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Abstract

:

For an in-depth characterization of catalytic materials and their properties, spectroscopic in-situ (operando) investigations are indispensable. With the rapid development of advanced commercial spectroscopic equipment, it is possible to combine complementary methods in a single system. This allows for simultaneously gaining insights into surface and bulk properties of functional oxides, such as defect chemistry, catalytic characteristics, electronic structure, etc., enabling a direct correlation of structure and reactivity of catalyst materials, thus facilitating effective catalyst development. Here, we present a novel sample-stage, which was specifically developed to pave the way to a lab–based combination of near ambient pressure X-ray photoelectron spectroscopy and electrochemical impedance spectroscopy with simultaneous catalytic operando measurements. This setup is designed to probe different (model) systems under conditions close to real heterogeneous catalysis, with a focus on solid oxide electrochemical cells. In a proof of concept experiment using an electrochemical model cell with the doped perovskite Nd0.6Ca0.4Fe0.9Co0.1O3-δ as working electrode, the precise control of the surface chemistry that is possible with this setup is demonstrated. The exsolution behavior of the material was studied, showing that at a lower temperature (500 °C) with lower reducing potential of the gas phase, only cobalt was exsolved, forming metallic particles on the surface of the perovskite-type oxide. Only when the temperature was increased to 600 °C and a cathodic potential was applied (−250 mV) Fe also started to be released from the perovskite lattice.






Keywords:


catalytic materials; in-situ spectroscopy; NAP-XPS; electrochemical impedance spectroscopy












1. Introduction


Perovskite-type oxides are a versatile class of materials with the general formula ABO3, which have a vast range of applications utilizing their dielectric, electronic, electrochemical, and catalytic properties [1]. Perovskites that contain transition metals are used as catalysts for a wide variety of chemical reactions, especially in the context of renewable energy conversion. Reactions catalyzed are (reverse) water gas shift rWGS/WGS [2,3], dry reforming [4], water splitting [5], methanol reforming [6], or CO2 electrolysis [1], to name only a few. In addition, high mobility of electrons and oxygen anions enables application of perovskites in solid oxide fuel and electrolysis cells [7,8] (SOFC/SOEC).



Due to the highly dynamic nature of catalyst surfaces, especially at the high operation temperatures of solid oxide cells, a meaningful picture of the surface chemistry, especially regarding oxidation states and adsorbed species is only possible when properties are measured in-situ under reaction conditions. The recent improvements of lab-based near ambient pressure X-ray photoelectron spectroscopy (NAP–XPS) analyzers in terms of maximum pressure (up to mbar range) at reasonably high count-rates enable XPS measurements in a reactive atmosphere [9]. However, a setup for thorough in-situ characterization must also allow sample heating up to 1000 °C without outgassing of volatile contaminants, e.g., Cr, Mn, or Si from the heater materials.



Simultaneous NAP-XPS measurements and electrochemical characterization of solid oxide model cells are a powerful tool to obtain insights into reaction kinetics and mechanisms, as well as the    p   O 2      dependence of the surface chemistry, as shown by many studies in literature [10,11]. For this task, electrical feedthroughs and contacts at the sample—ideally for working, counter, and reference electro—need to be part of the sample-stage. So far, such sample-stages are not commercially available. In this paper, we present a novel design for a working sample-stage and holder, which meets all these requirements. Additionally, we show first lab-based simultaneous NAP-XPS measurements and catalytic and electrochemical characterization of a thin film perovskite-type catalyst, which was deposited on a three-electrode electrochemical cell, as shown in Figure 1.



In the case of SOFCs and SOECs, model cells with a thin film working electrode as seen in Figure 1 are an excellent configuration for mechanistic kinetic studies, which allow simultaneous determination of electrochemical performance by measuring the current-voltage characteristics as well as observation of surface chemistry and reaction intermediates by NAP-XPS. Several of such studies were already carried out at synchrotron facilities in two-electrode cells with ceria-based electrodes [12,13,14,15] and perovskite-type electrodes [12,16,17,18,19,20]. Recently, also the XPS investigation of operating Ni-GDC anodes in two-chamber cells and a three-electrode geometry were reported [21,22]. For the three-electrode measurements a new electrolyte design is used, where the reference electrode (RE) is placed on a protrusion, which is visible in Figure 1 as well. This design allows precise differentiation of the working electrode overpotential and half-cell impedance from counter electrode effects and minimizes artefacts that are very common in other cell geometries [23].




