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ABSTRACT Synchrotron radiation near ambient pressure X-ray photoemission spectroscopy
(SR NAP-XPS) has been an invaluable tool for examining gas/liquid and liquid/solid interfaces.
Despite its benefits, concerns have emerged regarding beam damage in NAP-XPS experiments,
particularly involving condensed liquid water, because of the high dose rates, greater than 10°
Gy-st. This study investigates the radiolytic effects on the chemistry of concentrated NaX
sodium halide solutions (X = ClI, Br, I) and Mg-Cl solution formed over the layered double
hydroxide [MgAI(OH)s] [CI]. The formation of the oxidized species XO as the radiolytic end
product under soft X-ray irradiation is discussed in detail. We examine the impact of known
parameters (such as dose rate) on the abundance of XO™. The observed scatter in the data likely
arises from still unrecognized or insufficiently controlled parameters (such as solute
concentration or solution hydrodynamics). Deciphering these radiolytic effects in halide
solutions allows us to propose guidelines for their better identification, understanding and
control, ultimately improving the reliability of synchrotron NAP-XPS analysis for interfaces

relevant to environmental chemistry and electrochemistry.

INTRODUCTION

Since its inception in the early years of the 21st century,1 Near Ambient Pressure XPS (NAP-
XPS) has emerged as a versatile and powerful technique for examining solid or liquid surfaces in
the presence of a gas phase, offering insights into their electronic structure and chemistry at
atomic and molecular levels. While NAP-XPS has proven invaluable for studying gas/liquid2 and

gas/solid3’4 interfaces (including electrochemical interfaces™), the high flux of soft X-rays



produced by Synchrotron Radiation (SR) may cause beam damage during NAP-XPS
experiments, particularly when involving condensed liquid water. Recognition and consideration
of these effects, however, are relatively recent developments. For instance, in 2018, Boucly et
al.” reported that pyridine intercalated between the layers of a hydrated swelling smectite
mineralized to N,. In this case, both water confinement effects and electron-hole pair formation
in the wide band gap of aluminosilicate oxide layers likely enhanced water radiolysis.®’
Similarly, Weatherup and colleagues warned about the generation of radical species due to
radiolysis during atmospheric pressure soft X-ray absorption studies of aqueous solutions in
electrochemical cells in their 2017 publication.'

Due to their relevance in environmental chemistry, the surface chemistry of alkali halide
solutions has been intensively studied by SR NAP-XPS. In particular, the pioneering NAP-XPS
study (2012) by Cheng et al.'' examined the deliquescence of alkali halides. In the case of NaCl,
they observed a Cl 2p doublet chemically shifted to a higher binding energy (HBE) compared to
the X~ halide doublet. They attributed the HBE doublet to surface X~ ions experiencing a
different solvation environment at the gas/water interface than in the bulk. Our NAP-XPS study
of 2015,"* which probed the in-depth distribution of Na” cations in concentrated NaCl, NaBr and
Nal solutions, also identified an HBE component alongside the expected X', aligning with
observations of Cheng and coworkers. Although we contemplated the possibility of halide
species in an oxidation state greater than —1, our primary interpretation of the HBE component
concurred with the view of Cheng et al. of it as a surface species. In contrast, liquid jet XPS (LJ-
XPS) studies of alkali halide solutions revealed X~ ions in a single chemical environment, as

illustrated by the study of C1” in KCI solutions carried out by Eriksson et al.."> This inconsistency

could have been attributed to radiolysis effects affecting SR NAP-XPS (despite the strategy of



collecting each set of spectra at a new sample spot'') while LI-XPS is relatively immune to SR-
induced beam damage because the liquid sample is constantly refreshed. Nevertheless, concerns
about potential SR damage during NAP-XPS measurements lingered, as the samples studied in
LJ and NAP-XPS were not entirely identical. First, LJ-XPS is restricted to dilute solution (~107
molxL™), as the nozzle can be clogged by salt crystals at high concentrations, while highly
concentrated solution droplets can be formed in the NAP-XPS setup. Second, water surfaces in
NAP-XPS chambers are consistently covered by organic contaminants,'® in contrast to the
pristine surfaces of LJ-XPS due to continuous liquid renewal. The presence of contaminants at
the gas/liquid interface could account for the varying chemical environments of halide

1214 Third, water jets in LJ-XPS are most of the time generated under non-equilibrium

anions.
conditions. As evaporation takes place within the analysis chamber, this could potentially impact
the gas/liquid interface (more recent experiments using jets in equilibrium with the vapor have
demonstrated that this concern is ultimately irrelevant'?).

Despite initial reluctance to recognize the radiolytic effects occurring during NAP-XPS
experiments and dramatically highlighted in the article by Boucly et al.,” it has now become
crucial to accept their existence. Therefore, previous interpretations of NAP-XPS halide core-

11,12,1
level spectra''*!°

need a reassessment. This is further driven by the recent (2023) NAP-XPS
study by Coustel et al.'” on hydrated chloride-containing layered double hydroxide
[Mg,Al(OH)s] '[CI™, yH,0], which indicated that radiolytic effects influenced the chemistry of
the halide.

The mechanisms of radiolysis in water are highly intricate, involving a multitude of

intermediate species, ions, and radicals whose composition changes over time and is influenced

by factors such as particle trajectory, energy, radiation dose, solute concentration, and pH. In



solutions that are dilute, with concentrations of 10° M or lower, the direct ionization of the
solute is negligible, as the majority of the radiation energy is absorbed by the solvent. The
primary particles' energy deposition leads to the ionization (H,O*") and excitation (H,O*) of
water molecules (occurring on a femtosecond timescale), along with the production of sub-
excited electrons. Subsequently, water molecules undergo dissociation processes and ion-
molecule reactions (taking place on a femtosecond to picosecond timescale) that generate various
radicals, molecular products, and thermally equilibrated, solvated electrons (eaq ). In the final
stage (taking place on a picosecond to microsecond timescale), the species react within the
particle tracks and then diffuse throughout the solution.'® The following radiolysis products of
water have been detected either directly or indirectly (through the use of scavengers'’): HO®, H",
€aq » H30°", HO," H,0,, Ha.

However, the radiolysis of halide aqueous solutions presents specific features with respect to
the case of pure water. In that respect, pulse radiolysis studies have provided a plethora of
information.?%*!"* Naturally, H,O®" can react with another water molecule to produce HO® and
H;0" as in pure water, but its reaction with X~ to give X become increasingly significant as the
solute concentration increases, as well as the direct ionization of X to X*.?! This results in the
formation of X,*, which can subsequently evolve into stable compounds such as X3. For
instance, this occurs for Br~ on a millisecond timescale®' and is likely the case for I", given that
I;~ and Brs~ have the highest stability constant in the X3~ series.”> These species' presence is
confirmed by steady-state radiolytic studies involving doses in the range of 100 kGy.*** A

scheme of the reaction paths inspired by ref *' (blue lines) is given in Figure 1.
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Figure 1. Scheme of X~ oxidation mechanisms in concentrated aqueous solutions, according to
Balcerzyk et al.®! at neutral pH (X=Br, blue lines) and Buxton et al.*® at alkaline pH (X=1, red
lines and frame). Recombination with the solvated electron e, leading to the neutralization of
H;0" are indicated within the black frame. X~ is oxidized indirectly through the reactions with
radicals HO® from water decomposition and directly by ionizing particles (hv, e). Green frame:
reactions leading to pH increase). X3 1is not observed in the present study. The observed

products XO™ are those expected at alkaline pH.

