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Materials and Methods

The APXPS experiments were performed at the X07DB In Situ Spectroscopy beamline of the
Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI)!. The experimental cell was kept
under high vacuum conditions (6 x 10-® mbar base pressure) before and between measurements.
The sample holder was loaded with a NaCl sample (ACS Reagent, >99.0%, Sigma-Aldrich) that
was dissolved in ultrapure water (Fluka TraceSelect Ultra; Water ACS reagent) and deposited onto
the holder via drop-casting. To accelerate water evaporation, the holder was warmed to 40°C. Once
the sample was anhydrous, it was moved into the vacuum chamber. Water vapor was introduced
from a temperature-controlled water reservoir via an 800 um inner diameter stainless-steel
capillary, and the water source (Fluka TraceSelect Ultra; Water ACS reagent) was degassed using
3 freeze-pump-thaw cycles. During the experiments, the relative humidity (RH) was adjusted by
either changing the sample temperature while keeping the water vapor pressure constant or keeping
the sample temperature constant while varying the water vapor pressure.

The X07DB beamline utilized a bending magnet as a photon source that generated photons ranging
from 250 eV to 1500 eV, with a beam size of approximately 0.3 mm in diameter at the sample
surface. The binding energy (BE) scale was aligned using aliphatic carbon at 284.8 eV as a
reference. The acquired photoemission spectra were fitted using Gaussian functions after a linear
background was subtracted. The results were used to normalize the photon flux, photoionization
cross-sections, and analyzer transmission. Measured photoionization cross-sections were in good
agreement with literature values. As a result, literature photoionization cross-sections and
measured photon flux and analyzer transmission were utilized to normalize measured intensities.
The photon dosage rate is between 1.1:10'# to 5.6-10'% photons's!-cm2, depending on the photon
energy.
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Chemometric Analysis

In Figure 3a, the Cl:Naratio is around 0.25, which is the fraction of NaCl to the total Na-containing
compounds. Assuming the rest of Na is only associated with sulfate (Na,SO,), the S:Na ratio
should be around 0.38, which is much lower than the measured value = 0.70. This indicates that
the sulfur is in excess with respect to Na, i.e., there are other forms of sulfates that are associated
with less or no Na, e.g., NaHSO, and H,SO,. In two extreme cases, i.e., Na,SO,/ NaHSO4 mixture
and Na,SO, / H,SO,4 mixture, the calculated molecular ratios are Na,SO,/ NaHSO4 =0.72, Na,SO,4
/ H,SO4 = 2.45, respectively. The actual composition of the system is likely complicated, so the
real molecular ratio may be a combination of such extreme molecular ratios, Na,SO,, NaHSOy,,
H,SO,, and NaCl.
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Experimental Temperature and Pressures

Table S1 Actual water vapor pressure, surface temperature, equilibrium water vapor pressure and RH, which were used
during the APXPS experiments.

Actual Water Surface Equilibrium RH
Pressure (mbar) Temperature ("C) Pressure (mbar)

0 25 31.39 0%

1.35 25 31.39 4%

1.32 10 12.15 11%

1.3 0 6.04 22%

1.3 -6 3.86 34%

1.16 -10 2.83 41%

1.11 -13.2 2.19 51%

1.09 -15.3 1.84 59%

1.08 -17.6 1.52 71%
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Effects of Soft X-ray on Chloride — Sulfate Replacement
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Figure S1 Survey spectra showing that the CI depletion and SO, uptake on NaCl is facilitated by the X-ray. The
sulfate formation is enhanced by the X-ray. Nevertheless, sulfate formation on NaCl has been observed, where
the probed spot was never exposed to SO, and X-ray simultaneously (yellow line). SO, was first introduced but

the spot was not measured, and then the measurement started after the SO, dosage was stopped and replaced by

Ar gas.
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Figure S2 (a) Oxygen K-edge NEXAFS measured at various RH with and without 0.01 mbar SO, exposure on NH,CI, where
the solid lines are for with SO, and the dashed lines are without SO,. (b) Difference spectra between the solid and dashed
lines showed in (a).
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Figure S3 Relative sulfur abundance on NH,CI and NaCl surfaces as a function of RH. The figure shows the
relative abundance of sulfur on the NH,CI surfaces at various RHs, where two probed depths are compared.
The results show that the sulfur abundance is insensitive to RH, which remains relatively stable within the
probed depth between RH 0% and 70%. The sulfur intensity is higher deeper in the surface because more
atoms are probed and contribute to photoelectron yields. Two reference points of the NaCl case at RH =
4% (90 min SO, exposure) are included for comparison, which show a higher sulfur abundance on NaCl.
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Computational Methodology

First principle molecular dynamics (FPMD) calculations based on density functional theory (DFT)
were employed to determine the adsorption and dynamics of different compounds on the surface
of the NaCl crystal and their spectroscopic signature. FPMD were employed using PBE?3
functional with Grimme dispersion correction (D3)* together with DZVP basis set. The basis set
was truncated at a cutoff of 550 Ry. No XC-grid smoothing was used. The valence electrons were
explicitly taken into account, while core electrons were treated by pseudopotentials®. For Na, the
9 valence electron basis representation was adopted. Similar set-up has been carefully tested (in
term of cutoff and XC-grid smoothing options) in other simulations of solvated NaCl crystals.®’
Temperature was kept at 300 K using a Langevin thermostat® and a time constant of 300 fs. Time
step was set to 0.5 fs. All FPMD simulations were performed using CP2K molecular dynamics
package®.