2. Experimental


In this section, key features of the novel setup featuring simultaneous in-situ NAP–XPS, in-situ electrochemical impedance spectroscopy (EIS), and mass spectrometry (MS) measurement are presented. Specific conditions under which this equipment can operate as well as its limits will be listed in detail. First, general considerations and experimental requirements for such a setup are presented. Second, the actual design of the sample-stage will be highlighted. Third, this section concludes with the electrochemical model cell and its application.



2.1. General Considerations


The general concept of the new instrument is to investigate fuel cell reactions and heterogeneous catalysis in conditions that are representative for real cell or catalyst operation. These include a significant gas phase pressure and elevated temperatures (up to 1000 °C). During reaction, the catalyst (typically a perovskite) surface must be available for simultaneous measurements by monochromatic NAP–XPS, EIS, and gas phase mass spectrometry. The setup itself should not contribute to any measurable catalytic activity at the sample. This section gives a step-by-step guide, how the presented setup tries to come closer to an ideal system, and which limits have yet to be overcome.



The in-situ XPS setup is designed to work at pressures of up to 20 mbar for high intensity signals. Typical experiments are however performed at 0.5–3 mbar, in order to minimize adverse gas phase effects such as scattering of photoelectrons and sample cooling [24]. For elements with low intensity (small cross-section and/or trace amounts <5%), the pressure is reduced to 0.7 mbar. As will be shown later for fitting of cobalt oxidation states, where the region is overlapping with the Fe AUGER LMM signal, a sufficient signal to noise ratio was achieved at 0.7 mbar. In general, a trade-off between pressure and signal quality has to be found for the respective systems under investigation.



The accessible temperature at ultra–high vacuum (UHV) conditions ranges from room temperature to 1000 °C. In the optimized NAP-XPS measurement position, the sample-nozzle distance is less than 0.5 mm. In order to avoid too high nozzle temperatures, the nozzle is water-cooled and can withstand short-term (about one hour) sample temperatures of 1000 °C and long–term (days) sample temperatures of 800 °C. For temperature control, a PID controller adjusts the infrared laser power by pulse width modulation at 100 Hz to reach the desired thermocouple temperature. Due to the small thermal mass, heating and cooling rates >200 °C min−1 are easily possible. With increasing gas pressure, the maximum temperature reachable with this setup is decreasing due to interaction and subsequent cooling of the hot sample by the gas phase. Below 1 mbar H2 (i.e., high heat transfer coefficient h) the maximum temperature realizable is 750 °C. To ensure reliable temperature measurements, both a thermocouple and a pyrometer are used. The S-type thermocouple (Pt10Rh-Pt) is welded onto the sample backside (or the sample back plate). The material for the thermocouple was chosen due to its stability against corrosion under reaction conditions. The signal from the thermocouple is transported to the sample-holder via Pt and PtRh10% wires and spring mounted bolts. From there, the signal is transmitted via compensated Ni-wires connected to the feedthrough. A pyrometer measures the thermal radiation of the sample front side facing the nozzle at elevated temperatures. The electrical feedthrough cables for EIS allow a third temperature measurement, provided the sample has a reproducible relation between an electrical quantity (e.g., conductivity) and temperature. In case of electrochemical cells based on an yttria-stabilized zirconia (YSZ) [25] electrolyte, the oxygen ion conductivity of YSZ [25] can be used as a temperature measure. This is presented in more detail in Section 3, Proof of Concept.



For XPS measurements, the X-ray spot size on the sample is 350 µm, which is also approximately the nozzle diameter. This spot size lies within the typical range for this type of in-situ NAP-XPS setup (250 to 350 µm). The whole sample can be scanned due to the mobility of the sample stage. As for other systems with an Al-K α  source and a monochromator, the peak width of XPS signals is ~0.6 eV at half maximum. This facilitates an energy resolution of ~0.2 eV.



A wide variety of gas compositions can be realized due to the gas mixing setup consisting of multiple mass flow controllers. At the present state, the following lines are attached to the setup: Ar, He, H2, O2, and N2 with purity 6.0 as well as CH4 (4.5), and C2H4 (2.6). H2O vapor is provided through pure water (cleaned by freeze–thaw cycles) which is filled into a flask attached to a mass flow controller. Moreover, it is possible to change to other desired gases. The flow of each mass flow controller can be adjusted between 0.5 and 5 min−1. When dosing the desired gas phase into the reaction chamber, total flows between 12 and 20 mL min−1 (depending on the gas) at 1 mbar are reached. For higher pressures, the total flow increases. The setup itself is designed to operate from   2 ×   10   − 10     mbar up to 20 mbar. Under real conditions, the pressure used in experiments depends on the signal to noise ratio of the XPS signal as well as on cooling effects of the gas phase. For instance, for pressures above 1 mbar in H2 rich gas atmospheres, the necessary laser power to reach 700 °C increases strongly. The gas phase is analysed by a Prism Pro Mass Spectrometer (MS) from Pfeiffer placed at the second differential pumping stage of the NAP–XPS analyzer. At this position, the MS analyses the gas composition that is pumped through the nozzle in front of the sample (working electrode). Thus, it is sensitive to the catalytic properties of the sample surface.