While the latter studies are made at neutral pH, at alkaline pH the radiolysis of I" solutions
leads to the formation of Iyuq) (red lines in Figure 1), whose ultimate hydrolysis species are
LOH", IOH and 10°.*** Regarding the radiolysis products of chloride, short timescale
(picosecond to nanosecond) products are identified as ClL," and CIOH".** They can

subsequently undergo a cascade of further reactions. Steady-state studies, such as the work of



Kelm et al.,” revealed that nearly saturated solutions of NaCl exposed to high doses of 10° Gy

(at a pH of 12) result in the formation of hypochlorite C1O".

The current study examines the radiolytic effects induced by soft X-ray SR irradiation in
halide aqueous solutions. SR with NAP-XPS serves as both the source and probe of radiolytic
chemistry. We reassess and reinterpret a large body of NAP-XPS data (partly published in ref.'?)
regarding the chemical evolution of concentrated NaX sodium halide solutions (where X = Cl,
Br, and I), and investigate new data regarding the Mg-Cl solution'’ formed over the layered
double hydroxide (LDH) [Mg,Al(OH)s] [CI", yH,0]. Due to the limited penetration of the soft
X-rays in water (0.7-5 um in the 200 to 1200 eV range), surface dose rates higher than 10° Gy-s™
are achieved. In the NAP-XPS chamber, the irradiated solution constitutes an open system, as it
comprises water droplets in equilibrium with gas-phase water, allowing for gas exchanges
between the liquid and gas phases.

We also provide a comprehensive analysis of halide radiolytic species formation and steady-
state concentration as a function of photon energy, flux and dose rate. For halide X~ solutions,
the XPS core-level binding energies indicate the formation of the oxidized XO™ species. As this

conclusion is unexpected for I and Br, considering prior pulse and steady-state radiolytic

20,21,24,25

studies, we consider an alternative explanation — namely, the reaction of X" radicals with

surface-adsorbed organic contaminants — but we do not find any substantial confirmation for it.
Consequently, we discuss the conditions (such as pH) leading to the observation of hypohalites.
Regarding the hypochlorite species, the most convincing evidence of its generation under the SR
beam was obtained by monitoring its disproportionation reaction during the drying of the LDH
solution in the NAP-XPS analysis chamber. Finally, we offer guidelines for better understanding,

controlling, and exploiting radiolytic effects in the context of SR NAP-XPS experiments.



METHODS

The experiments were conducted at TEMPO beamline (SOLEIL synchrotron facility),
utilizing the near ambient pressure XPS (NAP-XPS) end station. The analysis/reaction chamber
can operate up to 20 mbar and houses a PHOIBOS 150-NAP electron analyzer, manufactured by
SPECS (Berlin). To maximize photoelectron signal intensity, an electrostatic lens system focuses
the photoelectrons, and the analyzer aperture (with a diameter of 0.3 mm), is positioned
approximately 1 mm from the sample surface (the nozzle is shown in Figure 2(a)). The
acceptance angle is £22°. The beamline and the analyzer are shielded from high pressures in the
NAP chamber by differential pumping.”® The sample holder is mounted on a vertical
manipulator, with the analyzer axis perpendicular to the sample surface. The windowless beam
entrance axis forms a 54.7° angle with the analyzer axis, resulting in an incidence angle (0) of
35.3° between the beam and the sample surface. With a horizontal polarization, the angle

between the radiation electric field and the axis of the analyzer lens is 35.3°.

High-purity NaCl, NaBr, and Nal salts (>99.9-99.999%) were purchased from Sigma-Aldrich.
The chloride-containing layered double hydroxide (LDH) material [Mg,Al(OH)s] [CI”, yH,O]
(referred to as MgAI-Cl-LDH) was produced as described in ref '”. The powders were deposited
on a gold substrate. Water pressure was introduced into the analysis chamber from a vial
containing ultrapure water (>18 MQxcm), which was carefully degassed after several pump-
thaw cycles (de-aerated water). By lowering the sample temperature using a circulating chiller
and a Peltier block attached to the sample holder, water condensation on the powders was

achieved, as shown in Figure 2(a). Close-to-saturation NaCl, NaBr, and Nal solutions were



examined by NAP-XPS measurements at 5°C (278 K) and under a water vapor pressure P, of 8
mbar. Droplets of typical diameter ~1 mm form on the substrate. They may also grow bigger,
and reach diameters of 2-3 mm, see Figure 2(a). Probably due to the depression’ created at the
nozzle pin-hole by the differential pumping of the entrance lens, the surface of the droplets is
animated by streams that are highlighted by the movement of solid salt particles with velocities
on the order of 1 mm s™. It is also clear that the stream velocity depends on the sample-pinhole
distance. Consequently, there is a certain level of solution renewal as the liquid remains in
motion. However, these velocities are significantly lower compared to the velocities of liquid jets

typically used in photoemission experiments (for a 40-um diameter jet and a typical flow rate of

2.5mL-min™,*" a velocity of 33 m-s” can be achieved).

A water layer was also formed above the MgAl-Cl LDH powder at a temperature of 1°C (274

K) and under P,,=4.5 mbar.
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Figure 2. (a) Water droplets condensed on the gold surface in the analysis chamber during
XPS acquisition. (b) Schematic representation of the liquid sample measurement. The beam
incidence angle 0 is 35.3°. Characteristic attenuation lengths of photons (d;- = sin(80) /twater)

and secondary electrons (As), as well as the inelastic mean free path of photoelectrons (A,.) are

10



provided (note that p,,4.. depend on hv and A, on the photoelectron kinetic energy, i.e. on hv).

A sample current was measured only for the Nal solution (run#1, see below).

