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Abstract 

Solar thermochemical hydrogen (STCH) production from water splitting typically requires 

performing redox cycles at temperatures above 1200 oC to reduce and re-oxidize the bulk of a 

reversible material. Bulk processes such as oxygen vacancy formation and oxygen diffusion 

energies dictate the viability of a material for STCH. The surface plays an important role in the 

formation and destruction of vacancies and interacts with gas phase water and surface 

adsorbed species. These surface processes can lead to surface reconfigurations and even the 

formation of surface phases with stoichiometry and oxygen content very different from the 

bulk composition. Understanding in-situ the surface chemical state and its evolution under 

water splitting is important to design nonstoichiometric oxides capable of longer-lasting STCH 

generation at lower temperatures. In this work, we describe the water splitting active defect 

sites in LSM ((La0.65Sr0.35)0.95MnO3-) and Ga-doped LSM ((La0.6Sr0.4)0.95(Mn0.8Ga0.2)O3-) 

perovskites during Operando thermochemical water splitting conditions using ambient-

pressure X-ray photoelectron spectroscopy (AP-XPS) experiments at 800 oC under steam. We 

show that sub-stoichiometric La+3 in the oxygen-vacancy rich surface at operating conditions 

can be used to correlate surface water splitting activity and the creation of surface hydroxide 

intermediates. The addition of Ga in LSM is shown to drastically stabilize the surface chemical 
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composition by preventing Sr segregation and stabilizing catalytically active surface defects that 

promote the binding of adsorbed hydroxides. We use Operando AP-XPS quantification of 

metastable surface hydroxide intermediates (La(OH)3) to determine the amount of catalytically 

active surface sites in LSM (2.9%) and in LSMG (7.8-8.1%, depending on the bulk oxidation 

state).  

 

Keywords (3-5 relevant keywords): clean hydrogen production, heterogeneous catalysis, solar-

thermochemical hydrogen production (STCH), water splitting, Operando ambient pressure X-ray 

photoelectron spectroscopy 

 

1. Introduction 

Perovskite-oxide materials based on Lanthanum-Strontium-Manganese (LSM) are used in many 

technological applications, such as spintronics [1], solid oxide fuel cells catalysis, and solar 

thermochemical H2 (STCH) production[2,3]. Typical STCH production is performed in two redox 

steps, where the first is a high-temperature (e.g., 1400 °C) reduction and activation of the 

metal-oxide, resulting in the release of O2. In the second step, the activated oxide is exposed to 

water at lower temperatures, to produce H2 and re-oxidize the bulk of the oxide[4]. LSM is a 

promising family of materials for STCH production because it can be tuned to accommodate a 

range of stoichiometries exhibiting a wide spectrum of properties according to changes in ionic 

radii, oxidation states, and coordination configurations of the constituent or dopant cations [5]. 

In particular, LSM requires relatively low to moderate reduction temperatures, has fast 

oxidation and reduction kinetics, and relatively good morphological stability [6].  

 

For a STCH material to be considered viable, its chemical stability under STCH operating 

conditions needs to be maintained over long-term operation. In these complex oxides, a loss of 

symmetry at the surface relative to the bulk, in addition to high-temperatures, lead to a 

redistribution of cations that can affect the surface catalytic performance [5].  In the case of 
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LSM, it has been reported that segregation of Sr often forms substoichiometric SrOx oxides at 

the surface, inhibiting the access of gas molecules to catalytically active sites on the perovskite 

surface [7]. Several strategies have been shown to mitigate the segregation of Sr to the 

surface— Bliem et al. [8] have demonstrated that submonolayer coverages of Hf deposited 

onto LSM significantly increase the chemical stability, showing less SrOx at the surface at 

temperatures between 450−550 °C. Another approach has been shown by  Li et al. [9], where 

thin coatings of CeO2 and TiO2 de-segregates strontium at the surface, driving it to the LSM 

lattice. These methods add complexity and materials processing costs. Doped perovskite-oxides 

can be a practical and scalable method to increase stability without affecting performance. To 

understand the problem of surface segregation and the effects of doping we need to 

characterize the surfaces evolving in near Operando conditions, i.e., under water splitting 

conditions at high temperature. Here we use direct characterization of surface chemical 

composition, quantification of surface oxygen vacancy content per cation, and concentration of 

hydroxide intermediates to demonstrate that Ga-doped LSM represents an improved material 

for STCH. 

