thin films with thickness (e), 2 =5 nm, (f) and 4~ = 10 nm and (g) h = 20
nm covered by MgO layer converted progressively into MgF, and MgSO,. The color of each dot
corresponds to the color of the film. (h,i), Color difference AE between the 100% MgO layer and

the progressive conversion into (h) MgSO, and (i) MgF..
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