For measuring EIS we decided to utilize three-electrode geometry that allows reliable separation of working and counter electrode impedance and half-cell overpotentials. When using two electrode geometry, the counter electrode may significantly contribute to the measured polarization resistance, e.g., if an undesired reaction with the gas phase takes place. Therefore, the three-electrode setup gives much more reliable experimental values. EIS measurements can be carried out simultaneously to XPS measurements, since the AC amplitude is sufficiently small (typically 10 mV), for the surface chemistry to remain in the equilibrium state.




2.2. Sample-Stage and Sample Mounting


The requirements for the design of the sample-stage and sample-holder with respect to their application in catalysis and electrochemistry were diverse and numerous. They are presented in the following:



All elements used for the sample–holder or the sample stage should ideally be not active (or only very weakly active) for any investigated catalytic reactions. An elegant way to achieve this, is to ensure that only the sample itself is heated during catalytic reactions. Therefore, heating is done by an infrared laser (details see below) and the whole sample-stage head is cooled with water (copper tube visible in Figure 2). As a result, the sample stage is (nearly) at room temperature even when the sample is heated to very high temperatures. For the thermocouple, an S–type configuration (Pt10Rh–Pt) was used instead of the common K-type (NiCr–Ni) to avoid any interfering Ni or Cr evaporation at high temperatures and oxidation/corrosion of electrical contacts. Additionally, catalytic reactions should be impacted as little as possible by the presence of a thermocouple.



In order to minimize unwanted catalytic activity or evaporation of contaminants from a conventional sample heater, laser heating was chosen. Consequently, a stainless-steel tube is mounted in the center of the sample-stage, which acts as housing for the laser beam. In order to still guarantee high pumping rates in UHV, the tube has a recess in the middle, which is covered by a larger half tube to ensure high laser safety. To increase laser efficiency, a laser absorbing back plate can be placed behind the sample. Additionally, direct laser heating of the sample through an appropriately dimensioned hole in the sample holder is possible.



The laser is coupled into the setup via a viewport. This enables simple maintenance and quick adjustment of the laser spot position. The optical fiber ends in a collimator, which is mounted in front of the window. In order to avoid damage to the laser fiber, back reflection is avoided by several measures: The laser enters the sample-holder slightly off-center as well as slightly off-axis such that the spot on the sample is centered, while a polished sample surface will not directly reflect light back into the fiber. The window used to couple the laser into the setup is tilted to avoid reflections off the window into the fiber in case the coating of the window is damaged. The box housing the window and the collimator are encased in an aluminum box for additional laser safety. Two thermocouples are used to monitor the temperatures both at the spot of the laser back reflection as well as the overall box temperature on the outside. The two green tubes visible at the backside of the box (in Figure 3) are part of an additional air-cooling of the laser coupling.



For EIS measurements, there are 6 BNC (Bayonett Neill–Concelman connector) feedthrough connections in the CF 63 flange. Additionally, two thermocouple connections (+,−) are present. The water-cooling to and from the head of the sample-holder is realized by copper tubes connected to the CF 63 flange with the optical window for the laser heating in its center. With this layout all necessary feedthroughs and components of the sample-stage are realized on the CF 63 flange. Moreover, the sample-stage is adjustable in total length to provide flexibility and adaptability. This is done mainly to ensure the stages compatibility with synchrotron facilities, where flexibility is appreciated.



For high temperature measurements, minimization of thermal expansion of the sample-holder is desired, as otherwise the sample-nozzle distance would be changing, which in turn would interfere with the NAP–XPS measurements. Consequently, the sample-holder is made from quartz, which has negligible thermal expansion and is catalytically inactive. The sample-stage itself does not expand due to water-cooling. The sample-holder is held in place by four spring mounted stainless steel balls, which are located behind the sample-holder.