In this paper, we compare LSM and Ga-doped LSM (LSMG) to find how these two surfaces differ 

in several aspects under operating conditions. We show that Ga helps stabilize the surface 

against segregation of inert Sr oxides. We demonstrate that the surface catalytic activity of 

LSMG remains chemically stable despite undergoing cycles of reduction or oxidation as 

quantified by Operando AP-XPS. In addition, Ga-doped LSM shows a twofold increase in OH 

intermediates in comparison with LSM, suggesting better performance in water splitting 

kinetics resulting from increased density of active defects. Our experimental work points out 

that the surface species involved in catalytic water splitting are distinct from the bulk’s redox 

cycle chemistry— La3+ participates on the surface reactions, while Mn3+/Mn4+ show no chemical 

changes, suggesting that Mn does not directly participate in surface redox catalytic activities.  

 

2. Experimental Methods 

2.1 Characterization Techniques 
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Ambient-pressure XPS (AP-XPS) analysis was conducted at Sandia National Laboratories 

(Livermore, CA) using a differentially-pumped Al Kα source (Specs model XR50) with a photon 

energy of 1486.6 eV. Emitted photoelectrons were detected using a near-ambient pressure 

hemispherical analyzer (Specs model Phoibos 150) mounted in a custom designed system 

capable of measuring XPS under sample gas pressures up to 10 Torr. We used baked steel gas 

lines and leak valves to introduce pure water. Water has been deionized (18 MOhm) and 

degassed through multiple freeze-pump cycles. XPS peak locations, widths, and areas were 

obtained using a Shirley background subtraction and by fitting the data to mixed Gaussian-

Lorentzian line shapes using CasaXPS software. X-ray diffraction (XRD) was performed on the 

powders and sintered pellets using a Panalytical XPert Powder diffractometer. Scans were 

taken from 5° to 70° using a Cu X-ray source, voltage of 45 kV, current of 40 mA, step size of 

0.016°, and dwell time of 10 s. Peaks were fit using OriginLab with a Pearson VII function.  

The water splitting activity of LSMG was verified using a stagnation flow reactor (SFR) designed 

specifically for characterizing the water-splitting efficacy of non-volatile, non-stoichiometric 

metal oxides for use in high temperature two-step reduction/oxidation (redox) cycles that 

produce hydrogen. Detailed design and operational features of the SFR are described 

elsewhere [10,11]. Briefly, the SFR operates at sub-ambient pressure (0.1 atm) and is equipped 

with electromechanical systems for control of gas composition and mass flow, reactor back 

pressure, and process temperature. Material oxidation temperature (TOX) is held fixed by 

placing the SFR into a tube furnace. Materials are rapidly heated at a rate of ~15 °C/s from TOX 

to the thermal reduction temperature (TRED) by focusing the radiant energy of a near-infrared 

diode laser normal to the sample surface. Gas composition is measured downstream of the SFR 

by a mass spectrometer that is calibrated by flowing aliquots of O2 and H2 through the SFR 

prepared by mass flow controllers taken from gas mixture standards containing oxygen (25% 

O2/Ar) and hydrogen (5% H2/Ar). 

 

Pelletized samples of LSMG (~520 mg) underwent several redox cycles in the SFR to 

demonstrate hydrogen production via splitting water, and to quench-in both an oxidized and 

reduced material state for surface chemistry analysis by AP-XPS. Unless otherwise noted, 
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samples were initially heated to 1200 °C under a constant oxygen partial pressure of PO2 = 2.0 

10-4 atm, then exposed to a PO2 = 4.1 10-4 atm for 7 min to fully oxidize LSMG at TOX before 

undergoing redox cycling. Reduction conditions were (T, PO2, t)RED = (1400 °C, ~1.0 10-6 atm, 600 

s) and oxidation conditions were (T, PH2O, t)OX = (1200 °C, 4.0 10-2 atm, 1800 s). The SFR 

operated at 300 sccm total volumetric flow rate of high purity Ar in reduction, or mixtures of Ar 

and H2O in oxidation, at 0.1 atm pressure. Oxidation flows are 300 sccm Ar and 200 sccm H2O 

(i.e. 500 sccm total flow). The amount of O2 released and H2 produced were calculated by 

integrating the baseline-corrected mass spectrometer signals over the entire gas evolution 

envelope. 

