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ABSTRACT

Ni-doped LaFeOs perovskite oxide is a promising cathode material for solid oxide
electrolysis cells (SOECs) designed for CO2/H.O co-electrolysis. The performance of
LaFeo.oNio.10s is being investigated under real-world conditions that include exposure to acid
gases like SO, relevant to SOEC operation. Experiments show that LaFeo.oNio.1Os exsolves NiFe
nanoparticles, along with surface SO+*>~ and SOs*" after being exposed to 200 ppm of SO:. This
suggests that the ionic diffusion of Ni** and Fe*" between the bulk and the surface remains
unaffected throughout the exsolution-dissolution-exsolution cycle. Thermochemical water
splitting has been employed as a probe reaction to evaluate the catalytic properties of the exsolved
NiFe nanoparticles. These nanoparticles demonstrated improved hydrogen production compared
to the bare perovskite oxide substrates. However, after exposure to SO, the formation of Fe-rich
NiFe nanoparticles led to poor thermocatalytic performance and rapid deactivation of the
perovskite at elevated temperatures. Density Functional Theory (DFT) analysis was utilized to
validate the experimental findings, indicating a significantly negative reaction energy for water
splitting over exsolved Fe, as well as stronger binding of SO: to Fe than to Ni. Computational
analysis further suggests that the presence of surface sulfate promotes the formation of Fe-rich
NiFe nanoparticles, aligning with the experimental results. Overall, this study clarifies how SO:
affects the structure of SOEC perovskite oxide candidate materials. Future engineering efforts
should focus on enhancing nanoparticle exsolution and sulfur resistance, which is crucial for
improving the hydrogen production capacity of La-based perovskite oxides for electro- and

thermocatalytic water splitting in real environments containing acid gases.



1. Introduction

Perovskite oxide materials (ABOz3) are emerging as an alternative to Ni/Yttria-stabilized
zirconia (YSZ) for thermochemical and electrochemical energy conversion due to their excellent
oxygen vacancy mobility, redox stability, and mixed ionic, protonic and electronic conductivity -
4. Perovskite oxides with mixed cation metals have superior oxygen vacancy formation and
mobility compared to single cations >®. This enhanced reducibility makes them well-suited for
oxygen vacancy-promoted reactions like thermochemical and electrochemical water-splitting for
hydrogen production and carbon utilization. The oxygen vacancy formation energy of perovskite
oxides is lowered through B-site trivalent ions substitution and A-site substitution with alkali earth
metal ions’,2 which causes the distortion and weakening of metal-oxygen bond °, resulting in
enhanced reactivity for solid oxide electrolysis (SOEC) applications 1°*3, For SOEC applications,
some families of perovskite oxides with the ability to exsolve catalyst nanoparticles such as Ni,
Fe, Co, or any combination thereof can improve the performance of electrodes, particularly for the
hydrogen evolution and carbon reduction reactions 4. During exsolution, the reduction of the
bulk powder facilitates the ionic diffusion of reducible B-cations to form nanoparticles strongly
adhered to the surface '>¢. The subsequent oxidation of the perovskite oxide promotes the
nanoparticles to redissolve back into the bulk of the perovskite oxide precursor. This cyclic
behavior between reducing and oxidizing atmospheres adds a dynamicity that can contribute to
improving performance during harsh reaction conditions. However, while exsolved nanoparticles
have improved stability compared to conventional catalyst systems, the repeated redox cycling of

these systems under exposure to acid gases needs further investigation.



Anthropogenic sulfur pollutants, due to their oxidizing and acidic properties, are known to
react with supported metal nanoparticles, leading to their poisoning and deactivation. The
deposition of surface sulfur compounds, such as sulfite or sulfate species, can generally occur in
metal nanoparticles after exposure to SO2'’. For example, Nickel-based catalysts after SO
exposure can form Ni-S layer, which can facilitate blockage and encapsulation of Ni-active sites
18, However, the deactivation of active Ni catalysts due to sulfur poisoning can be prevented by
alloying Ni with oxophilic metals such as Fe 1°2°, Co 2! | and Ru % that act as a sacrificial metal.
Anthropogenic SO: contamination significantly impacts the structure and catalytic performance of
perovskite oxides, leading to sulfurization, phase transformations, and, in severe cases, complete
structural degradation. 2324,

Previous research has explored the impact of SO, contaminants on perovskite oxide-
supported catalysts. For instance, a study examined the Ni and Co-supported
La.75Sr0.25Cro.sMno 5035 (LSCrM) perovskite oxide phase 2°. The results showed that after 5 h of
exposure to SO», the perovskite oxide lattice was destroyed, and X-ray diffraction (XRD) patterns
indicated the formation of La202S, SrxSy, CrxSy, Ni sulfide, Co sulfide, and elemental sulfur.
Additionally, even low concentrations of SO2 in the air exposed to LaxSr1xCoi.yFeyOs cathode
material at 800°C can lead to the formation of SrSOa, which blocks the electrochemically active
region on the cathode material's surface?®. Similarly, the phase of Lao7Sro3C003 perovskite oxide
undergoes total destruction after exposure to SO. and CO at 650°C, breaking down into oxide of
Co, sulfide of Sr and La, and sulfite and sulfate species?. The structure of LaCoOs perovskite
oxide completely decomposes after SO exposure, forming Lax(SO4)3, Lax(SO3)3, La20.S0O4, and
CoO phases, with no trace of any remaining LaCoOs3 perovskite oxide structure 2%, Furthermore,

while thermal treatment in high vacuum is ineffective for the regeneration of bulk sulfates in



poisoned LaCoO3, a thermochemical reduction with Hz provides a pathway for the regeneration of
sulfated perovskite oxides.

Ni-doped LaFeOs undergoes a dynamic self-assembly process, where thermochemically
active NiFe alloy exsolves from and reincorporates into the perovskite lattice?”?8, This reversible
behavior enhances its stability and reactivity, positioning it as a promising SOEC material for
efficient clean hydrogen production. This article studies the influence of SO, exposure on the
exsolution and catalytic activity of NiFe nanoparticles formed from LaFeo9Nio.10z (LFNO)
perovskite oxide as a potential electrode material in high-temperature SOECs operatable with SO»-
containing feedstocks. We are specifically interested in studying the intrinsic formation or
exsolution of NiFe nanoparticles following SO> exposure and the utility of these nanoparticles for
thermochemical water splitting. The formation and dissolution of exsolved nanoparticles were
tracked using X-ray diffraction (XRD) and Scanning Transmission Electron Microscopy-Energy
dispersive spectroscopy (STEM-EDS), while the surface and bulk dynamics of the perovskite
oxide, before, during, and after exposure were tracked using in-situ Raman and in-situ Fourier
Transform Infrared Spectroscopy (FTIR). Density Functional Theory calculations were performed
to understand the formation of surface sulfur species and the SO2 binding and water splitting on
the exsolved NiFe nanoparticles.