In-situ solid-state electrochemistry measurements are possible when an electrochemical model cell with the proper electrical contacts is heated inside the NAP-XPS chamber. In case of SOFC/SOEC related studies, model cells with a thin film working electrode (cf. Figure 1) are an excellent configuration for mechanistic kinetic studies, which allow simultaneous determination of electrochemical performance by measuring the current-voltage characteristics and observation of surface chemistry and reaction intermediates by NAP–XPS [12,16]. For three-electrode measurements [23], a new electrolyte design is used, where the reference electrode (RE) is placed on a protrusion (visible in Figure 1). This design allows precise differentiation of working and counter electrode over-potentials and impedance spectra [26].



For EIS, the sample is mounted on a CNC machined alumina back plate, which in turn is placed on the sample-holder as seen in the left side of Figure 4. The back plate is positioned on top of the central hole of the quartz sample-holder. For efficient heating and minimizing the thermal contact of the sample (i.e., minimized loss of heat) and sample holder, the alumina back plate only touches the quartz sample holder on three small legs. The thermocouple is mounted inside a bore of the back plate to ensure accurate temperature measurements. Significantly higher sample temperatures are possible when the electrochemical model cell is mounted above a bore in a modified version of the alumina back plate, and directly heated by the IR laser. With direct sample heating, sample temperatures above 800 °C are easily achieved already at 20 W laser power, while the alumina back plate remains several hundred degrees colder.



The electrochemical model cell is mechanically fixed and electrically contacted by clamps made from a Pt–Ir alloy. The upper half of the alumina cylinder (Figure 4, right) is covered with Pt to establish the electrical counter electrode contact. The reference electrode is contacted by a Pt-Ir wire, visible below the sample in Figure 4.




2.3. Fabrication of the Electrochemical Model Cell


The electrochemical model cell was fabricated using an yttria-stabilized zirconia 5 mm × 5 mm × 1 mm single crystal (CrysTec, Germany) as electrolyte, which has a protrusion on one side, to enable placement of a reference electrode, as schematically depicted in Figure 1. Numerical simulations have shown that this design is perfectly suited for determining half–cell overpotentials and impedance spectra [26].



The porous counter and reference electrodes, consisting of a Gd0.1Ce0.9O1.9-δ and a Pt layer were manufactured by brushing of pastes containing Gd0.1Ce0.9O1.9-δ or Pt particles, terpineol as solvent, and ethyl cellulose as organic binder. These layers were then sintered at 1150 °C for 3 h to form a porous structure with high surface area and therefore fast redox kinetics.



The investigated working electrode consists of a Nd0.6Ca0.4Fe0.9Co0.1O3-δ thin film, grown on the YSZ single crystal by pulsed laser deposition (PLD) subsequently to porous electrode fabrication. To achieve better electrical contacting, a Pt thin film grid was prepared by sputtering and lithography before deposition of the perovskite thin film, thus being embedded in the thin film working electrode to avoid additional catalytic effects of Pt. For more details regarding sample preparation, see, e.g., Reference [16].





3. Proof of Concept


3.1. Layout of Experiments


To demonstrate the performance of the NAP-XPS setup and novel sample-stage, the effects of gas phase, temperature, and bias voltage on a solid oxide working electrode are shown. To this end, the perovskite-type Nd0.6Ca0.4Fe0.9Co0.1O3-δ was exposed to different reaction conditions, while XPS, EIS, and MS were measured simultaneously. To set up the measurements, the electrochemical model cell with a Nd0.6Ca0.4Fe0.9Co0.1O3-δ thin film electrode was transferred into the NAP-XPS system through a load-lock. Subsequently, the sample was secured on the sample-stage. In order to minimize gas phase scattering of photo-electrons at the measurement position, the distance between sample and analyzer nozzle was set to 0.5 mm. For the respective experiments, either pure O2 or a H2O/H2 gas mixture was introduced into the experimental chamber in flow mode and the sample was heated from the back side as indicated in Figure 1.



After transfer into the NAP–XPS system, the sample surface usually contains significant amounts of adventitious carbon and carbonate species or other atmospheric contaminants. Therefore, the oxidation state of metal ions is not exactly defined [27]. To ensure a defined starting point for the electrochemical cells, an oxidation treatment was performed at elevated temperatures (400 °C at 1 mbar O2 with a flow rate of 3 mL min−1).