 

Fig. 1 plots the mol-normalized flow rates of H2 and O2 measured as a function of time during 

representative redox cycling of LSMG; sample temperature is also plotted. Notable features of 

the curves shown in Fig. 1 are the flat-topped H2 production rates indicative of relatively slow 

oxidation kinetics, due to the pelletized and low specific surface area samples, at TOX = 1200 °C, 

and the low O2 production rates commensurate with limited access to the material’s full 

potential capacity obtained at near-isothermal redox conditions where 1300 °C < TOX,RED < 1400 

°C [6] Following redox cycling as described above, the single LSMG sample was first quenched in 

an oxidized state (sample labelled LSMGO) by cooling under a constant PH2O = 4.0 10-2 atm 

before being transferred to the AP-XPS for surface chemical analysis, then returned to the SFR 

for additional cycling before going back to the AP-XPS after being quenched in a representative 

reduced state (LSMGR). 
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Fig. 1. Rates of oxygen and hydrogen evolution measured as a function of time during redox cycling of LSMG in 

preparation for AP-XPS analysis. Only a portion of the material’s redox capacity is accessible under these 

experimental conditions (see text). After exposing this LSMG sample to conditions that promote water splitting, it 

was quenched in representative oxidized and reduced states for forensic analysis. 

 

 

2.2 Synthesis of LSM and LSMG Perovskites 

Commercial LSM (Fuel Cell Materials, Lewis Center, Ohio) powder with a 5% A-site deficiency 

was used. LSMG, (La0.6Sr0.4)0.95(Mn0.8Ga0.2)O3-δ powder was synthesized using the solid-state 

method. Prior to milling, La2O3 (99.99%, Cerac) was heated at 900°C for 1 h to remove any 

hydroxide that had formed during storage while SrCO3 (>99.9%, Sigma-Aldrich), MnO2 (99.99, 

Acros Organics), and Ga2O3 (99.999%, Alfa Aesar) were heated at 120 °C overnight to remove 

residual water. The stoichiometric amounts of powder were weighed and placed in a unitary 

ball mill with 3 mm and 10 mm yttria stabilized zirconia media for 20 hours. After drying the 

mixed powder, calcination was performed at 1200 °C for 4 h. LSM and LSMG pellets were then 



7 
 

uniaxially pressed, at approximately 150 MPa, into 0.5 g cylindrical pellets, 12.7 mm in diameter 

using 1 wt% polyvinyl alcohol (PVA) binder. The pressed pellets had geometrical density values 

between 50% and 60% of theoretical. The pellets were heat treated with a binder burnout step 

at 450 °C and 600 °C for 2 and 4 h, respectively. The pellets were sintered using a two-step 

profile with T1 = 1300 °C and T2 = 1030 °C with 30 min and 10 h hold times. The pellets were 

then annealed at 1450 °C for 6 h. The geometrical density of each pellet was measured above 

92% of the theoretical density. 

The XRD patterns for the LSM and LSMG powders and pellets are shown in Fig. 2. The LSM and 

LSMG perovskites form in the R3̅c space group. A slight contraction of the unit cell is observed 

for LSMG compared to LSM. The (024) shifts slightly to lower 2θ value from 47.01° for as 

received LSM to 47.12° for as calcined LSMG. Additionally, a slight broadening is observed for 

both powders compared to the sintered pellets. The FWHM for powder LSM is 0.394° while 

LSMG is 0.484°, lower than that observed for the sintered pellets at 0.232° and 0.262°. Both the 

LSM and LSMG phases are stable through sintering with no secondary phases observed. 

Additionally, Energy Dispersive X-ray Spectroscopy (EDS) analysis was performed on the LSMG 

sample prior to cycling and showed homogeneous distribution of all cations with no noticeable 

or quantifiable segregation. Therefore, at this scale, and the macro-scale observed from XRD, 

the Ga doping is interpreted as homogenous within the material. While no post analysis was 

performed on the cycled LSMG material, other work including our own (McCord et al., 

submitted for publication, 2024) shows Ga and Sr segregation when cycling at higher 

temperatures [5].  
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Fig. 2. XRD of the LSM and LSMG powders and sintered pellets. The inset of the (024) peak shows a slight shift to 

lower 2Θ for the LSMG composition. 