2. Materials and Methods

2.1 Perovskite Oxide Powder Synthesis

LaFeosNio103 (LFNO) sample was prepared using the modified sol-gel pechini method 2728
by dissolving an appropriate amount of La(NOsz)3.6H20, Fe(NO3)3.9H20 and Ni(NO3)2.6H20 in
water at 60°C under stirring. Citric acid monohydrate (CA) and ethylene glycol butyl ether (EGBE)

(mol ratio of the perovskite:CA:EGBE is 1:3:1) were dissolved in water, and the resulting solution



was added dropwise to the metal nitrate solution under stirring at 60°C for chelation of the metal
ions. The mixture was continuously stirred at 60°C until gel was formed. The sample was then
dried overnight in an oven at 110°C for NO3z™ and water removal. The resulting hydrogel was
grinded and calcined in a muffle furnace at 800°C for two hours with an initial temperature ramping
of 5°C/min to form the perovskite oxide structure. For reduction of the sample to generate exsolved
nanoparticles, 50 mg of the sample was reduced in a quartz tube reactor (CATLAB) using 5%
H>/He with a temperature ramping at 10°C/min to 800°C and dwelling at this temperature for 2 h
before cooling to room temperature in helium. For oxidation/reoxidation of the sample, the 50 mg
of the catalyst is oxidized in the same quartz tube reactor using 20% O./He mixture while heating
the sample at 10°C/min to 800°C, dwelling at this temperature for 2 h before cooling down in
helium. Standard LaFeOs (LFO) and LaNiOs (LNO) perovskite oxide materials were prepared
from La(NO3)3.6H20 and their respective Fe(NO3)3.9H20 and Ni(NOs)..6H20 precursors using
the same procedure as LaFeo.gNio.1Os.

The nanostructured La:NiOs (L2NO) sample was prepared via a reverse-microemulsion
method similar to previous reports 2>%°, Two systems were separately prepared, each containing a
precursor complex composed of cetyltrimethylammonium bromide (CTAB)/water/hexane/n-
butanol (the mass ratio of CTAB to water is 1.6). The first microemulsion was prepared by
dissolving La(NOs)s;-6H20 (99.999%, Sigma Aldrich) and Ni(NOs)2-H20 (99.999%, Sigma
Aldrich) in deionized water. The second microemulsion was prepared by dissolving KOH
(99.99%, Sigma Aldrich), which served as the precipitating agent, in deionized water. Both
microemulsion systems were sonicated and stirred until homogeneity was achieved. Then, the
microemulsion containing the precipitating agent was added to the system containing the metal

nitrate salts. The final solution was stirred for 4 h. The resulting solution was centrifuged and



washed with ethanol and deionized water, followed by drying and calcination at 825°C for 2 h

under argon to convert the precursor complex into oxide crystals.

2.2 SO2 Exposure

The LFNO sample exposure was carried out at Oak Ridge National Laboratories. The sample
was exposed to 200 ppm SO2/He gas for 1 h, and then cooled down in He. Prior to the exposure,
the sample temperature was first ramped up to 600°C at 10°C /min in He.

2.3 Materials Characterization

2.3.1 X-ray Diffraction (XRD) and Scanning Transmission Electron Microscopy

(STEM)

X-ray diffraction (XRD) patterns of samples were collected using the PANalytical Empyrean
series 2 that uses a Cu K-a radiation source. The spectra were collected with a step size of 0.013 °
in a range of 26 from 10° to 80°. Scanning Transmission Electron Microscopy (STEM) images of
samples were collected on ThermoFisher Scientific (formerly FEI/Philips) Titan Themis 300,
which was also used for EDS measurement. Prior to image collection, the powder sample was
sonicated in DI water and deposited on the copper grid (Ted Pella, Redding CA) using a pipette,
followed by coating with Au after drying the water off.

2.3.2 X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis was performed using a SPECS instrument equipped with a u-FOCUS 600 X-ray
monochromator operating under UHV conditions. Al Ka radiation was used with an X-ray beam
energy of 1486.7 eV and a power of 100 W. A PHOIBOS 1D-DLD hemispherical analyzer (0.85
eV energy resolution) was used to acquire the spectra. Survey spectra were acquired using a pass
energy of 100 eV, a step size of 1 eV, and a dwell time of 100 ms. High-resolution scans were

acquired using a pass energy of 20 eV, a step size of 0.1 eV, and a dwell time of 1 s. CasaXPS



2.3.23PR1.0 was used for data processing X. All spectra were calibrated to the C 1s peak at 285.0
eV. High-resolution XPS was used for the elemental composition analysis. The high-resolution
XPS of each element was corrected using the Shirley background method 32. The Scofield relative
sensitivity factors (RSF) ** were used in elemental quantification together with the instrument-
measured transmission function and effective attenuation length correction (EAL) 4.

2.3.3 Insitu Raman

Raman spectroscopy was conducted on a Horiba-Jobin Yvon LabRam-HR Evolution Raman
spectrometer at Lehigh University, equipped with a 532 nm excitation wavelength laser source
and a thermoelectrically cooled Horiba Synapse BIDD scientific CCD camera detector. The laser
power was adjusted to 1.5 mW for all conditions to avoid sample degradation with a 50x objective
(Olympus LMPlanFL N 50x, numerical aperture = 0.5), while the spectrometer was used with a
500 nm grating (600 grooves/mm) and a 100 um hole, resulting in a spectral resolution of ~1.83
cm®. The 520.7 cm™ band of a silicon wafer standard was used to calibrate the spectrometer prior
to spectral acquisition. Powder catalysts were loaded into a YSZ padded reaction cell (Linkam
CCR1000) and connected to a gas flow control system. A Linkam Temperature Controller (T95
HT System Controller) unit programmed the catalyst temperature, and a heating/cooling rate of
10°C min* was used throughout the in-situ experiments. Before each experiment, samples were
dehydrated at 700 °C under 10% O/Ar (30 ml/min) and then cooled to 120°C to acquire the Raman
spectrum. Reduction of LFNO under Raman was conducted using 1% Hz/Ar while 10% O2/Ar was
used for oxidation, with temperature ramped at the rate of 10 °C/min incrementally from 120 °C
to 700 °C and then cooled down to 120 °C. In situ Raman experiments are restricted to a reductive
gas mixture of 1% H/Ar to prevent damage to the heating elements, which could occur at higher