3.2. MS Results


Figure 5a shows the MS data from the oxidative treatment. It takes approximately 30 min to reach steady state conditions where no pressure and gas phase changes are detectable. This timespan takes temperature dependent shifts in account, which lead to small shifts of the sample–nozzle distance, which can in turn change the absolute XPS intensity. At steady state conditions, XPS and EIS were measured. Three different signals are visible: steady O2 and O signals (atomic oxygen is produced in the MS as an artefact of the ionization method) and the signal of CO2, decreasing over time [28]. Remaining surface carbon (impurities on the sample surface due to exposure to air) was converted to CO2 which is detected by MS. After 90 min the CO2 signal is at its detection limit indicated by the dashed black line in Figure 5a. The C1s photoelectron spectrum in Figure 5b depicts the amount of carbon on the sample before and after the end of the oxygen treatment where carbon was effectively removed.



After oxidation, the sample was cooled down in O2 and the measurement chamber was pumped out. Subsequently, the gas phase was changed to reducing conditions by switching to 0.7 mbar H2 + H2O with a ratio of 32:1 with 3 mL min−1 flow. After heating the sample for 30 min, a steady state both in gas phase composition and temperature was observed again and the XPS and EIS measurement were performed. The aim was to investigate, if these conditions are sufficient to (partially) reduce Fe and/or Co B–site cations in the perovskite host lattice and to trigger exsolution of metallic nanoparticles [29].



To reduce Fe and Co more strongly, the temperature was increased from 500 °C to 600 °C (cf. Figure 6a). Finally, a bias voltage of −250 mV was applied to the working electrode in order to further reduce the perovskite and enhance exsolution (shown in Figure 6b).



The detected MS signal does not significantly change when bias is applied to the system. While the perovskite working electrode catalyzes H2O splitting, H2 is oxidized at the counter electrode, which means the net atmospheric composition does not change. This indicates that the gas phase composition is rather homogeneous in the experimental chamber, due to the rather high diffusion coefficient of the gas phase species at 0.7 mbar. The small increase of the H2 signal in Figure 6b occurred due to a slight change in the H2 flow rate. To predominantly detect the gas composition close to the working electrode, the nozzle will be moved closer to the sample in follow–up experiments. However, there is an expected trade-off between the intensity of XPS signals and MS sensitivity.




3.3. NAP-XPS Results


NAP–XPS spectra of Fe2p peaks are presented in Figure 7. Recording, calibrating, and fitting of the spectra were done with the software package Casa XPS provided by SpecsTM (Specslab, Berlin, Germany). Binding energies were calibrated by referring to the 1s signal of adventitious C (C1s at 284.8 eV) and for the region a Shirley background was used. The Fe2p 3/2 oxide peak was fitted with two components that both represent oxidized iron and account for the strong asymmetry of the Fe2p 3/2 peak. A clear assignment of both components to Fe2+ (710.3 eV, shown in blue) and Fe3+ (712 eV, shown in green) oxidation states is not possible, because the ratio of both components does not significantly change between oxidizing and reducing gas phases, although this would be expected from the defect chemistry of related ferrite perovskites [30,31]. The metallic contribution to the Fe2p 3/2 peak can be usually clearly distinguished as shown in [32] (red, 706.6 eV to 708.4 eV), however it is not clearly visible at 500 °C or less, but increases in intensity with more reducing conditions (e.g., higher temperature and cathodic bias). At 600 °C, this Fe signal becomes more strongly pronounced, with about 4% of the total Fe signal. When a cathodic bias of −250 mV is applied to the system, Fe is further reduced, and the Fe0 component is increased from 4% to 17% of the overall Fe signal. This correlates with the reported exsolution effect which was observed in recent works [29].



For Al-Kα lab sources, the Co2p region overlaps with an AUGER signal of Fe (LMM). To fit the Co signal, Nd0.6Ca0.4Fe0.9Co0.1O3-δ and Nd0.6Ca0.4FeO3-δ without Co–doping were compared to obtain positions and intensity restraints for the metallic Co and the Co oxide peaks. By doing so, the signals still can be fitted although overlapping with the AUGER signal, but one has to accept a somewhat higher error of the fit result. Nevertheless, the signal at 778 eV in Figure 8 can be attributed to metallic Co. During the experiment, its evolution was monitored. Starting at 400 °C in O2, no metallic Co signal could be detected. By switching to reducing atmosphere and 500 °C, the metallic Co contribution becomes visible, and it grows with increasing temperature as well as with applied bias to a value of 17% of the total Fe 2p signal.