Photon flux. For the NAP-XPS branch of TEMPO beamline, photon flux (®) variations can
wire

be estimated from the I"""® current of a stainless-steel filament positioned on the beam path in

the differentially pumped beam-entrance. The method is given in section S1 of the supporting

information. We present in Table 1 the ratio q)/q) , Where ®,,,,, is the photon flux at hv =
max

200 eV. In UHV conditions, ~10"* photons x s™' reach the sample at this energy. With an X-ray
spot area of 8 x 10 mm?, the photon flux is around 1.3 x 10" photons-cm > s™' at 200 eV.
Along its path across the gas phase (about 5 cm), the photon flux loss due to absorption is almost

negligible under the current pressure conditions (<10 mbar).’
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q>/ Donax Uwater D
hv(eV) (um) 10° Gy
200 1.0 1.271 541
360 1.7 107 0.280 3.7
400 6.0 107 0.215 10.8
500 9.6 107 0.122 12.5
600 23107 1.490 424
800 8107 0.729 10.0
1000 3.5107 0.412 2.9
1060 37107 0.353 2.9
1200 2.0107 0.253 1.3

Table 1. Normalized photon flux (1)/(1) ( Dpg=1.3 x 10" photons x cm 2 x s 1), the linear
max

absorption coefficient of pure water u,,qerand the dose rate D, (Gy-sﬁl) calculated for pure

water. The sample current measured in the case of the Nal solution.
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Presumably, the surface radiation dose rate D,, plays a crucial role in understanding the
equilibrium concentrations of radiolytic species. D ,, (in Gy-s ') is calculated considering the
fact that energy is deposited over a characteristic distance of 1/p,q¢er:

Dy, = ® X hv X tygrer X P (1)
where [y qter (retrieved from the website CXRO X-Ray Interactions With Matter®?) is the linear
absorption coefficient of pure water and p is the density of water. The calculation of the dose rate
does not consider the oxidation of X to X".

When solution droplets are analyzed, the absorbed dose cannot be simply calculated by
multiplying D,, by the measurement time of an XPS experiment (typically one minute per scan)
due to the liquid movement mentioned earlier. Considering an X-ray beam with a diameter of 0.1
mm and a stream velocity of 1 mm.s™, the irradiation time is ~0.1 s. As a result, doses exceeding

10* Gy are applied.

Sample current measurement

Upon X-ray irradiation secondary electrons originating from inelastically scattered
photoelectrons and Auger electrons leave the surface of the droplets (Figure 2(b)). Their
effective escape depth Ay in water is not known precisely. However, typical A, of~15 nm in
solid insulators (oxides) are reported in the literature.>® Given that inelastic mean free paths in
liquid water™ are slightly larger but close to those of the so-called universal curve for solids, the
latter A value of ~15 nm will be retained. This value is about one order of magnitude smaller
than the photon penetration depth d;,- = sin(0) /U, qrer (0=35.3° is the angle between the beam

direction and the sample surface) that is in the 0.4—3 um range in pure water. Note that the XPS

13



probed depth is smaller than A, as the escape-depth of photoelectrons A, in pure water is in the
range 2 nm (at a kinetic energy of 150 eV) — 8 nm (at a kinetic energy of 1100 eV)."

Due to secondary electrons escaping from the water surface, the solution surface should
charge positively. As the metallic substrate is grounded, electrons can be provided by the ground
to the solution (see Figure 2(b)). In addition, negative species (electrons, anions) from the gas
phase can also land on the water surface to compensate the charge.” In the case of the Nal
solution, we have measured a non-negligible “sample current”, with an intensity in the 0.7-2.6
nA range. We report the current intensity in Figure 3 as a function of hv. D,, (from Table 1) is
also plotted. It appears that the current roughly scales with the logarithm of D,,. This suggests a
saturation effect of the secondary electron current with the dose rate. Nevertheless, the dose rate

and current maxima coincide at hv=200 eV and 600 eV (above the O K edge).

14
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Figure 3. Nal solution “sample” current and dose rate D,, (logarithmic scale) as a function of

hv. Electrons are provided to the solution.

Importantly, the sign of the current indicates that electrons are provided from the ground to the
solution (this means the secondary electron current is greater in modulus than that of the
negatively charged species from the gas phase). The positive charge created in the solution
within a depth of ~A, is compensated, and, indeed, no charge effect is observed: the binding

energy of aliphatic contamination C 1s peak is seen at 284.80 eV, taking the Fermi level of the

gold substrate as the binding energy reference.
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As secondary electrons are emitted away from the droplet surface (within a layer of ~Ag
depth), negative charges are supplied at the gold/solution interface to maintain neutrality. This
means that species are reduced at the metallic electrode, H,O (to H;) or the radiolytic species

produced in the irradiated depth d;- e.g. HyO, (to HO") or IO (to L), see below. All these

reduction reactions produce HO™ ions.

Binding energy reference.

The Fermi level of the gold substrate is used as the zero point for binding energies in the
NaCl, NaBr, and Nal solutions. The alignment of electronic levels at the metal/solution interface
has been discussed previously in references 14 and 31.

However, for the MgAl-CI-LDH sample, the scale of binding energies is related to the Mg
2p core-level binding energy, which is set at 50.0 eV. This is because the Au 4f doublet was not
accessible for measurement. As a result, there is a shift in binding energy of about -1 eV, relative
to the Fermi level alignment of the Au in the NaX solutions. We have retained this reference to

maintain consistency with the recent paper on hydrated LDH."”

RESULTS AND DISCUSSION
Nal aqueous solution

In Figure 4, we display the I 4d spectra of the Nal saturated solution formed at Py, = 8 mbar
and T = 278 K. Measurements were made in the 200-1200 eV energy interval. The spectra
remained unchanged during their accumulation (10 scans of 6 min each). Two measurement runs
were performed (run#1 and #2). This allows the analysis of sufficient data to avoid establishing

false correlations.
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Figure 4. I 4d spectra of the Nal saturated solution surface (Py, = 8 mbar, T =278 K) during

run#1 and run#2. Each doublet is the sum of the 4ds, and 4ds;, components. The orange (LBE)
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and blue (HBE) doublets are ascribed to I and 107, respectively, and the red-shaded doublet is a
gas phase component (see text). Fit parameters are given: I 4ds, binding energy, Gaussian full-
width at half maximum (between parentheses) and spectral weight (%). The binding energy is
referenced with respect to the Fermi level of the gold substrate. D,, is ~5 10" Gy-s™ at 200eV,

~10° Gy-s™ at 400 and 500 eV, 4 10’ Gy-s™ at 600 eV and 10° Gy-s™ at 1200 eV.

All T 4d spectra are fitted with two main (1.73 eV spin-orbit split) doublets, the low binding
energy (LBE) doublet (I 4ds; at 49.1 eV) and the high binding energy (HBE) doublet (I 4ds; at
50.4 eV). The LBE doublet is ascribed to the solvated I ion. The HBE doublet corresponds to a
radiolytic end product. Moreover, a small feature is discernible at 53.7 eV to the left of the 4ds),
flank of the HBE doublet (indicated by the red arrow in Figure 4). It is better seen in the well-
accumulated spectra measured at hv=600 eV during run#2 (the measurement is optimized at this
energy because of the high photon flux, see Table 1, and a reduced signal attenuation by the gas
phase due to the relatively high kinetic energy of ~550 eV). Auger peaks (Xe M4N45Nys at a
kinetic energy of 546 eV>°) or photoelectron peaks (Fe 3p at ~54 eV>’) can be ruled out. In
reality, this component arises from a gaseous species, i.e. the I 4d3;, component of the red-shaded
doublet, with its companion, the I 4ds» component, at a binding energy of 52.0 eV. Considering
that the work function of the solution is ~5 eV,14 the I 4ds/, ionization energy (measured relative
to the vacuum level) is around 57 eV. The gas-phase 4ds), ionization energy of I, falls within the
57.2-57.5 eV range.”® It is also possible that the observation of gas phase diiodine at hv = 600 eV
is due to the very high dose rate (4 x 10’ Gy-s™) at this energy (above the O K edge).