hydrogen concentrations. Consequently, this setup uses lower hydrogen levels than the reductive



treatment described in 2.3.1 for catalytic characterization. Despite this limitation, in situ Raman
spectroscopy serves as a qualitative tool for monitoring changes in the bulk structure of the
perovskite oxide parent material during exsolution. These analyses are conducted either prior to or
following exposure to SOy, offering valuable insights into the structural transformations under
controlled experimental conditions.
2.3.4 Attenuated Transmission Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) and In situ Fourier-transform infrared spectrometry (in situ - FTIR)
Attenuated Transmission Reflectance — Fourier Transform Infrared Spectroscopy (ATR-FTIR)
spectra were collected on a ThermoFisher Scientific Nicolet iS50 FTIR Spectrometer in the
University of California, Riverside Analytical Chemistry Instrumentation Facility. The
spectrometer has a built-in diamond ATR crystal and a one-touch sampling operation with a
resolution of 0.09 cm™. For spectra measurement, a small amount of solid powder sample was
placed on the diamond crystal without any sample pretreatment or dehydration. Pressure was
exerted with an anvil pressure tip to ensure good contact between the powder sample and the
crystal. Prior to the first sample measurement, a background spectrum was collected and
automatically subtracted for all sample spectra. In addition to the as-prepared LFNO sample,
spectra were also collected for LFNO samples that had been exposed ex-situ to 200 ppm SO- at
600°C.

In situ, FTIR spectra were collected with a Fourier-transform infrared (FTIR) spectrometer
(Thermo NICOLET 8700) (at Lehigh University) equipped with a high-sensitivity mercury-
cadmium-telluride (MCT-A) detector and a Harrick Praying Mantis Attachment (Model DRA-2)
for diffuse reflectance spectroscopy. Powder samples were loaded into a Harrick Scientific cell

(HVC-DRP4) directly connected to a gas flow control system. A corrosion-resistant cell was used



for sulfur-adsorbate studies of ex-situ exposed LFNO samples. A Harrick ATC Temperature
Controller unit controlled the reaction chamber’s temperature. EX-situ SO, exposed sample was
exposed to 10% O/Ar and then subjected to temperature increase from RT to 500°C, dwelling for
15 mins after every increase by 100 °C, before cooling down. For in-situ exposure of SO, to LFNO,
firstly, the as-prepared LFNO sample was dehydrated at 500°C under 10% O/Ar (30 ml/min),
held for 1 hour, and then cooled down to 120°C before spectrum acquisition. The sample was then
exposed to 10% Oz/Ar or 5% H/Ar or Ar with the temperature ramp rate of 10°C/min
incrementally to 500°C, where it dwells for 30 mins before cooling down to 120°C for spectra
acquisition.

2.3.5 Density functional theory (DFT) calculations

Spin-polarized DFT was performed using the Vienna ab initio simulation package (VASP)
3536 The electron exchange-correlation was represented by the functional of Perdew, Burke and
Ernzerhof (PBE) of generalized gradient approximation (GGA) *’. The ion-electron interaction
was described using the projector-augmented wave (PAW) method 8. The plane-wave cutoff was
set to 400 eV, and a conjugate gradient method was applied to relax the geometry until interatomic
forces were less than 0.025 eV/A. The Brillouin zone was sampled using 3 x 3 x 1 Monkhorst-
Pack k-point mesh. The adsorption energies of SO2 and water-splitting reactants and products (i.e.,
H20, *OH, and *H) were calculated using, AE = Egup+ads — Esiab — Eaas Where Egap+ads: Esiab
and E, 4, are the energies of the LFNO slab with adsorbate(s), the LFNO slab, and the isolated
adsorbate, respectively.

The LFNO (001) surface with the FeO termination was used to investigate the
sulfate/sulfite formation and vibrational frequencies under a (de)hydrated environment. Surface

species, including, bidentate sulfate and sulfite, monodentate sulfate and sulfite, and bisulfate,
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were investigated. The LFNO perovskite was modeled with a 2 x 2 supercell with 7 atomic layers.
The top three atomic layers, including adsorbates, were allowed to relax, while the bottom four
atomic layers were fixed during optimization. Vacuum space in the z-direction is 20 A to avoid
unphysical interactions. Additional ionosorbed oxygen species were incorporated as Oz is present
under experimental conditions, interacting with SO, %. Explicit water molecules were included to
capture the local environment of as-synthesized LFNO during IR spectroscopic measurements.
The exsolved nanoparticles were modeled with Ni/Fe nanoparticles supported by an LFNO
substrate. The LFNO substrate was modeled with a 3 x 2 supercell with 4 atomic layers. The top
two layers, including the nanoparticle and adsorbates, were allowed to relax, while the bottom two
layers were fixed during geometry optimizations. Vacuum space of 20 A was applied in the z-
direction to avoid periodic interactions. The Ni/Fe nanoparticle is composed of three layers. The
bottom layer has nine atoms, six atoms in the middle layer, and three atoms at the top layer with
periodicity in the y-direction of the slab, generated by a cut of the Ni/Fe bulk cells, respectively,
exposing (111) terminations “>#*, We note that the nanoparticle only partly covers the LFNO
substrate, allowing interactions of adsorbates at the nanoparticle-surface boundary to occur.
2.4 Water Splitting Experiments
The water splitting activity test was carried out in a quartz tube fixed bed microreactor (Hiden
Analytical CATLAB, Warrington, United Kingdom) using a 50 mg catalyst sample. 5% H>O/He
continuously generated from the vapor generator is first flown in a bypass mode at 50 ml/min for
1.5 h for steam composition and flow stability. Switching to the analysis mode of the CATLAB,
the stable flow of 5% H,O/He is then passed over the perovskite oxide catalyst while the
temperature is ramping to 600°C, at which it remains for 1 h before ramping temperature down to

room temperature under helium flow. The composition of the effluent gas from the microreactor
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is measured using a Hiden quantitative gas analyzer (QGA) mass spectrometer, in which mass
spectral responses were recorded for H>O, Hz, He, and O>. In the case of the SO,-exposed LFNO
sample, mass spectral responses of H>S and SOz were additionally recorded during reduction,
oxidation, and water-splitting reactions. LaFeooNio.1Oz and its exsolved version before and after
SO2 exposure are characterized for their thermochemical water splitting activity capability to study
the influence of SO, exposure on exsolution. The samples are subjected to the 5% H>O/He
exposure, ramping temperature to 600°C at 10°C/min and dwelling at 600°C for 1 h.
3. Results and Discussion
3.1 Exsolution of NiFe Nanoparticles after Dry SO2 Exposure