 

The as-sintered samples were investigated by XPS to check the surface state as received. Fig. 3 

shows XPS surveys to determine the initial surface composition of the LSM (black solid line) and 

LSMG (blue solid line). XPS reveals the presence of adventitious surface carbon (C 1s ~ 285 eV) 

which is expected upon air exposure. Carbon is only present when XPS is performed at room 

temperature. Both samples show small traces of barium impurity < 1.0 atomic percent (%) from 

the synthesis process. Ga LMM auger process at ~ 421 eV is present only on LSMG as shown in 

the XPS surveys. La 4d/Ga 3p and Sr 4p/Ga 3d peaks overlap with Ga components as highlighted 

and have been deconvoluted in our surface composition (%) quantitative analysis. 
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Fig. 3 XPS surveys (recorded in vacuum and at room temperature conditions) of LSM (black line) and LSMG (blue 

line), both as received. 

 

3. Results and Discussion 

 

The chemical stability of perovskite oxides can be evaluated by determining the cation surface 

enrichment. Severe Sr enrichment is a well-known problem in high-temperature perovskites 

affecting the overall functionally of the surface [5]. The surface atomic concentration is 

determined using XPS surveys, which are summarized as bar plots in Fig. 4(a) for Ga-doped LSM 

and in Fig. 4(b) for undoped LSM. At all conditions both sample surfaces deviate from the 

nominal bulk composition (shown in the rightmost bar for reference). 

 

To better understand the stability of the LSMG surface during real conditions achieved during 

STCH we characterized the surface with XPS after different bulk-processing conditions achieved 

in a STCH reactor (See Experimental Methods section): LSMG as sintered (‘as-is’), LSMG 

quenched after the oxidation step of the STCH cycle (‘oxidized’, LSMGO), and LSMG quenched 

after the reducing step of the STCH cycle (‘reduced’, LSMGR). Using the quenched states from 

STCH cycles to process LSMG before performing surface analysis is useful to explore the surface 



10 
 

equilibrium composition and surface oxygen vacancy density at conditions that can be 

approached but not fully reproduced at our AP-XPS. LSM surface has been extensively reported 

in the literature [12-15] and here we present its surface characterization for the ‘as-is’ condition 

without further processing in the STCH reactor. The data presented in Fig. 4(a) suggests that 

LSMG surface remains stable and seems not to be affected by the bulk oxidation condition. As 

we will show, LSMG surface does not only maintain its stoichiometry (mitigating Sr 

segregation), but also has a stable and relatively high concentration of oxygen vacancies, 

suggesting that the high catalytic activity of a reduced LSMG surface also exists even when the 

bulk is fully oxidized. A similar reduced-surface and oxidized-bulk dynamic has been shown to 

be responsible for the excellent catalytic properties of Sm-doped CeO2 [16]. 

 

 

Fig. 4 Chemical stability of LSMG and LSM measured by Operando AP-XPS (a) Bar plot with quantification of LSMG 

surface cation composition after different processing steps. Approximate nominal bulk LSMG cation composition is 

shown as the rightmost column for reference. (b) Quantification of undoped LSM surface cation composition. 

Nominal bulk cation composition is also plotted for reference. The LSM stoichiometry significantly deviates from its 

bulk values, with significant amount of Sr at the surface.  

 

To compare the effect of Ga doping on the chemical stability of LSM, Fig. 4(b) plots of the 

surface composition of the undoped LSM pellet. We find that LSM has 66% of Sr at the surface, 

evidencing the well-known Sr segregation problem in LSM [5,7]. The low energy configuration 
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of the surface leads to a completely different stoichiometry in comparison to the bulk phase 