The initial NaCl (100) structure was constructed starting from the cubic crystal structure
downloaded from Material Project Website (mp-22851).'% The structure was then optimized at
PBE-D3 level, resulting in a cell dimension of 17.47, 17.50 and 11.96 A in the X,Y,Z dimension,
respectively, with 72 Na and 72 CI atoms. Afterward, the Z-dimension of the box was enlarged to
40 A and further optimized. The final structure resulted in a NaCl slab with two mineral/vacuum
interfaces and four NaCl layers perpendicular to the Z direction.

The experimental core electron binding energies (from XPS) has been compared with theoretically
calculated density of states (DOS) at DFT level. By the virtue Koopmans’theorem!'! the relative
positions among DOS peaks can be used to interpret experimental XPS spectra.'?-!> In particular,
we explored different chlorine compounds (see Figure S1) adsorbed on the NaCl crystal, aiming
to clarify the Cl2p peaks observed experimentally. The considered compounds were Cle (Cl
radical), Cl,, HCI, HSO;Cl, NCl;, NH,Cl, SCl, SO,Cl,. In addition, we also tested the effect of
adsorbed hydronium (H;0%) and hydroxyl (OH-) ions on the DOS line of interfacial Cl atoms
belonging to the crystal substrate (Figure S1). After placing the compound on the crystal, the
system was optimized at PBE-D3 level using a full cell optimization and, afterwards, DOSs were
determined by all-electron calculations at PBE-D3 using the Gaussian Augmented Plane Wave
(GAPW) scheme implemented in CP2K!6. Pcseg-3 basis set,!”-!® which is a basis set explicitly
designed for core ionization in combination with DFT, was adopted for all the species. The
calculated DOS were smeared using a 0.5 eV Gaussian smearing: the 0.5 eV value was selected
because it resembles the smearing generally observed experimentally and, moreover, is a

conservative choice.!> 3 Similar strategy for the DOS calculations has been adopted elsewhere.!>
15

Molecular dynamics (MD) simulations at first-principles level (FPMD), i.e., with forces driving
the dynamics calculated “on-the-fly” by DFT,!” were exploited to determine the solvation and
dynamics of a water sublayer solution on one of the NaCl crystal surface. We placed 12 water
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molecules with 1 H,SO4, 1 H,SO3, 1 HCI, 1 Na,SO,, and 1 SO, on the mineral surfaced (see Figure
S3a), relaxing the system by geometry optimization. Afterwards, we exploited 60 ps using PBE?-3
functional with Grimme dispersion correction (D3)*.

The energy barrier required for the interfacial Cl-sulfate replacement was calculated using an
energy path optimization by climbing image Nudged Elastic Band (CI-NEB), as implemented in
CP2K.° The CI-NEB was performed using 9 replicas, without optimizing (the already optimized)
band end points (i.e., snapshot (a) and (b) in figure S2). The CI-NEB stopped when we recorded a
maximum difference among the last 15 energy profiles that did not exceed the 0.5 kcal/mol.

The average z-component of the electric field in the system was determined by following the
procedure outlined in ref.?? Due to the symmetry of our system, with two crystal interfaces normal
to the z-direction, we have chosen to look at the E,(x,y,z) component of the electric field. This
component was average in the x, and y directions

1
Faus) = 5 [ x [y By

where A is the surface area of the simulation box. E,,, was calculated for 20 different
configurations taken from the last 20 ps of our 60 ps-FPMD trajectory, dumping the trajectory
every 1 ps. The average over the 20 snapshots, Ex.,,,, Was finally filtered to eliminate oscillations
in the bulk of the crystal by

z+b/2
<E>@=3f | dFr )
.

where b was the inter-distance between ionic layer in the NaCl crystal (~3A). Figure 4b reports
<E>()
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Table S1: Cly, CEBE line for different chlorine species on the top of the NaCl lattice. H;O*--Cl- and OH" - CI refers
to the line of the Cl atom at closer distance to the hydronium (hydroxyl) ion. A is the CEBE energy difference
between CI- in the ionic lattice and the Cl of the adsorbed specie.

Cl,, CEBE(eV) A
CI- 182.2 0
Cl* 183.2 1
Cl 184.5 2.3

H,0"--CI- 183.4 1.2
HCI 183.4 1.2

HSO;Cl 184.5 23
NCl, 184.6 2.4
NH,CI 184.5 2.3

OH--CI 182.9 0.7

SCl, 185.2 3
S0O,Cl, 185 2.8
CI- (out) 22
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Figure §3: (Sample of) configurations used for the Cl,, CEBE calculations of different chlorine species adsorbed
on the surface of a NaCl crystal. Cl radical, H;O" and OH adsorption on the mineral surface are shown in Panel
(a), (b), and (c), respectively. Color code: S(yellow), O(red), H(white), Na (blue), Cl(cyan).
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Figure S4: CEBE for a Cl atom inside the ionic crystal (snapshot-a) and outside the crystal structure (snapshot-
b). The inset show the energy profile from snapshot (a) to snapshot (b) obtained by NEB.
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(b)

Figure S5: Panel a): cross section of the system after 60 ps, along the Z direction perpendicular to the crystal
interface. Panel (b): snapshot of the system showing proton transfer among Na,SO, H,SO,, water and H,SO;
(orange circle) and water hydrogen bonding with HCI (cyan circle). Color code: S(yellow), O(red), H(white), Na
(blue), Cl(cyan).
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