As shown in the SI, section S3.1, the partial pressure P; of this iodine-containing gaseous

species can be estimated from the gas phase/liquid phase intensity ratios of the I 4d and O 2s

18
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core-levels. For a water pressure P,, of 8 mbar, the iodine gas phase pressure is ~ — mbar,

where n is the number of iodine atoms per molecule. Therefore, for I, released in the gas phase
the partial pressure P;,would be ~6x 10 mbar.

The I 4d spectra reveal the presence of the HBE doublet across al/l measurements performed
in the 200-1200 eV photon energy interval. Its spectral weight spans the 13%-73% interval, as
shown in Figure 4 and Figure 5(a). The HBE spectral weight also demonstrates variability
between the different experimental runs (more radiolytic species form in run#2 than in run#l). In
run#l, a decrease in HBE weight is observed with an increase in photon energy. A simplistic

interpretation could attribute this to the photoelectron escape depth effect, as Ay varies from

~1.4 nm to ~8 nm in the photon energy interval 200—1200 eV.** This could suggest that the HBE
species accumulates at the gas/liquid interface. However, run#2 contradicts this hypothesis,
demonstrating a substantial increase in HBE weight when photon energy is increased from 200
eV to 500 eV. Indeed, as the HBE doublet species is a radiolytic product, interpretations centered
on "escape-depth" effects'> must be reassessed. Indeed, the variability of the dose rate D,, with
photon energy should directly affect the concentration of HBE, complicating any simple
interpretations.

We plot in Figure 5(b) the HBE weight against D,, (note the log scale). As we have no
evidence for the surface propensity of the radiolytic product, we can admit a constant
concentration profile during each measurement. Under this assumption, the pattern we get
suggests that the concentration of radiolytic HBE species strongly increases for D,, > 10° Gy-s™.
Nonetheless, unrecognized factors (droplet hydrodynamics, mass transport etc.) and
insufficiently controlled parameters (droplet size, halide concentration) cause data scatter, which

prevent us to firmly correlate the spectral observable (the HBE weight) with the only
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experimental parameters we have (photon flux, energy and dose rate). Additional examples of

these complexities will be given in the study of the Nal and NaCl solutions.

T I o
1r 500 eV 1
C £ (b) u
0.7F - J
run#1 ]
r run#2 h
061 - -
0.5} - ]
E@ ]
D 200 eV
2 =
w F ]
m 04r r 600 V]
T [ 400 eV "
. -
C 500 eV 200en
[ ] 4
03¢ T 600 eV]
L [ ] ]
L 800 eV
02F . " ]
r 1 [f200ev
re ]
1000 eV B
C [ ]
o1k o 1 v 4 B v et
2 486 2 48 2 46

200 400 600 800 1000 1200105
Photon Energy (eV)

10° 10:
Dose rate (Gy s )

Figure 5. 1 4d HBE weight (radiolytic product) plotted against photon energy and dose rate

for run#1 and #2, as determined from spectra shown in Figure 4.

We now discuss the attribution of the HBE doublet. Shifted by +1.4 eV with respect to the
LBE I doublet, this radiolytic product could be attributed to different types of species.
One possibility to consider is that I® radicals, formed in the solution, are scavenged by organic

compounds adsorbed on the surface, resulting in the formation of C-I bonds. Although no I 4d
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binding energies have been reported for the C-I bond in the NIST XPS database,* data for the I
3ds), core level do exist. In this case, the binding energy of C,HsI adsorbed on Ag is found to be
2.2 eV higher than that of I" in solid Nal. This energy difference is significantly larger than the
+1.3 eV difference we measure here between the two doublets. We examine in the SI, section S3,
whether this HBE weight is correlated with the C 1s spectral shape and intensity. The conclusion
is negative. Thus, we find no compelling evidence in favor of the C-I compound hypothesis.

We then explore iodine species having an oxidation state greater than —1, and thus a positive
binding energy shift with respect to the I doublet.

First, the HBE doublet cannot be attributed to I»nq) (oxidation state=0), admitting that the
gaseous species is Iygas) and that its partial pressure is 6 102 mbar (6 Pa). At 298.15 K the
Henry’s law constant for I is 2.8x1072 mol m™ Pa'l, which is extrapolated to 7.2x102 mol m™
Pa' at 278 K using the van ’t Hoff equation.’” This gives a concentration of dissolved Iyqq) of
~4x10* mol L. This quantity is not appreciable in the I 4d spectra, considering a total iodine
atom concentration in the 1 mol L™ range.

Second, we turn to the triiodide species I3~. For symmetric I3, the negative charge (-1) is
distributed on the two side atoms which contribute to the LBE doublet, while the central atom
contributes to the HBE doublet. The binding energy shift between the two doublets is 1.1 eV (in
ethanol'?), which is compatible with the 1.3 eV shift measured here. An HBE:LBE distribution
of 33:66 should be found for triiodide, but the proportion we find for the spectrum measured at
500 eV during run#2 is 73:27 which makes the triiodide attribution incompatible with the
experiment. Moreover, the component we see at 53.7 eV is a gas phase component which should
not be confounded with the shake-up'® observed in I;~ and shifted by +5.2 eV from the LBE

component (the side atoms).
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We finally consider 10, species (n=1,2,3). An LJ-XPS measurement of 105 (oxidation
state=+5) in solution reveals that the 4d doublet is shifted by +5.3 eV compared to I" (Roose et
al.*®). This value is significantly larger than the +1.3 eV shift we measure here. To our
knowledge, no published LJ-XPS measurements exist for the I 4d binding energies of
hypoiodous acid IOH and hypoiodite IO~ (oxidation state +1) in water. We can only hypothesize
about the binding energy shifts of 10,, species compared to I". Our assumption can be based on
data from the other XO, species binding energies (I 4d, Br 3d, Cl 2p) measured in aqueous

solution using LJ-XPS.****4

Binding Energy Shift (from X, eV)

Number of oxygen atoms (n)

Figure 6. Binding energy shifts of the XO, species (I 4d, Br 3d, CI 2p) with respect to X~
plotted against n. The binding energy shift of BrOH is also given. Values collected from LJ-XPS

. 38,39,40
experiments.”
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We plot in Figure 6 the binding energy shifts of the XO, species relative to the corresponding
halide X~ against the number of oxygen atoms n. A linear behavior is observed for BrO,  and
CIO, . For 10, we have only one value (IO53"). If we admit that the same linear relation with # is
valid for 10, ", then the I 4d binding energy shift of IO~ with respect to I should be 1.6 eV. A
chemical shift per O atom smaller for the I atom than for the Br and Cl ones seems reasonable, as
I is the biggest of the halogen series and binding energy shifts scale approximately with the
inverse of the atomic radius.*' Then the chemical shift of +1.4 eV we measure is close to the
+1.6 eV shift we hypothesize for IO". By analogy with the BrOH case (see Figure 6), the binding
energy shift of IOH with respect to I should be significantly larger than this value. Thus, IOH
should be absent.