(last bar plot of Fig. 4(b)). Lattice defects, such as oxygen vacancies, are more likely to form on 

the surface due to its lower formation energy for defects [17]. Similarly, different cations will 

have different surface energies and it is not unusual that many perovskite-oxide surfaces 

deviate from its bulk composition. STCH perovskite oxides are selected for its high and 

reversible oxygen non-stoichiometry and vacancy (VO) mobility, and their surfaces have even 

higher defect concentrations [18]. The physical-chemical mechanism of cation segregation has 

been explained by Lee et al. [19], i.e., the enrichment of positively charged defects makes the 

surface positively charged, attracting negatively charged defects toward the surface, 

particularly doped Sr2+ substituting the A-site host cation La3+ (SrLa, effective charge of −1), 

maintaining the charge neutrality. Thus, determining the cation segregation on perovskite-

surfaces is an important metric to increase materials predictability and performance in 

applications that require gas-solid exchange, such as in STCH. We have observed so far that LSM 

surface presents about 50% more Sr than Ga-doped LSM. To better understand the surface 

dynamics resulting in the mitigation of Sr segregation in LSMG compared to LSM, we use 

detailed oxidation state analysis of the surface cations measured at water splitting conditions.  

 

It is commonly understood that STCH bulk processes like oxygen vacancy formation and 

oxygen/vacancy diffusion are the main performance-limiting factors, often relegating water 

splitting catalysis at the surface to a less prominent importance [20]. But surfaces can become 

bottlenecks when excessive Sr segregation occurs or when specific surface areas are low [7,21], 

which is why it is important to determine the mechanism of water splitting, including the 

intermediate chemical species forming during surface reactions and how the surface chemistry 

evolves at high temperature. Operando AP-XPS under 330 mTorr of H2O at 800 oC has been 

performed for both LSM and LSMG pellets. Fig. 5 shows deconvoluted components of (a) Sr 3d, 

(b) Mn 2p3/2, and (c) La 3d5/2. For each panel, from top to bottom we show a direct comparison 

of LSM, LSMG after bulk oxidation (LSMGO), and LSMG after bulk reduction (LSMGR). Here, 

given the large number of surface vacancies observed in the sintered polycrystalline ceramics 

used in this work, we are defining the surface to include more than just the topmost atomic 
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layer of atoms. Instead, we are assuming a 2 - 5 nm deeper (surface and near surface) region 

interacting with the gas phase. 

 

The Sr 3d XPS peaks (Fig. 5(a)) have been de-convoluted in two components, SrLAT (lattice, 

orange solid line) and SrSUR (surface, blue solid line), which are related to the binding energy of 

surface and lattice species. We use the “SUR” subscript to represent partially reduced cations 

resulting from adjacent oxygen surface vacancies. XPS can distinguish fully oxidized cations 

from these partially oxidized species, which group a series of mixed partial oxidation states and 

tend to have wider full-width half-max (FWHM) peak shapes [22,8]. The best fittings were 

achieved by keeping the separation between the spin-orbit split components by around 1.75 

eV, and its FWHM narrower for the lattice component (~1.9 eV), while it broadens for the 

surface component (~2.3 eV). This result is consistent with the hypothesis that surface 

components present a higher degree of undercoordinated chemical bonds compared to fully 

oxidized and stoichiometric lattice sites. Our analysis for LSM shows an amount of about 50% 

for both components, and it also presents a shift of ~0.25 eV to lower binding energy. The 

chemical analysis of the Sr 3d on LSMG, on the other hand, indicates a larger presence of SrSUR, 

about 65%-68% for its reduced (LSMGR) and oxidized (LSGMO) forms, respectively.  

 

Figure 5(b) shows the spectra for Mn 2p. The peak has been de-convoluted in three 

components, a satellite peak at 643 eV (black dashed line), and two peaks at 641.7 eV (surface, 

dark gray solid line) and 640.4 eV (lattice, magenta solid line) [23]. XPS quantification shows 

that the ratio of surface vs. lattice is almost constant for LSM and for oxidized and reduced 

LSMG. As explained above, the amount cation surface (“SUR”) component is proportional to 

oxygen vacancies next to those cations. It is reasonable to propose that they are also 

proportional to catalytic activity because VO next to a cation is the ideal binding site for water 

splitting and the formation of surface hydroxide intermediates. The stable ratio of Mn 

components suggests that manganese does not have a prominent role performing catalytic 

water splitting on LSM surfaces, and that other sub-stoichiometric oxides other than Sr and Mn 
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are more actively involved in surface reactions. Fig. 5(c) shows the XPS analysis of La 3d5/2. 