To study the influence of SO2 on LFNO perovskite oxide and how it influences exsolution,
as-prepared LFNO was exposed to SO (200 ppm SO in He gas) at 600°C for 1 h, and the material
properties and the exsolution-dissolution-exsolution cycle of the exposed LFNO were assessed.
XPS analysis of the post sulfur exposure of the LFNO perovskite oxide material, shown in Figure
1a, shows binding energies at 167.5 eV and 169 eV for S 2pz, with their corresponding S 2pis,
indicative of sulfite and sulfate, respectively 2. As shown by the ATR-FTIR spectra in Figure S1,
the intensity of a broad absorbance between 900-1300 cm™ increases when the SOz exposure time
is increased from 1 h to 4 h, while the as-prepared LFNO lacks the broad absorbance. The broad
absorbance band is most likely composed of overlapping hydrated S-O bands**-* in which the
frequencies of the absorption bands could have been modified by hydrogen bonding*.

XRD of SOz-exposed LFNO (Figure 1b) shows only the crystallographic planes of
LaFeo.9Nio.1O3, with no noticeable transformation of the orthorhombic crystallographic structure
of the LaFeooNio103 perovskite oxide material (Figure 1b), even after 4 h of SO, exposure

(Figure S2). In addition, the perovskite oxide material has no noticeable decomposition or
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structural transformation 2244°, Sulfate and sulfite species detected by XPS and FTIR have not
been detected in XRD because the SO> does not influence the bulk structure. After hydrogen
reduction of the SO»-exposed LFNO, exsolved NiFe and Ni nanoparticles are formed in addition
to the formation of La.Os, as indicated by the XRD patterns shown in Figure 1b %%, When
subsequently oxidized in 20% O/He, the exsolved NiFe nanoparticles redissolve entirely back
into the perovskite oxide together with the disappearance of La>Os, regenerating the initial LFNO
perovskite oxide structure (Figure 1b). The subsequent reduction leads to the re-exsolution and
formation of the NiFe and Ni nanoparticles and the accompanying La2Os.

STEM-EDS images of SO2-exposed LFNO in Figure 2a show a uniform distribution of
Fe and Ni among La, with some sparingly dispersed sulfur. The EDS point compositional analysis,
shown in Table 1, was used to measure the Fe/Ni ratio of the bulk or the exsolved NiFe
nanoparticles. The average Fe/Ni for the bulk perovskite from SO2-exposed LFNO had a ratio of
8.8, which is close to the measured nominal value of 9 for the pristine LFNO samples. Figures 2b
and 2c present STEM images of exsolved NiFe nanoparticles (NPs) from pristine LFNO and re-
exsolved NiFe NPs from SO.-exposed LFNO. The images reveal overlapping regions of Ni and
Fe, as well as areas with dispersed Ni, indicating the formation of both NiFe and Ni nanoparticles.
These observations align with the findings from the XRD analysis, further supporting the structural
interpretation. Exsolved NiFe NPs from pristine LFNO have an average size of 55 + 20 nm.
However, the average size of exsolved NiFe NPs from SO2-exposed LFNO decreases to an average
size of 40 £ 8 nm with a lower particle density. The NiFe NPs from SO,-exposed LFNO were
oxidized in simulated air (20%02/He) and re-reduced (5%H2/He) at 800 °C for 2 hrs to potentially
regenerate the exsolved Ni and NiFe nanoparticles and remove sulfur adsorbate species. The

average size of NiFe nanoparticles in the regenerated SO»-exposed LFNO increased to 65 + 16
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Figure 1: (a) S 2p XPS spectra of SO2-exposed LFNO (200 ppm SO, 600°C for 1 h) (b) XRD

of SO,-exposed LFNO, reduced (SO2-exposed), + oxidized (SO2-exposed), + reduced (SO2-
exposed). Reduction: 5% H/He 800 °C for 2h, oxidation: 20% O»/He 800 °C for 2 h

nm, accompanied by a further reduction in particle density. Additionally, the NiFe nanoparticles
from the SO:-exposed and regenerated materials exhibited a significant increase in Fe
concentration. The average Fe/Ni ratio rose from 9.8 to 13.1 for the SO:-exposed sample and to
13.9 for the regenerated sample, as detailed in Table 1 and illustrated in Figure S3. The STEM-
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EDS images (Figure 2) of the regenerated LFNO show sulfur species remain on the surface despite
the high-temperature oxidative and reductive thermal treatments. Despite some formation of HzS
during reduction (see Figure S5a) and minimal SO production during oxidation (see Figure S5b),
we surmise that sulfur adsorbate species was only partially removed through hydrogen reduction.*’
Notably, despite the stable formation of sulfate and sulfite on the surface of LFNO, NiFe NPs can
still be exsolved, dissolved, and re-exsolved. This suggests that SO. adsorbate species have
minimal impact on the ionic transport of Ni and Fe from the bulk perovskite oxide to the surface.

However, they significantly influence the composition of the exsolved metal nanoparticles, leading

to an increased Fe content and the formation of more Fe-rich NiFe nanoparticles.
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Table 1. EDS Compositional analysis of NiFe nanoparticle for Pristine NiFe/LFNO,
NiFe/LFNO after SO2-exposure, and regenerated NiFe/LFNO