A comparison of the ratio of Fe metal to Co metal is presented in Table 1. The table clearly shows how Co is predominantly exsolved at 600 °C. This leads to an increase in metallic Co to metallic Fe ratio at the surface. At 600 °C and with applied bias voltage, Fe is exsolved as well. Thus, the ratio is now similar to that at the start (500 °C). Both Co and Fe precipitates are present on the surface after this last experimental step.



In Figure 9 the O1s spectra are shown with three components fitted for the respective experiments. These three components are generally observed on ferrite and cobaltite perovskites [16,22,33], but the interpretation of their presence is not entirely conclusive in literature. Almost all studies identify the low energy component at 529.3 eV as lattice oxygen (red in Figure 9). The two other components were proven to be located mostly at the surface, and the species could be assigned to hydroxides (OH−, 530.2 eV, blue) and sulphate (SO42−, 532.6 eV, green), respectively. The exact position of the O1s peak in perovskites (ABO3 structure) depends on the A and B species as well as the doping [34,35].



SO42− is stable on the perovskite up to 500 °C, however, it decomposes at 600 °C. The hydroxide component does not respond to the change in gas phase between 400 and 500 °C. Its signal increases when heating to 600 °C under reducing conditions and grows further when a bias voltage of −250 mV is applied to the working electrode. The increase in hydroxide seems to correlate with the increased amount of exsolved Co/Fe and thus with increased surface reactivity towards hydrogen activation as reported earlier [17].



In summary, the NAP-XPS results reveal a sequential Co (Figure 8) and Fe (Figure 7) exsolution. Depending on the chemical potential of the gas phase (i.e., strength of reduction), first only Co is reduced–only at higher temperatures and when applying a potential, significant amounts of Fe are reduced and exsolved as well. Consequently, a signal of metallic Co at 778 eV is already observed in H2/H2O at 500 °C. When raising the temperature to 600 °C the amount of metallic Co is increasing, but only minor amounts of metallic Fe at 707 eV could be observed. Only when applying −250 mV bias voltage, larger amounts of Fe were observed. To clearly distinguish the formation of a combination of pure Fe and Co nanoparticles from formed FeCo alloy particles, further investigations would be needed.




3.4. Electrochemical Characterization


Electrochemical impedance spectra were acquired simultaneously during XPS characterization. When doing EIS, a small AC voltage (of the order of 10 mV) is applied to the cell, in order to drive the defect chemistry and surface reaction slightly out of equilibrium. The magnitude and phase of the O2− ion current in the electrolyte is then measured as a function of frequency. Due to the small AC voltage, the sample surface chemistry remains virtually unchanged by the EIS measurement. Typically, EIS spectra are plotted in the complex plane (commonly called Nyquist plot), where each data point corresponds to a measurement at a different frequency (Figure 10).



This additional electrochemical experiment yields valuable supplementary information. The impedance spectra exhibit a high frequency real axis intercept of 12,000 Ω at 500 °C and 1200 Ω at 600 °C. This axis intercept correlates with the resistance of oxide ion conduction through the YSZ electrolyte. Therefore, the ionic conductivity determined by EIS (and the geometry of the electrolyte) can be used to directly obtain the temperature of the model cell via the known conductivity-temperature relationship of YSZ (see for instance Ref. [25]). This analysis gives a cell temperature of 510 to 520 °C, while the thermocouple indicates 600 °C. In addition, impedance spectra exhibit a dominant semi-circular arc at low frequencies. In the spectrum acquired at 500 °C, only a fraction of this arc is visible. A smaller impedance arc corresponds to higher oxygen exchange (H2 oxidation or H2O splitting) activity [36,37], so the smaller arc at 600 °C results from the thermal activation of the oxygen exchange reaction. It was previously shown that thin film electrodes with current collector typically have kinetics that are limited by the surface reaction [16,37]. In this case and at open circuit conditions, the electrode arc diameter (Rpol), one can also calculate the equilibrium rate of the H2 oxidation/H2O splitting reaction (     R  e q    →   ) on the electrode surface, according to Equation (1) [38,39].