The assignation of the HBE component in the I 4d spectra to IO~ (Figure 4) does not align
with previous radiolysis studies at natural pH which indicate I3~ as the ultimate product.’’** The
reaction scheme proposed by Balcerzyk et al.*' for Br (reported in Figure 1, as a sequence of
blue arrows) considers that the X, species is a precursor to X3 . However, at alkaline pH the
final products are different, as already mentioned in the introduction. Buxton et al.*® consider
reactions leading to Xjgas) (J2(gas)) (the red lines in Figure 1) and the subsequent hydrolysis
equilibria (K1 and K2). IOH/IO™ are the ultimate radiolysis products at alkaline pH. Speciation
curves for [£(I;)]=0.3 mol L with [I']=0.1 mol L given by Truesdale et al.** show that IO
predominates over I3, HOI and LOH™ at pH values greater than 12.5. Therefore, the assignment
of the I 4d HBE doublet to I0™ means that the pH has significantly increased above 7 under

irradiation (at least in the outer layers of the solution probed by photoemission).
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XOH X0~
X KXz PKe KXz
XOH/XO™
Xoaqgt+ Hz O = XOH+H* +CI” Xo@ag T 20H = XO + X + H,0
I - 10.4 (%) 1.65 10° (**)
Br 5.8 107 (%) 8.65 1.310" (%
Cl 410 (%) 7.5 1.3107 (%

Table 2. Xy@q) hydrolysis equilibrium constants Kﬁg(gq) and Kﬁg(;q) and XOH pK, at 25°C. (*)

from ref *° and (*) assuming that the water dissociation equilibrium constant Ky, is 10™4. () from

ref ¥ (*) from ref **. (¥) from ref .

The equilibrium constant K%S_ of the hydrolysis reaction of aqueous diiodine at alkaline pH

I@ag +2HO =10 +I +H,O {R1}

is simply equal to K{S_=K1K2K3 (see Figure 1), where K;K,=41 5% at 25°C and Ks:=K./K

where K,=107%* is the acid dissociation constant (pK,=10.4 at 25°C*) and K,, the water
dissociation equilibrium constant (107* at 25°C). Then the equilibrium constant K%Si (25°C) of
{R1} is 1.65%10°.

With X being a generic halide, the HO concentration [HO ] is:

[X~][x0~]

R = R e .
and
pOH = = (= log([X~]) — log([X0]) + log(K¥?") + log ([Xz(aqy])) @)
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Taking [I'], [I07] and [I5@q)] of ~1, ~1 and ~4 10* mol L™, respectively (see above), one finds
that pOH is 0.4, thus the pH is very high, 13.6. Let us now revisit Figure 1 to understand why the
surface layers of water could become alkaline starting from a neutral pH.

Let us first consider the black frame in Figure 1. Pulse radiolysis simulations*® demonstrate
that the pH of pure water initially becomes highly acidic due to the reaction of H,O" reacts with
H,O0 to produce H3O" (plus HO®), and then reverts to neutral (pH 7) in less than 1 ps. This is
attributed to the recombination of solvated electrons either with HO® radicals to yield HO™ ions—
the most probable reaction — or directly with H;O" — the less probable reaction — to yield H,O
and a the H® radical.”*® Consequently, H;O" is either neutralized by HO™ or by a solvated

electron. In pure water the pH should remain neutral.

The situation changes in halide solutions, if hydroxyl radicals are produced, as they react with
X to give the XOH" radical anion, a key intermediate (the HO® yield was recently determined in
pure water using SR,'” but to our knowledge not in halide solutions). As shown in the green
frame of Figure 1, an H;O" cation is consumed to form a halogen atom radical (X°) by reacting
with XOH"", or XOH"" decomposes into X° plus OH". Hence, the pH increase. This path is
possible if the H,O" precursor does not only react with halide ions (right branch in Figure 1), as

stated in ref 2!, but also with water molecules (left branch).

pH modifications in halide solutions under v irradiation are reported by Jung at al.** and Kim
et al..?®> These authors consider the reaction 21 + 2-HO® + 2H" — Daq) + 2H20,25 that also
consumes protons, to explain why the pH of Nal solutions increases under gamma irradiation
when the initial pH is < 7 (note that the above reaction is a condensate of the multiple

intermediary reactions leading to I»q) depicted in Figure 1). However, at neutral and higher pH

25



the same authors consider that H,O» acts as a reducer (Iyaq)+ HoO2 — 21 + 2H' + O,). Thus, the
contribution to pH changes of I, reduction cancels that of I oxidation. Therefore, we must admit
that in our case potential reducers like H,O, and O, are not present in great quantities, which

can be explained by the fact that water is fully deaerated in the vial.*

Other hypotheses could also be considered to explain the pH increase. The decrease in the
quantity of I due to the formation of I(q) in the irradiated volume may increase the pH: fewer I
anions result in the creation of OH™ to equilibrate the charges. However, this is only true if I
ions from outside the irradiated volume take a significant amount of time to penetrate the
irradiation volume. The latter one is a cylinder with a depth (d;,) of ~1 um and a cross-sectional
area of ~102 mm?. Since d,, << diameter of the spot, we can calculate the characteristic diffusion
time for I to penetrate the irradiated volume over a distance d: T = (d;)*/D. The diffusion
coefficient D for I is 1.6 x 10° cm? s at 18°C.*° Therefore, T is equal to 6.25 x 10 S,
indicating a very rapid equilibration by sending I" ions from the non-irradiated zone. Therefore,

the 1odide depletion hypothesis leading to a pH increase is not realistic.

Figure 2(b) also suggests that the system exhibits characteristics similar to an electrolytic
cell, where oxidation takes place at the water/vapor interface, resulting in the production of I,
while reduction occurs at the metal/solution interface generating H, and OH™. The characteristic
time required for OH™ ions produced at the interface to reach the surface, over a distance of ~1
mm (the droplet diameter), is approximately 600 s. This duration is quite significant, considering
that in the Nal case the establishment of a steady-state hypoiodite/iodide steady-state
concentration ratio appears to occur instantly. Additionally, due to the complex nature of the

studied system (droplets), it is exceedingly challenging to calculate the increase in OH™
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concentration at the surface due to reduction reactions at the Au/solution interface. We can only
state that a sample current of approximately 1.6 nA yields the generation of 10'° OH™ ions per
second at the gold electrode. To test the “electrolysis” hypothesis, we have plotted of the HBE
(I0") weight against the sample current (run#1) in Figure S4 of the SI. We see no linear

correlation, and we cannot draw any conclusive evidence from it.

NaBr aqueous solution

In Figure 7 (a) we present the evolution of the Br 3d spectra with the number of scans (one
scan takes 75 s) for an acquisition made at hy = 200 eV, the photon energy at which D, is as
high as 510" Gy-s™ (see Table 1). All spectra are fitted with two (1.04 eV spin-orbit split)
doublets, a first one at 68.1 eV (the LBE doublet) we attribute to bromide Br™ and a second one
(the HBE doublet) positioned at 69.7 eV, i.e. +1.61 eV to higher binding energy than the Br
doublet. The positive chemical shift indicates that bromine is in an oxidation state greater than
—1. As seen in Figure 6(a), the spectrum evolves with time (scan #0 corresponds to the start of X-
ray irradiation).