Sunding et al. [24] have discussed in detail the peak deconvolution for La 3d and its charge 

state— which forms La(OH)3 or La2O3. As O2- is more ionic than OH-, La(OH)3 is the surface 

component related to the defects that have reacted with water, and the more ionic La2O3 

represents the fully-oxidized lattice component. Our XPS analysis agrees with that hypothesis, 

i.e., the FWHM of the lattice phase is about 2.0 eV, while it shows a broadening for the surface 

phase to about 2.7-2.8 eV [25], consistent of the latter being related to uncoordinated 

chemistry.  Both La 3d lattice and surface components were split in a main peak followed by a 

satellite peak [24,12]. In addition, XPS studies on LaNi5 by Siegmann et al. [26] has 

demonstrated that La is highly reactive to O2 or H2, forming La2O3 and La(OH)3 at the surface, 

and that separation between the main to satellite peak is about 4.5 eV and 3.7 eV, respectively. 

In a recent in situ XPS study by Li et al. [27] using La2O3 nanorods, the authors have determined 

the energy difference of the La 3d main peak to its respective satellite depends upon exposing 

the sample to water or oxygen, i.e., 4.3 eV for La2O3 and 3.8 eV for La(OH)3. In our case we have 

a far more complex surface, and we expect to have mixture of lanthanum oxide and lanthanum 

hydroxide. As it is shown in Fig.5(c), we have deconvoluted the La 3d5/2 using both a lattice 

(La2O3, blue solid and blue dashed lines) and surface (La(OH)3, dark green solid line) 

components. The La3d chemistry is similar for LSM and LSMGR, and it shows a slightly higher 

amount of lanthanum hydroxyls for bulk-oxidized LSMGO. Ga 3p/La 4d peak deconvolution is 

discussed in detail for LSMG (reduced and oxidized) in the supplemental material information 

Fig. S1, supporting our claim that La(OH)3 dictates the surface redox catalytic activity of water 

splitting.  
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Fig. 5 Operando AP-XPS measured at 800 oC and under 330mTorr of water. Top row displays the results for LSM as-

is, the middle row for LSMG after oxidation (1200 oC 40% water/60% argon), and bottom row for LSMG after 

reduction (1400 oC 100% argon). (a)  Sr 3d was deconvoluted in SrSUR (blue) and SrLAT (orange) components. (b) Mn 

2p3/2 analysis was de-convoluted in MnSAT (black), MnSUR (dark gray), and MnLAT (magenta). (c) La 3d5/2 analysis 

shows two components defined as La(OH)3 (green) and La2O3 (blue). Dots are the photoelectron counts and the 

solid lines are the sum of the synthetic components. All percentages given are atomic percent. 

 

One metric to indirectly quantify H2 production from water splitting is to account for surface OH 

groups present in the O1s peak. Fig. 6 shows the O1s peak under steam at 800 oC for (a) LSM, 

(b) LSMGO, and (c) LSMGR. The O1s peak deconvolution was done following the Operando AP- 

XPS measurements reported for perovskite-oxides based on Ba-Zr-Y-O [28]. The O1s shows five 

components, O2- (lattice oxygen at 529.1 eV, dark red solid line), undercoordinated O (surface 

defects at 530.2 eV, dark gray solid line), OH (intermediate reaction species at 531.2 eV, dark 

blue line), adsorbed water molecules (H2O at 533.2 eV, brown solid line), and the water gas 

peak at the highest binding energy. XPS analysis shown in Fig. 6 indicates a higher % of OH 

group in the LSMG samples, with a twofold increase with respect to the LSM sample. The factor 

limiting OH intermediates in LSM under Operando conditions is attributed to the strong Sr 
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segregation at the surface (66 %). There is only a small difference in OH between the LSMG 

sample that has been oxidized (28 %) in comparison to the LSMG that has been reduced (24.4 

%).  

 

With varying surface compositions and different amount of surface vacancies, it is not obvious 

how to compare potential catalytic activity between samples. For this we propose a factor that 

takes into account the measured lanthanum atomic concentration at the surface (only La forms 

surface hydroxides) weighted by the relative number of substoichiometric La (‘SUR’ 

component). This will represent a quantitative factor that can help evaluate and compare the 

global amount of active surface vacancies with potential to form hydroxide intermediates 

responsible for the water splitting catalytic activity of each surface. A factor of 100% would 

mean that each surface landing site is catalytically active for water splitting. The resulting 

factors of catalytic activity are: LSM : 2.9% (=5.4 at.% x 0.534), LSMGO : 8.1% (=13.9 at.% x 