     R  e q    →  =   R T      (   n e  F  )   2     R  p o l    A     



(1)




where R is the gas constant, T is the temperature, F is the Faraday constant, ne is the number of electrons transferred during the reaction (   n e  = 2  ), Rpol is the polarization resistance (i.e., the low frequency impedance arc diameter), and A is the electrode surface area. With applied bias, the impedance arc size decreases strongly, which is the common behavior of a non-linear electrode resistance. In addition, a further activation effect may be observed here due to the increased concentration of catalytically active metallic Fe and Co particles [17]. For an unambiguous separation of both effects, additional electrochemical experiments would be needed, which is beyond the scope of the present paper. Due to the non-equilibrium conditions, instead of the equilibrium exchange rate, the net reaction (H2O splitting) rate    R  n e t     can be calculated from the DC current by Faraday’s law.    R  n e t   =  I  D C   /  n e  F A  . Lastly, when fitting the data with an equivalent circuit (depicted in the inset of Figure 10), the capacitance of the impedance arc (Cchem) can yield valuable information about the concentrations of point defects in the bulk. For acceptor doped ferrite perovskites, which have a relatively large amount of oxygen vacancies in reducing conditions, and relatively few reduced (from 3+ to 2+) Fe or Co ions, the amount of reduced ions can be calculated by Equation (2) [30,40].


    [ F e + C o ]   2 +   =   R T  C  c h e m      F 2  V    



(2)




where Cchem is the chemical capacitance derived from EIS fitting and V is the volume of the thin film electrode.



The results of these calculations are summarized in Table 2. The overall merit of combining EIS with XPS is resulting complementary data. One striking feature of the model system is that the concentration of Fe2+ determined from XPS is much higher than that estimated from EIS. These results do, however, not contradict each other, but rather show a surface enrichment of reduced cations. Enrichment of reduced cations on the surface is well known for ceria [41,42], and was also suggested for the ferrite perovskite La0.6Sr0.4FeO3-δ [16]. Additionally, correlating surface chemistry with equilibrium oxygen exchange kinetics (from Rpol at Open Cicruit Voltage–OCV) or the net reaction rate (from IDC with applied bias) helps to identify catalytically active species (or even potential catalyst poisons).





4. Conclusions


A novel sample-stage for lab-based NAP-XPS systems is presented, enabling simultaneous in-situ NAP-XPS measurements, catalytic characterization, and electrochemical characterization by EIS. The system can operate in a wide temperature range due to a combination of sample heating by infrared laser with a water-cooled analyzer nozzle. Therefore, catalytic reactions can be followed from room temperature to 1000 °C—the sample-stage is optimized for long-term measurements at temperatures up to 800 °C. Catalytic reactivity is monitored via a MS built into the second differential pumping stage of the analyzer. The electrical sample connectors of the setup enable impedance spectroscopy in 3-electrode geometry, which is used to apply bias to the sample and acquire half–cell impedance spectra and electrode overpotentials.



The capabilities of the setup were demonstrated by investigating a model three-electrode solid oxide cell with a perovskite-type oxide thin film electrode with the composition Nd0.6Ca0.4Fe0.9Co0.1O3-δ. We could prove that this measurement setup in combination with the sample-holder enables the simultaneous measurement of EIS and NAP-XPS. The presented data shows that ion mobility in the electrolyte as well as oxygen exchange activity increase with temperature and cathodic bias. The number of reduced ions (Co2+ and Fe2+) in the bulk grows when cathodic bias is applied in H2 + H2O atmosphere. Cathodic bias also leads to precipitation of metallic Fe to the surface. The presented NAP–XPS experiment shows sequential exsolution: Co is exsolved first at 600 °C in an H2 + H2O atmosphere at open circuit conditions, followed by Fe exsolution when an additional bias voltage of −250 mV was applied. These results demonstrate that with control of the chemical potential of the gas phase and with the applied bias the surface state and composition of catalysts can be precisely controlled.
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Figure 1. Schematic presentation of the sample during measurements. Top: nozzle with port of the near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) analyzer. Middle: sample with connections for electrochemical impedance spectroscopy (EIS) measurement. Bottom: laser heating. 
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Figure 2. Sample–stage (mounted on a CF 63 Flange) with sample-holder (quartz trapeze) and sample. 
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Figure 3. Near–IR 980 nm 100 W continuous wave laser mounted at the sample-stage feedthrough. On the left side, the tilted window can be seen. In the middle, the laser mount is visible. The silver tube on the right side is the collimator for the laser. All parts are encased in an aluminum box for laser safety reasons. 
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Figure 4. On the left side (a), the sample-stage with sample-holder (1) mounted onto the copper cooling block (2) is shown. Stainless steel shields (3) were used to fix the sample-holder against the water-cooled copper block. In the bottom of the picture, the black nozzle (4) of the analyzer in front of the sample is visible. The right picture (b) depicts the investigated sample with perovskite (Nd0.6Ca0.4Fe0.9Ca0.1O3-δ) thin film electrode mounted on the sample-holder (5). Connections towards the working electrode (6), reference electrode (7), and counter electrode (8) are visible. The thermocouple enters the back-plate at (9). 
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Figure 5. (a) MS data recorded under oxidizing conditions after introducing the sample into the NAP-XPS System. The perovskite was heated to 400 °C and exposed to 1 mbar O2, flow 3 mL min−1. The CO2 signal decreases due to the removal of carbon traces from the surface. (b) C1s XPS of carbon before and after the end of this oxygen treatment is shown. The amount of carbon was reduced below the XPS detection limit. 
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Figure 6. MS taken during exposure to H2 + H2O with a ratio 32:1 at 600 °C. (a) No bias voltage and (b) −250 mV bias voltage were applied. An increase in H2 (shown between the dashed lines) occurs due to a slight adjustment of H2 flow rate. 
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Figure 7. Fe2p 3/2 signals for each experiment step. The contributions are assigned to Fe0 (red) and a combination of two components for the asymmetric oxide peak (blue and green). The sample was first heated in O2 to 400 °C. Then, the gas phase was switched to H2 + H2O at 500 °C. In a next step the temperature was increased to 600 °C. Finally, a bias voltage of −250 mV was applied. A stepwise increase of the contribution of metallic Fe is clearly visible with increasing strength of reduction. 