The LBE and HBE doublet respective intensities, as well as the total Br 3d spectrum intensity,
are plotted in Figure 7(b) against the number of scans. The total Br 3d intensity diminishes with
increasing measurement time. This is entirely due to the intensity decrease of the HBE doublet
as, for its part, the LBE doublet (Br") intensity remains constant with time. As shown in Figure
6(b’), the HBE peak spectral weight of scan #0 is 72 %, while it is only 28 %. for scan #5. The
same time evolution (see SI section S5, Figure S5(a)) was observed for the Br 3d core-level
measured at hv=600 eV (D, is also in the 10" Gy-s” range). At this photon energy, the C ls

spectrum (presented in Figure S5(b)) was acquired after displacing the X-ray spot. Contrary to
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Br 3d spectra, the C Is spectrum does not change at all, which eliminates the hypothesis of a
correlation between the HBE doublet and thus does not lend support to the formation of a C-Br
bond. Figure 7(c) shows the Br 3d spectrum acquired at hv=1000 eV. During this measurement
the HBE:LBE intensity distribution remained fairly constant (31:69) of the spectral weight, over
10 scans, i.e. 750 s), in contrast to the observations made at 200 and 600 e¢V. The HBE
component weight at 1000 eV is close to that obtained at hv=200 after 375 s of exposure (scan
#5, see Figure 7(b’)). Such an observation hinders any attempt to profile the HBE species

concentration as a function of depth by changing the photoelectron kinetic energy (and escape

depth).
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Figure 7. (a) Five successive Br 3d scans of the NaBr saturated solution (Py,= 8 mbar, 278 K)
measured at hv = 200 eV (1 scan = 75 s). Each doublet is the sum of the 3ds, and 3ds;
components. The orange (LBE) and blue (HBE) doublets are ascribed to Br™ and BrO,
respectively. (b) plot of the LBE and HBE doublet intensities against scan number (hv =200 eV).
(b’) plot of the LBE and HBE spectral weights against scan number (hv = 200 eV). (c) Br 3d
spectrum measured at hy = 1000 eV (sum of 10 scans, 750 s). The fit parameters are also given:
Br 3ds; binding energy, Gaussian full-width at half maximum (between parentheses) and
spectral weight (%).The binding energy is referenced with respect to the Fermi level of the gold

substrate. Dose rates are 5 10’ Gy-s” and 3 10° Gy-s™' at photon energies of 200 and 1000 eV,

respectively.
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To what species the HBE doublet could be ascribed? Inspection of Figure 6, where data from
Gladich et al.*® are reported, shows that HBE doublet can be attributed to the hypobromite BrO™
(oxidation state +1). No BrO,, species with n>1 is observed.

In contrast, conventional pulsed radiolytic studies point to the formation of tribromide. Under
pulsed y-irradiation Brs~, H,, and H,O,, are produced in the long-time scale.?' Pulsed (electron)
radiolysis studies also point to tribromide, stable at pH values below 4.°' In reality, the
tribromide hypothesis is in contradiction with the spectroscopy data of Figure 7. We can use the
same argument as for triiodide to demonstrate it. Assuming a symmetric Br;~, and attributing the
HBE doublet to the central atom and the LBE one to the two side atoms (coincident with
bromide binding energy) gives an HBE:LBE intensity distribution of 33:66. This is obviously
inconsistent with the fact that the LBE doublet intensity is smaller than that of the HBE one for
scans # 0, 1 and 2 of the spectra acquired at hv = 200 eV. Naturally, the time variations of the
HBE:LBE intensity distribution hinder a photon-energy dependent study aimed at determining
the depth distribution of the species.

The fact that Brs™ is not seen also suggests that, like the Nal case, Bry(,q) 1s hydrolyzed to BrO™
because the solution is basic. This is in line with the absence of BrOH, given that the pK, of
BrOH is 8.65.

We consider the hydrolysis equilibrium of aqueous dibromine at basic pH, as in the Nal case
Bryuq +20H™ = BrO™ + Br + H,O {R2}

The equilibrium constant Kgﬁg is 1.3x10'" at 25°C (Table 2), 6 orders of magnitude greater

than K}S_, which means that BrO™ can be the dominant species at lower pHs than I0". We do not

identify Bry(gs) in the NAP-XPS spectrum, contrary to the Nal case. The 3ds, ionization energy

of gas phase Br, (vacuum level reference) is 77.4 eV,* which would give a Br 3ds, (Br 3d;))
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binding energy in the 72.4 eV (73.4 V) range with respect to the gold Fermi level, considering
the work function of ~5 eV. As we see nothing in this region, this means that the partial pressure
of the gas phase species is below the detection limit of NAP-XPS we estimate to be 10~ mbar (1
Pa). This means that [Bryq)] is below 7x107° mol m™ (7 10 mol L") considering a Henry’s law
constant of 7.2x10™° mol m™ Pa™’. Using equation (2), and [BrO ], [Br ] and [Bryq)] of ~ 1 mol
L', 1 mol L and 7 10 mol L™, respectively, pOH <3. This means that the pH can be greater
than 11. It is also clear that BrO™ does not disproportionate to bromide and bromate (the binding
energy of the BrO;~ doublet is shifted by 7.2 eV from that of Br', see Figure 6).

The reason why the HBE:LBE distribution evolves with time remains unclear. The fact it is
seen at 200 et 600 eV (when the dose rate is maximum) and not at 1000 eV, may suggest a dose

rate threshold effect.

NaCl aqueous solution

In Figure 8, we present a collection of four Cl 2p spectra obtained from a NaCl solution. These
spectra were recorded at photon energies of 500 eV and 1200 eV. The dose rate is observed to be
approximately one-tenth of its value at 500 eV when measured at 1200 eV. Irrespective of the
photon energy, each Cl 2p spectrum is characterized by two (1.61 eV spin-orbit split) doublets.
The LBE doublet (CI 2ps, binding energy at ~198.5 eV) is attributed to ClI". The HBE doublet
(CI 2ps, at ~200.6 eV) is shifted by +2.1 eV relatively to the Cl” doublet. Despite increasing
acquisition times, the spectra remained unchanged. However, upon reanalyzing the data, we
noted a significant variation in the HBE:LBE distribution, depending on the measurement
position, even at a constant photon energy (and dose rate). Figure 8 illustrates this observation,

suggesting that the steady-state concentration might be influenced not only by D,, but also by
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other parameters. Specifically, at a photon energy of 500 eV, a larger droplet exhibits a greater
HBE spectral weight than a smaller one. This observation may indicate a correlation between the
HBE:LBE distribution and the concentration, or the solution hydrodynamics, which could vary
according to droplet size. Further investigation is necessary to clarify this point, with the first
step being a better control of volumes and solute concentrations. The scatter of the HBE:LBE
intensity distribution in Figure 8, which complicates any interpretation in terms of escape depths
and dose rates, raises questions about the surface propensity of the HBE species suggested in