0.584), and LSMGR : 7.8% (=14.4 at.% x 0.543). As stated above, the main reason for low activity 

in LSM is the high level of Sr segregation. STCH materials are designed for optimum and 

reversible bulk vacancy formation and oxygen diffusion. Since surface water splitting reactions 

are not limiting performance in most cases, it will probably not be advised to reformulate STCH 

materials focusing on improving surface activity alone because this can lead to detrimental 

effects on its bulk performance.  But it is important to understand how surface composition is 

different for each sample composition and why high Sr segregation progressively leads to a 

reduced number of catalytic activity, as measured by surface sites forming hydroxides.   
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Fig. 6 Operando AP-XPS measured at 800 oC and under 330mTorr of water. The XPS spectra is de-convoluted in 

Gaussian-Lorentzian synthetic components to determine the oxygen bonding state. O 1s deconvolution in OLAT 

(red), OSUR (dark gray), OH (dark blue), and adsorbed H2O (brown). The peak at about 536 eV is the H2O gas phase, a 

measurement of the fraction of water gas between the sample and the XPS collection cone that is illuminated by X-

rays. As these are gas species (not grounded to detector), the peak cannot be quantified and its binding energy 

position is not fixed. (a) LSM as-is, (b) LSMG after oxidation (1200 oC 40% water/60% argon), and (c) LSMG after 

reduction (1400 oC 100% argon).  

 

From our previous discussion we can summarize the factors that lead to lower concentration of 

OH intermediates in LSM: 1) SrSUR inhibits the surface catalytic activity as previously reported— 

LSM has the highest SrOx defect concentration of about 33.0% (= 66at.% x 0.5). 2) MnOx defect 

concentration is also the highest for LSM in comparison to LSMG. Mn shows identical chemical 
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behavior between all samples and does not form hydroxides, being a strong indication that 

does not participate in dissociative surface reactions. 3) Our XPS results suggest that La(OH)3 is 

the catalytically active specie for water splitting and LSM has the lowest concentration of active 

sites on its surface (2.9%). On the other hand, Ga-doped LSM shows the highest concentration 

of La(OH)3, and lowest inactive surface components such as SrOx and MnOx. Operando AP- XPS 

analysis of O1s shows a more hydroxyl (OH) intermediates for LSMGO in comparison to LSMGR, 

leading to a higher concentration of La(OH)3 active defects in LSMGO (8.1%) vs. LSMGR (7.8%).   

 

4. Conclusion 

In summary, we have quantified the surface chemical composition and stability of STCH 

perovskite-oxides LSM, and Ga-doped LSM by conducting operando ambient pressure X-ray 

photoelectron spectroscopy under H2O at 800 oC. We have shown that Ga-doped LSM stabilizes 

the surface against undesired segregation of Sr, presenting only 40% at the surface, while LSM 

presents about 66%. The data suggests that La surface sites are responsible for water splitting 

catalytic activity on LSM and LSMG surfaces. Lanthanum surface component, identified as 

La(OH)3 when water is present, participates in the surface reaction of water molecules at the 

surface. Our work suggests that Mn does not play a role on the surface reaction mechanisms. 

We propose a factor to quantify the surface hydroxide component in Operando. When 

compared with undoped LSM, our metric indicates that LSMG shows a larger amount of 

hydroxide active sites and less concentration of defects which do not participate on surface 

reactions such SrOx and MnOx. Preparing samples using realistic STCH conditions in a separate 

reactor, we also show that the surface stability of LSMG is largely maintained between cycles 

where the bulk is oxidized or reduced, emphasizing the separate driving forces governing bulk 

chemistry and surface reconfiguration. There is a need to produce oxide formulations to 

perform STCH at increasingly lower temperatures because it is beneficial for long term 

cyclability and stability of the materials. In this context, bulk oxygen diffusion and bulk vacancy 

formation kinetics are expected to slow down, and surface kinetics for water splitting becomes 

more relevant. Here we have presented an in-depth study of LSM and LSMG surface chemical 

evolution during water splitting that provided a quantitative view of the factors determining 
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how catalytic reactivity can be limited to a single cation like La, that can be maximized at the 

surface with bulk Ga doping which prevents Sr surface segregation. 
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