Samples Fe/Ni Fe/Ni Fe/Ni Avg. Fe/Ni

Pristine NiFe/LFNO 9.5 8.9 11.0 9.8

NiFe/LFNO after
SO,-exposure to LFNO

NiFe/LFNO after
Oxidative/reductive 16.7 12.4 12.7 13.9
regeneration

151 12.0 121 131

3.2 Structural Changes in Bulk LFNO Perovskite Oxide Due to SO2 Exposure

Raman spectroscopy was employed to investigate the bulk structural changes in LFNO during
the exsolution of B-site metals, Ni and Fe. However, detecting low-frequency vibrations of
exsolved metallic Ni/Fe nanoparticles proved challenging, so the focus was directed toward
changes in the bulk perovskite oxide structure. Figure S6 shows the Raman spectra of
LaFeooNio.103, LaFeOs (LFO), LaNiOs (LNO) and LazNiO4 (L2NO). The first-order vibrational
bands in the spectral range of 100-700 cm™ depict A-site modes (A), oxygen octahedral tilt (T),
oxygen octahedral bending (B), or oxygen octahedral stretch (S) modes®>*. Specifically, the
bands in the range of 450-700 cm™ are for BOs octahedra internal vibration (stretch mode), which
occurs at ~627 cm™ and ~448 cm* for LFO and LNO, respectively. A new band at ~578 cm™ in
LFNO could be associated with the stretching mode in NiOg octahedra. Since this stretching mode
is between the corresponding ~448 cm™ (LNO) and ~627 cm™ (LFO) modes, it can be concluded
that Ni occupies the BOe octahedra in LFNO, thus confirming the doping of Ni at the B-sites of
perosvkite oxide. The intensity of higher order vibrations (700-1350 cm™) reduced drastically in

LFNO compared to LFO. Due to the structural disorder, defects, and crystallite size in the LFNO
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after doping, the bands become broader compared to LFO and LNO. A slight blue shift in the
bands of LFNO compared to LFO is due to the presence of Ni in the lattice, causing the strain in
the unit cell, effectively distorting the structure by affecting FeOs/NiOe¢ octahedra and thus
changing the Ni-O/Fe-O bond lengths. For LaNiOs, bands at ~150, 197, 402, and 448 cm™ are
assigned to La vibrations, rotational/tilt mode, and vibrations of oxygen octahedra, respectively.
The soft mode at ~197 cm™ is of A1q symmetry, reflecting the structural distortion to rhombohedral
from cubic in LNO that scales with the octahedral tilt angle >>°¢. L2NO shows a spectrum with
peaks at ~221 cm™ and ~434 cm™ assigned to Eq (La-O-Ni bending) and Aig (La-O2-Ni stretching)
symmetry, respectively >,

Figure 3a-c shows the in-situ Raman spectra of LFNO, LFO, and SO2-exposed LFNO
collected at 120 °C after the reduction and reoxidation treatments.. The reduction of LFNO at 700
°C and subsequent cooling to 120 °C under 1% Hz/Ar results in the enhanced intensity of the ~627
cm* band associated with Fe-O stretching compared to the ~578 cm™ (Ni-O vibration) while a
new band appears at ~1596 cm™. The dehydrated Raman spectrum of iron oxide as a reference is
collected for the assignment of this new band. A peak in 1560-1600 cm™ region appears close to
~1562 cm™ which is due to the higher order vibrations (Figure S6b). Thus, ~1596 cm™ band in
the reduced LFNO is assigned to the higher order vibrational mode of FeOx species. The ~1596
cm* band appears during reduction at high temperature and persists after cooling to 120°C under
1% H2/Ar with an obvious blue shift due to thermal effects. The re-oxidation of the reduced LFNO
at 700°C and cooling to 120°C under 10% O/Ar causes the 1596 cm™ band disappearance,
ultimately resulting in the Raman spectral features as of dehydrated LFNO at the start with similar
relative intensity. The ~1596 cm™ Raman band is not present in RP phase LazNiOs (Figure

S6a).The Raman spectra collected after the reduction of LFO under 1 % H/Ar at 700 °C and
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cooling down to 120 °C shows an emerging additional band at ~1596 cm™, which also disappears
after subsequent oxidation, while all the Raman modes of LFO remain intact (Figure 3b). This
Raman band is posited to be a higher-order vibrations of FeOx species (Figure S6b). This could
indicate the formation of FeOx, which is associated with the exsolution process of LFNO and LFO.
FeOx nanoparticles were not detected by XRD or STEM-EDS measurements before or after
exsolution. This lack of detection could indicate the low 1% Ha/Ar concentration used to induce
exsolution for the Raman experiments as opposed to the 5%H./He used for the reactor-based
regenerative studies. Thus, it can be concluded from the Raman studies that for LFNO, the
vibrational band of at ~627 cm™ for Fe-O stretching becomes slightly more enhanced after
reduction suggesting exsolution of Ni from the host lattice. However, the disappearance of the
exsolution-induced FeOx after oxidation results in only Raman bands of dehydrated LFNO, which
confirms the regenerability of the perovskite oxide material after exsolution. When directly
subjected to oxidation with 10% O, both LFNO and LFO, demonstrate high thermal stability due
to the lack of indication of any additional band although the characteristics Raman bands broaden
due to thermal effects (Figures S7 and Figure S8). Figure 3c shows the Raman spectra of SO-
exposed sample after reduction in 1 % H/Ar and oxidation in 10% O./Ar, in which the SO»-
exposed sample has been subjected to a maximum temperature of 500°C due to the temperature
limitation of the corrosion resistant properties of the in situ Raman cell used for this sample. After
reduction at 500°C, an-exsolution-induced FeOx emerges with Raman band at ~1578 cm™ which
subsequently disappears after oxidation. The formation and disappearance of FeOx species in the
SOz-exposed and pristine LFNO during reduction and oxidation, respectively, suggest that the
exsolution mechanism of LFNO may not change after exposure to SO, indicating that the bulk

structure of the LFNO perovskite oxide remains uninterrupted. Therefore, this suggests that the
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LFNO perovskite oxide is structurally stable when exposed to SO» at 600°C and does not form

bulk sulfate.
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Figure 3: Raman spectra of (a) LFNO, (b) LFO after exposure to 1 % Hz/Ar at 700°C and
cooling to 120°C; and subsequent exposure to 10% O2/Ar at 700°C and cooling to 120°C. (c)
SO.-exposed LFNO; after exposure to 1% Hi/Ar at 500°C and cooling to 120°C; and
subsequent exposure to 10% O/Ar at 500°C and cooling to 120°C.
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3.3 Thermochemical Analysis of Water Splitting on SOEC Candidate Electrodes

Thermochemical water splitting was utilized as a probe reaction to examine the structural
and compositional changes in the bulk perovskite oxide and the exsolved catalyst nanoparticles.
As shown in Figure 4a and Figure S9, as-prepared LFNO demonstrates hydrogen production
activity from thermochemical water splitting with an onset temperature of about 300°C. No oxygen
was detected in the product stream, presumably, the oxygen is being consumed by the perovskite
oxide lattice. Hydrogen production increases with increasing temperature, with a local maximum
at about 390°C, reaching a relatively constant production after 600°C. Based on prior studies'®*?,
oxygen vacancy in thermally reduced non-stoichiometric metal oxide and perovskite oxide
materials are active for thermochemical water splitting. Compared to these studies, the oxygen
vacancy of LFNO due to Ni incorporation could have been the primary active site for water
splitting at a much lower temperature. The LFNO after exsolution of NiFe shows a hydrogen
production onset temperature that is approximately 60°C lower than that of the as-prepared LFNO
perovskite oxide and indicates a catalytic enhancement of the water-splitting activity. It also
demonstrates a more enhanced local maximum hydrogen production at 400°C, and a sustained
hydrogen production that is more than 3 times that of the as-prepared LFNO perovskite oxide at a
constant temperature of 600°C (see Figure 4a). The improved hydrogen production is clearly
attributed to the presence of the NiFe nanoparticles.