. 1112
prior studies.
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Figure 8. C1 2p NAP-XPS spectra of the NaCl solution (Py= 8 mbar, 278 K) acquired at hv=
500 eV and 1200 eV. Different spots are explored on the sample. Spot #2 corresponds to a much
bigger droplet than spot #1. The doublets are the sum of the 2ps, and 2p;, components. The
orange (LBE) and blue (HBE) doublets are ascribed to CI” and ClO", respectively. The fit
parameters are also given: Cl 2ps, binding energy, Gaussian full-width at half maximum
(between parentheses) and spectral weight (%).The BE is referenced with respect to the Fermi
level of the gold substrate. Dose rates are ~10° Gy-s™ and ~10°> Gy-s™ at photon energies of 500

and 1200 eV, respectively.
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We found no correlation between the relative intensity of the HBE doublet and the C 1s shape
and intensity (refer to SI, section S6, Figure S6), ruling out the formation of C-Cl bonds.
Therefore, the HBE species is a ClO, species. Using the LJ-XPS binding energies of CIO,~
anions in water,"’ as seen in Figure 6, we attribute the HBE doublet to CIO™ (2.4 ¢V higher in
energy that the Cl” doublet). CIOH is disregarded as the addition of a proton to the base
significantly increases the binding energy (consider the BrOH/BrO™ Br 3d binding energy
difference of +2 eV, as shown in Figure 6, and the N 1s binding energy difference of the
HNO3/NO;~ couple which is 1 eV>?). Given that the pKa of the CIOH/CIO™ couple is 7.5, we
should observe both the acid and its conjugated base at neutral pH. This is not the case in our
observations, suggesting that the pH becomes basic under irradiation.

As seen with iodide and halide solutions, we can also explain the formation of the
hypochlorite 1on by the formation of aqueous dichlorine) under soft X-ray beam irradiation,
followed by hydrolysis in a basic solution. At alkaline pH, the disproportionation of Cly(g) 1s:

Clhag +20H™ = CIO” +CI" + H,O {R3}

The equilibrium constant KE{S‘ of {R3} can be calculated using available thermodynamic data

and is found equal to 1.3 10" at 25°C (see Table 2). [Clyaq)] can be estimated considering a
partial pressure of Cly(gas) below 10~ mbar (1 Pa), the detection limit (we see no gas phase signal
in the NAP-XPS spectra). Using a Henry’s law constant of 9.2x10"* mol m™ Pa™',”’ [Clyag)] 1s
below 9.2 10* mol m™ (9.2 107 mol L™). With [CIT], [CIO] equal to 4 and 2 mol L™,
respectively, and [Clyeg] < 9.2 107 mol L™, and using equation (2) we find pOH < 5.5. This

implies that the pH is greater than ~8.5.
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Mg-Cl solution formed over [Mg,Al(OH)¢] '[C1, yH,0] (LDH)

We turn now our attention to the [Mg,Al(OH)s] [Cl™, yH,O] LDH powder and to the water

film condensed over it by cooling the substrate to 1°C, under a water vapor pressure Py, of 4.5

mbar. The CI 2p spectrum of the as synthetized LDH is given in Figure 9(a) in its “dry” state

(spectrum acquired using a monochromatized AIK, source). We see a single 2p doublet, with a

Cl 2p3/, binding energy of ~197.6 eV characteristic of Cl". Note that the binding energy is shifted

by -1 eV with respect to the NaCl solution due to a different zero binding energy reference (see

METHODS).
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Figure 9. Cl 2p spectra of the [Mg,Al(OH)s] [Cl ] LDH and of the Mg-Cl solution formed
over it upon water condensation under P,=4.5 mbar and at 274 K (1°C). The doublets are the
sum of the 2p;/,; and 2p;, components. (a) the “dry’ LDH under UHV (monochromatized AIK,,
source, hv = 1486.7 eV). (b) the Mg-Cl solution measured with NAP-XPS at hv =1000 eV. (¢)
same as (b) but measured at hv = 420 eV. (d) the Mg-Cl solution measured with NAP-XPS at hv
=420 eV (the black line represents the spectrum under P,=4.5 mbar), and the subsequent spectra
recorded under vacuum drying (color lines). (e) Fitting of the Cl 2p spectrum at time 375 s. (d)
Time evolution under vacuum drying of the C1", C1O™ and ClO;  doublet intensities, measured
(black filled symbols) and calculated (grey open symbols) from CIO™ intensities assuming the
disproportionation reaction 3 ClIO™ — 2 CI” + ClOs . Fitting parameters are given the SI, section

S7, Tables S4 and SS5.

Additionally, we show in Figure 9(b,c) the NAP-XPS Cl 2p spectrum of the LDH powder
covered with a film of water. As already discussed in Coustel et al.'’, a Mg-Cl solution is
produced. Indeed, the Al core-levels (2p and 2s) vanish from the NAP-XPS overview scan once
the water film appears. The NAP-XPS Cl 2p spectra of the Mg-Cl solution recorded at hv = 1000
and 420 eV, curves (b) and (c), can be fitted by two doublets having with their Cl 2p;;
components at ~197.7 eV (LBE) and ~199.6 eV (HBE), respectively. As for the NaCl solution
(Figure 8), the LBE 2ps,, is attributed to the Cl™ ions, and the HBE doublet, shifted by + 2 eV
with respect to the C1™ doublet is ascribed to C1O™ (see also Figure 6). Thus, the oxidation of the
solvated chloride under soft X-ray irradiation depends little on the counter cation, Mg®" or Na,
and the reaction paths proposed in Figure 1 can also apply to the Mg-Cl solution. For a chlorine-

containing LDH at relative humidity between 10% and 75%, the high radiolytic H, yield is
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ascribed by Lainé et al.” to the scavenging of HO® by CI” to give a key intermediate CIOH®"
also considered in Figure 1. However, Lainé et al. propose that two CIOH®™ recombine:

2 CIOH" — 2 ClIO” + H, {R4}

or that CIOH"™ scavenges a H"® radical:

CIOH" + H*— CIO + H; {R5}

Reactions R4 and R5 lead to the formation of the hypochlorite ion and H;, but they do not result
in the production of Cl, molecules and HO ions (as depicted in Figure 1). Consequently, they
cannot be accommodated within our explanatory framework of the pH increase.

The relative intensity of the components apparently depends on the photon energy. The
spectral weight of the HBE doublet is 52 % at 4v = 420 eV (curve (¢) and only 26 % at 1000 eV
(curve (b)). However, due to lessons drawn from the NaCl solution experiment we refrain from
discussing a possible surface propensity of the CIO™ species.