Figure 7. Fe2p 3/2 signals for each experiment step. The contributions are assigned to Fe0 (red) and a combination of two components for the asymmetric oxide peak (blue and green). The sample was first heated in O2 to 400 °C. Then, the gas phase was switched to H2 + H2O at 500 °C. In a next step the temperature was increased to 600 °C. Finally, a bias voltage of −250 mV was applied. A stepwise increase of the contribution of metallic Fe is clearly visible with increasing strength of reduction.



[image: Crystals 10 00947 g007]







[image: Crystals 10 00947 g008 550] 





Figure 8. Co2p signal. Although the signal overlaps with the AUGER signal of Fe (LMM), metallic Co (778 eV, red) and Co oxide species (780 eV, blue) can still be resolved. After switching the gas phase from oxidizing to reducing conditions, a clear metallic Co shoulder becomes visible. The metallic Co contribution grows further with increasing temperature and applied bias. 






Figure 8. Co2p signal. Although the signal overlaps with the AUGER signal of Fe (LMM), metallic Co (778 eV, red) and Co oxide species (780 eV, blue) can still be resolved. After switching the gas phase from oxidizing to reducing conditions, a clear metallic Co shoulder becomes visible. The metallic Co contribution grows further with increasing temperature and applied bias.



[image: Crystals 10 00947 g008]







[image: Crystals 10 00947 g009 550] 





Figure 9. NAP–XPS spectra of the O1s region. From top to bottom: The sample was first exposed to O2 and heated to 400 °C. Then, the gas phase was switched to H2 + H2O with a ratio of 32:1 while the temperature was increased to 500 °C and subsequently to 600 °C. Finally, a bias voltage of −250 mV between working and counter electrodes was applied. The sulphates decomposed when increasing the temperature to 600 °C. With increasing reduction of the sample, the hydroxide species increased. 
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Figure 10. Impedance spectra of the WE half–cell (i.e., WE vs. RE), measured in H2 + H2O atmosphere at different temperatures and with applied bias. 
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Table 1. Cross section corrected ratio of metallic Co0 and metallic Fe0.
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	Ratio Co0/Fe0





	0.7 mbar H2 + H2O, 500 °C
	0.6



	0.7 mbar H2 + H2O, 600 °C
	2.5



	0.7 mbar H2 + H2O, 600 °C, −250 mV bias
	0.5










[image: Table] 





Table 2. Comparison of polarization resistances, equilibrium rates, and Fe and Co species contents determined by EIS and NAP-XPS under different experimental conditions.
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	Conditions
	Rpol (Ω)
	      R  e q    →     (mol cm−2 s−1)
	Fe2+ + Co2+ (EIS)
	Fe0 (XPS)
	Co0 (XPS)





	O2
	-
	-
	-
	0%
	0%



	H2 + H2O 500 °C
	147,000
	   5.5 ·   10   − 8     
	0.4%
	<3%
	7%



	H2 + H2O 600 °C
	36,000
	   2 ·   10   − 7     
	0.36%
	<4%
	42%



	H2 + H2O 600 °C, −250 mV bias
	3600
	  7 ·   10   − 6     (net reaction)
	2.2%
	17%
	49%
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