To understand the relevance of Ni and Fe in hydrogen production by the exsolved NiFe
nanoparticles, Fe and Ni were exsolved from their respective LaFeOs and LaNiOs standard
perovskite oxides for water splitting activity. Exsolved Fe/LaFeOs demonstrates hydrogen
generation between 450-550°C, but the generation rapidly vanishes at higher temperatures (Figure

S10a), most likely due to the rapid oxidation of Fe. On the other hand, hydrogen production by
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exsolved Ni/La(OH)s begins at a lower temperature with a peak temperature between 250-400 °C
and becomes sustained at higher temperatures (Figure S10b). The presence of Ni in exsolved NiFe
enhances and maintains the water-splitting activity at elevated temperatures. Exsolved Ni/La(OH)3
demonstrates a higher hydrogen production capacity than exsolved Fe/LaFeOs. Both as-prepared
standard LaFeOs and LaNiOz exhibit negligible water-splitting activity (Figure S10a and Figure
S10b), possibly due to a lower concentration of oxygen vacancies.

For NiFe catalysts derived from SO.-exposed LFNO, hydrogen production persists;
however, the overall hydrogen production capacity of both the exsolved NiFe catalysts and the
regenerated materials is significantly reduced compared to the pristine, as-prepared LFNO.
Additionally, hydrogen production ceases entirely at 600°C, as shown in Figures 4b and 4c.
Similar to the NiFe/LFNO from pristine LFNO, NiFe/LFNO from the SO2-exposed LFNO exhibits
hydrogen production peak at temperatures between 250-400 and 450-550°C, indicative of the
formation of NiFe nanoparticles after SO, exposure. The overall reduction in hydrogen production
capacity is attributed to a decline in the activity of both Ni and Fe during thermochemical water
splitting following exposure to SO.. This decline indicates a lower amount of active Ni and Fe
remaining after exsolution, coupled with potential poisoning of active sites on the perovskite oxide
support by residual sulfur adsorbate species. Although the exsolved NiFe nanoparticles are Fe-
rich, as indicated by STEM-EDS, the hydrogen production capacity at ~500°C is relatively lower
than at ~360°C. This reduction is due to a simultaneous decrease in the availability of active Ni
and Fe, both of which are crucial contributors to hydrogen production at 500°C and higher
temperatures. This can be attributed to the reduced NiFe nanoparticle density and increased

particle size (Figure S4 and Figure 2). Meanwhile, the exsolved NiFe and regenerated NiFe
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samples after SO>-exposure of LFNO demonstrate a lower temperature (~350°C) of water splitting
activity that indicates the influence of SO on the nanoparticle formation.

The structural changes of the perovskite oxides were probed with XRD to determine any
changes after exposure to water. As shown in the XRD patterns in Figure S1la-b and Figure
S12a-b, there is no significant structural change in either standard LaFeO3 or LaNiO3 perovskite
oxides after water exposure. Similar to as-prepared LaFeOs and LaNiOs, no significant structural
changes are detected in XRD after exposure of as-prepared LFNO to water (Figure S13),
indicating some stability of the perovskite oxide to water exposure. Figure S15 presents the Raman
spectra for LFNO, LFO, and SO:-exposed LFNO under 10% H-O. After heating all three samples
to 700°C and cooling them to 120°C in the presence of water, the Raman bands of the samples
remained unchanged from their initial state, with no new bands formed. This observation
highlights the stability of these perovskite oxides under water exposure. As shown in the XRD
patterns in Figure S1la-b and Figure S12a-b, reduced LaFeOs after water exposure, however,
indicates segregation of Fe nanoparticles in an oxide form, and increased intensity of the LaFeO3
XRD peak together with reduced La;Os peak intensity could be indicative of partial
reincorporation of some of the Fe atoms (Figure S11). Ni/La(OH)z obtained after the reduction of
LaNiOs maintains its exsolved Ni after water exposure, and the original LaNiO3 structure is not
restored before reduction (Figure S12). The emergence of the La>O3 peak and intensity decrease
of La(OH)z XRD peak after reduced LaNiOz water exposure suggests a transformation of some of
La(OH)s to La20s, possibly due to thermal dehydration® rather than La(OH)s decomposition that
typically does not involve Hz generation.. Figure S14 compares the XRD patterns of the exsolved
as-prepared, exsolved SO.-exposed LFNO, and re-exsolved SO2-exposed LFNO after the water-

splitting reaction. For all three samples, water exposure causes the segregation of Fe from their
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respective NiFe nanoparticles as FesO4, with a possible reincorporation of some Fe, similar to Fe

segregation as Fe3O4 after water splitting over Fe/LaFeOs.
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Figure 4: Normalized H2 MS signal from water splitting performance of (a) as-prepared and
reduced LFNO (b) reduced (SO2-exposed) LFNO (c) regenerated -reoxidized and re-reduced
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3.4 Sulfur-Adsorbate Behavior under Environmental Conditions