As long as the solution is in equilibrium with the gas phase, we do not observe the
disproportionation of the hypochlorite ion. The situation changes when P, decreases. The CI 2p
NAP-XPS spectra (Figure 8(d)) were recorded after closing the microvalve connecting the water
vial and the analysis chamber and opening the primary pump valve. Then the pressure decreased
from 4.5 mbar to 10™ mbar. The black curve corresponds to the Cl 2p spectrum measured under
Py=4.5 mbar before evacuating the chamber, and the color ones are measured while pumping.

In NAP-XPS experiments the attenuation of the photoemission intensity due to scattering
events in the gas phase, is suppressed for pressures below 0.1 mbar. This explains the strong
increase of the photoemission signal in the “time 0 s” spectrum. In this spectrum, the Cl1O™
component still represents 52 % of the CI 2p spectrum, the same value as that found for the

solution under 4.5 mbar. For the subsequent spectra, the overall Cl 2p signal still increases,
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which is due to an increase of the Cl concentration associated to vacuum drying. We observe
that the weight of the doublet ascribed to ClO™ decreases while that of the C1™ doublet increases.
Contemporaneously, a third component shows up, with its Cl 2p3» component at 206.0 eV,
shifted by +8.2 eV from the ClI™ doublet. This shift is characteristic of the CIO3;™ species (see
Figure 6 and ref *°). Therefore, the evolution of the Cl 2p spectra recorded during vacuum drying
of the soaked LDH sample point to the disproportionation of the hypochlorite ion Cl(+1) into
CI(-1) and CI(+5) species according to:

3CI0 — CIOs +2CI {R6}

The weights of the three doublets were determined from the fitting of the Cl 2p spectra
(Figure 9(e)). The analysis is quantitatively consistent with the formation of CI and ClO; with a
[C] ]:[ClO; ] ratio of 2:1, as expected from the disproportionation reaction R6.

The disproportionation of hypochlorite is certainly triggered by a strong concentration
increase of hypochlorite (decrease of H;O content) when the brine dries out, as ClO3™ formation

is not observed by NAP-XPS in the Mg-Cl solution under Py,=4.5 mbar. In reality {R4} is

decomposed into two consecutive reactions:****
2CI0 — CIO, +Cl1° {R7} (slow)
ClO, +ClO — CIO; +CI” {R8} (fast)

The rate of the 2™ order rate-limiting reaction R7 involving two hypochlorite molecules will

increase with increasing concentration, which will be the case when the sample is dried.

An enhanced methodology for identifying and studying radiolytic effects in aqueous

solution with SR NAP-XPS
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The results discussed in this paper encourage us to propose an enhanced NAP-XPS
methodology aimed at both detecting radiolytic effects in aqueous solutions or studying them

because of their specific interest. Several key factors require careful consideration.

Regarding the detection of radiolysis products escaping into the gas phase, integrating mass
spectrometry into NAP-XPS measurements can be invaluable in alerting spectroscopists to beam
damage, and in deepening our understanding of the radiolytic effects under study. This is not an
insurmountable challenge, as manufacturers already offer the option of installing a quadrupole
mass spectrometer within the differentially pumped entrance lenses of the analyzer. The
sensitivity limit for NAP-XPS detection of gaseous products is about 10” mbar, as demonstrated
here. With an embedded quadrupole mass analyzer, a pressure limit at least two orders of

. . 2
magnitude lower can be achieved.”

It is also crucial to accurately measure the photon flux as a function of photon energy (hv) to
determine the dose rate. Indeed, if radiolytic effects are present, it is essential to maintain
consistent dose rates during comparative measurements at different hv (all other things being
equal) to prevent potential inaccuracies in the results. In this study, the photon flux was
determined from the Iy filament current at the beam entrance. In situ or transportable photodiodes
can be also conveniently used. The sample current should also be monitored throughout the

study.

A limitation of the current approach, which involves dissolving the salts in droplets with some
variation in volume, is an insufficiently precise control of solute concentration. In addition, the
hydrodynamics of the droplets complicates the analysis. This could explain the relative scatter of

radiolytic species concentrations. Better control can be achieved through the use of custom-
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designed cells possessing precisely defined volumes and flow-rates. Microfluidic cells could be
employed, offering a solution half way between the “fast running” liquid microjets and the
current “quasi-static” situation. Partial open flow cells,” compatible with high vacuum (<10~
mbar), have already been designed, featuring a hole of only 2—3 um in diameter on the SiN film
window. In the context of a NAP system, the open part could likely be enlarged. Finally,
internally monitoring the pH and redox potential in the cell could also significantly enhance our
understanding of the phenomena under investigation, but this goal can be technically harder to

achieve.

CONCLUSION

The reassessment of NAP-XPS data of halide (I', Br, Cl") solutions provides conclusive
evidence that a soft X-ray synchrotron beam causes the oxidation of X species into hypohalite
XO". No alternative (e.g. halocarbons) can explain the body of XPS data. The generated species,
107, BrO ", and ClO™ coexist with their parent ion X~ in comparable concentrations. The gaseous

I(eas) species is identified in the NAP-XPS I 4d spectrum of the Nal solution.

At first glance, the detection of IO~ and BrO™ might seem unexpected, considering a system
(solution droplets) presumed to be at neutral pH. Indeed, at pH~7, the stable I~ and Br;~ anions
are observed in conventional pulse radiolytic studies. We interpret these observations as due to
the hydrolysis of aqueous X»(q) species at a basic pH. Why the pH would become alkaline in the

water layers probed by XPS is a matter of future research. Currently, we speculate that HO
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radicals are produced, despite the high halide concentration, leading to the key intermediate

XOH"" whose subsequent reaction will increase the pH.

The steady-state [ XO ]:[X"] distribution does not only depend on the beam conditions (energy
and flux), and thus on the dose rate. Some scatter in the [XO]:[X ] distribution appears to be
due to factors that are not yet fully understood (solute concentration, mass transport,
hydrodynamics). In the particular case of the NaBr solution the establishment of a steady-state
[BrO]:[Br] ratio could be observed over several minutes, a phenomenon also difficult to
explain. This data scatter, combined to the strong dose rate variation with photon energy, hinders
any attempt to determine the concentration profile of XO~ by manipulating the photoelectron

escape depth.

Neither in NaX solutions, nor in the Mg-Cl solution formed from a Cl-containing LDH, do the
hypohalite species undergo disproportionation. Only when drying the Mg-Cl solution and
subsequently increasing the concentration, can we monitor the disproportionation reaction of

CIO™ into CI” and CIOj5™ in real-time.

Building on these observations, this paper proposes guidelines for gaining a more
comprehensive understanding of radiolytic effects in solutions, which can enhance the overall
success of NAP-XPS studies, especially in fields like environmental chemistry and

electrochemistry, where interfaces with liquid water are formed.
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Supporting Information. In the Supporting Information we provide: the calculation of the
photon flux variations with hv, the calculation of the partial pressure of the iodine gaseous
species over the Nal solution, the C 1s spectra of the Nal solution, the I 4d HBE weight against
sample current, the Br 3d and C 1s spectra of the NaBr solution, the C 1s spectra of the NaCl,
and the fitting parameters of the LDH spectra. The following files are available free of charge.
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