The behavior of surface-adsorbed sulfur species on the LFNO perovskite oxide surface after
SO> exposure is tracked under environmental conditions using in-situ Fourier Transform Infrared
Spectroscopy (FTIR). Figure 5a shows the FTIR spectra of SO2-exposed LFNO under an
oxidative environment. A 990 cm™ band is observed to increase slightly, suggesting a small
amount of sulfate formation due to sulfite oxidation by the surface oxygen of LFNO or residual
gas-phase oxygen. Decreasing intensities of 1137 and 1332 cm™ can be considered as desorption
or oxidation of weakly adsorbed SO> species since these vibrational frequencies are close to those
of gas phase SO.. The unchanged intensity of 981 and 1180 cm™ bands can be assigned to other
forms of sulfate species that are more thermally stable under an oxidative environment. However,
bands at 1046, 1084, and 1105 decrease in intensities, suggesting interconversion of corresponding
sulfur species, such as oxidation of sulfites to sulfate. Since there is no corresponding intensity
enhancement of any of the S-O bands between 900-1300 cm that could be attributed to sulfate
species increment, the decreased intensity of the three bands could be due to desorption of sulfur
species rather than due to sulfite species oxidation or due to effect of dehydration. For desorption,
the sulfur species corresponding to the bands could still be sulfite species since they are generally
less stable than sulfate species or monodentate sulfates rather than bidentate sulfates. In addition,
an overall decrease in the total amount of adsorbed sulfur species suggests dehydration or thermal
desorption as a predominant behavior of sulfur species under oxidation conditions. Figure 5b
shows the in-situ FTIR spectra of exposed LFNO under Ar, which is very similar to the Ox/Ar
spectra. Again, there is a significant decrease in the overall amount of adsorbed sulfur species
based on the decreased band intensity. While a slightly increased intensity of 990 cm™ can be due

to sulfate species formation via sulfite oxidation by the surface lattice oxygen, unchanged bands
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intensity at 981 cm™ and 1180 cm™ bands could denote thermally stable sulfate. Without a
corresponding amount of sulfate formation, the decreasing intensities at 1046, 1084, and 1105 cm’
Lin the inert Ar environment can be due to dehydration or due to thermal desorption of sulfites or
monodentate even though SO. was not observed in the mass spectral analysis during oxidation of
reduced SO.-exposed LFNO possibly due its low concentration.

Due to the interference of desorption of sulfur species and their dehydration under Ar and
O2/Ar, the effect of oxidative and reducing environmental treatment conditions was considered on
in-situ SO2-exposed LFNO. Figure 5c¢ shows the FTIR spectra of in-situ exposed LFNO before
and after oxidation. In-situ SO exposure of dehydrated LFNO indicates S-O bands at 986, 1048,
1137 and 1189 cm™. These bands match those of ex-situ SO, exposed LFNO after exposure to Ar
or 10% Oo/Ar, indicating the dehydration effect of these two gas environments on the ex-situ SO»-
exposed LFNO rather than sulfur species desorption. The dehydration effect of Ar and O2/Ar on
ex-situ SOz exposed LFNO sample indicates that these bands are from surface-bound sulfur
species rather than bulk sulfate. With Ar treatment of the in-situ exposed LFNO at 500°C for 30
mins, the S-O bands remain expectedly unchanged. Similarly, oxidation with 10% O2/Ar at 500°C
for 30 mins and reduction with 5 % Hz/Ar for 30 mins could not remove these bands. These
indicate the high stability of these sulfur species under oxidizing and reducing environments.

Based on DFT-calculated vibrational frequencies of (de)hydrated sulfur species on LFNO and
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Figure 5: In situ Fourier Transform Infrared Spectroscopy (FTIR) spectra of ex-situ SO»-
exposed LFNO (200 ppm SO at 600°C) under (a) 10% O2/Ar and (b) Ar (c) In situ FTIR
spectra of in-situ exposed LFNO (30 mins exposure to 200 ppm for 30 mins) followed by
oxidation in 10% O2/Ar for 30 mins or reduction in 5% Ha/Ar for 30 mins or Ar treatment for
30 mins.

LFO in Figure S16, Figure S17 and Table S1, the experimentally observed 1084 cm™ and 1105
cm* bands can be best assigned to bidentate sulfate and bisulfate respectively while bands around

990 cm™ and 1135 cm™ can be assigned to monodentate sulfite and bidentate sulfite respectively.
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These findings indicate that during high-temperature exposure of LENO to SO-, the gas reacts
with the perovskite oxide surface, leading to the formation of strongly bound mono- and bidentate
sulfate and sulfite species. Even at 500°C, these surface sulfur species remain highly stable,
resisting removal under both thermochemical reduction and oxidation conditions. The persistence
of these sulfur species hinders the exsolution process by partially passivating active sites on the
perovskite surface, thereby reducing the density of NiFe nanoparticles and potentially altering the
catalytic performance of LFNO.

3.5 DFT Calculations of SO2 Adsorption and Water-Splitting on LFNO

To understand the influence of SO2 exposure on the composition of exsolved nanoparticles,
we calculated the binding energy of SO ®* on the exsolved nanoparticles. Various binding sites
were considered, including the nanoparticle/LFNO interface, the exposed (111) surface of the
nanoparticle, and the undercoordinated top site of the nanoparticle. We found that the energetically
most favorable binding site for SO, is at the undercoordinated top sites of the exsolved
nanoparticle. As shown in Figure 6, SO2 is bound to Ni/Fe through two oxygen atoms in a bridged
manner. The binding energy of SO> to the exsolved Ni and Fe was found to be -1.79 eV and -2.46
eV, respectively. The stronger/more favorable binding of SO, to the exsolved Fe NP suggests that
exposure to SO can provide a driving force toward the exsolution of more Fe to the surface under
reducing/regenerative cycles. This agrees with STEM-EDS measurements shown in Figure 2 and

Table 1 exhibiting Fe-rich nanoparticles after SO, exposure.
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Figure 6: Optimized geometries of SO- at a) exsolved Ni nanoparticle top site and b) exsolved
Fe nanoparticle top site. Ni, blue; Fe, light purple; O, red; La, cyan; S, yellow.

To gain insights into the catalytic mechanisms of water splitting on the exsolved
nanoparticles, we compute the adsorption energy of water and the reaction energy of water splitting
on the nanoparticles 2. We found that the energetically most favorable adsorption site for H2O is
the undercoordinated top site for the exsolved Ni nanoparticle, while the exposed (111) surface for
the exsolved Fe nanoparticle. As shown in Figure 7, in both cases, H>O is bound to the
nanoparticle through an oxygen atom. The binding energy of H>O to the exsolved Ni and Fe was
found to be -0.06 eV and -0.68 eV, respectively. Similar to SO, the exsolved Fe exhibits a stronger

binding affinity to H>O than the exsolved Ni. As for the water splitting, we found that the reaction
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energy of H»O dissociation to *OH and *H is -0.62 eV for the exsolved Ni, while -1.71 eV for the
exsolved Fe. The facile dissociation of water (i.e., negative reaction energy) on both nanoparticles
is in line with the experimentally observed enhanced catalytic activity of the reduced LFNO in
comparison to the as-prepared LFNO (Figure 4a). The much more negative reaction energy of
water splitting on the exsolved Fe explains the lower temperature of water splitting activity for the
exsolved Fe-rich nanoparticles after SO, exposure (Figure 4b). However, the overly active Fe
sites also suggest that the decrease in the catalytic activity at higher temperatures (~500°C) could

be attributed to the passivation/oxidation of the active sites.
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Figure 7: Optimized geometries of water splitting at exsolved Ni/Fe nanoparticle-LFO (a) H20
and OH/H adsorption at Ni (111) (b) H20 and OH/H adsorption at Fe (111). Ni, blue; Fe, light
purple; O, red; La, cyan; H, white.
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4. Conclusions

The influence of SO, exposure on the exsolution-dissolution cycle of perovskite oxides has
been systematically investigated. XRD and STEM-EDS analyses reveal that the exsolution-
dissolution-exsolution cycle can be sustained, but the exsolved nanoparticles exhibit increased Fe
enrichment following SO, exposure. In-situ Raman spectroscopy indicates no significant
structural changes in the bulk of the perovskite oxide before and after SO, exposure. Using a
combination of ex-situ and in-situ FTIR, it was determined that SO. forms highly stable sulfate
and sulfite species on the surface of LFNO perovskite oxide. These species demonstrate strong
resistance to removal under both oxidizing and reducing conditions up to 500 °C. Interestingly,
despite the formation of these stable surface species, NiFe alloy nanoparticles retain their ability
to exsolve, dissolve, and re-exsolve, although the re-exsolved nanoparticles become more Fe-
enriched, as confirmed by DFT studies. The exsolution of NiFe nanoparticles enhances the water-
splitting performance of the perovskite oxide; however, this activity is diminished after SO
exposure. This reduction in activity is attributed to a lower density of exsolved nanoparticles and
the increased Fe content in the NiFe nanoparticles. These findings provide critical insight into the
deactivation mechanisms of LFNO perovskite oxide in high-temperature SO2 environments. This
understanding is essential for the design of robust perovskite oxide materials capable of directly

utilizing coal power plant flue gas in solid oxide electrolysis cells.
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Supporting Information.

XRD patterns of pristine and SOx-exposed LFNO and related materials, Raman spectra of
structural changes of LFNO and related materials after exposure to water, STEM-EDS of LFNO
and related materials before and after reduction, Select temperature-programmed surface reaction
studies showing H> production via water splitting of LFNO samples and related materials,
Optimized geometries and DFT calculated vibrational frequencies of (de)hydrated sulfur species

on perovskite oxides.
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after 1 h and 4 h exposure [200 ppm SO at 600°C]

51



LaFe,gNi, 10, ,

200 pm SO, ( 600 °C 4 hr)
-, A JA A L An JL A A

_ 200 pm SO, ( 600 °C 1 hr)

| - .,

| As-prepared
e A Jo__ A ,A, A J{ M A

10 20 30 40 50 60 70 80
26 (°)

Intensity (a.u)
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Figure S8 (a) Raman spectra of LFNO under 10% O/Ar with increasing temperature and
after cooling
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Figure S9: Thermochemical water splitting performance (H2 MS signal) of two different
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Figure S12: XRD patterns of as-prepared and reduced LaNiOsz perovskite oxide (a) before and
(b) after water exposure [Water exposure: 5% H>O/He, temperature ramping to 600°C at
10°C/min and dwelling at 600°C for 1 h].

The observed La(OH)s in ex-situ XRD of reduced LaNiOs could have been due to hydration of
La>Os3 by the atmospheric moisture [1].

62



LaFe, ¢Niy {0, -H,0

Intensity (a.u)

-~ Y

I : 1 ' I ! I & I . 1 ' | ! I ! 1

0 10 20 30 40 50 60 70 80 90
26 (°)

Figure S13: XRD patterns of two as-prepared LFNO samples after water exposure [Water
exposure: 5% H>O/He, temperature ramping to 600°C at 10°C/min and dwelling at 600°C for
1h]

63



= La,0,
- La(OH),
4 Ni

= NiFe
* Fe;0,
Regenerated
S0,-exposed

w Reduced
)} XA % S0,-exposed

LaFe4Niy 105 After water exposure

Intensity (a.u)

Reduced
As-prepared

10 20 30 40 50 60 70 80
20(°)
Figure S14: XRD of reduced as-prepared, reduced SO.-exposed and regenerated SO»-exposed

LaFeo.9Nio.1O3 perovskite oxide, after water exposure, [Water exposure: 5% H>O/He,

temperature ramping to 600°C at 10°C/min and dwelling at 600°C for 1 h, reduction: 5%
H2/He 800°C for 2 h, oxidation: 20% O./He 800°C for 2 h]
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Figure S15: In Situ Raman spectra for (a) LFNO, (b) LFO, and (c) SO2-exposed LFNO
collected under 10% H>O/Ar with increasing temperature and subsequent cooling to 120°C
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Figure S16. Optimized geometries of (de)hydrated (a) monodentate sulfite and bisulfate (b)
bidentate sulfite (c) bidentate sulfate and (d) monodentate sulfate species at LFO. Fe, light
purple; O, red; H, white; S, yellow.
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Figure S17. Optimized geometries of (de)hydrated (a) monodentate sulfite and bisulfate (b)
bidentate sulfite (c) bidentate sulfate and (d) monodentate sulfate species at Ni-doped LFNO. Fe
light purple; O, red; H, white; S, yellow.
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Table S1. DFT calculated vibrational frequencies for (de)hydrated sulfur species on LFNO and LFO

Sulfur Species LFNO LFO
Hydrated (cm™) Dehydrated (cm*) Hydrated (cm?) Dehydrated (cm)
Bidentate sulfate 1066.39 1067.76 1070.79 1078.76
1200.01 1200.29 1217.32 1237.51
Monodentate sulfate 950.24 960.71 971.12 976.15
1008.25 1003.66 1081.07 1038.75
1029.09 1020.32 1099.80 1061.79
Bidentate sulfite 939.67 954.62 834.04 847.29
1166.60 1164.92 1145.90 1145.68
Bisulfate 1101.16 1112.90
1240.67 1266.41
1292.83 1321.59
Monodentate sulfite 995.26 998.22
1297.69 1289.58
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