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As combinatorial and computational methods accelerate the identification of potentially suitable thermochemically-active oxides for use in solar thermochemical hydrogen production (STCH), the onus shifts to quickly evaluating predicted performance. Traditionally, this has required an experimental setup capable of directly carrying out a two-stage thermochemical water-splitting process. But this can be a difficult endeavor, as most off-the-shelf equipment cannot adequately deal simultaneously with the high temperatures, varying oxygen partial pressures, and high H2O partial pressures required; achieving sufficient temporal sensitivity to accurately quantify the kinetics is also a major challenge. However, as proposed here, a less complicated experiment can be used as a first screening for thermochemical water splitting potential. Temperature-Programmed Thermal Redox (TPTR) using thermogravimetry evaluates the thermal reduction behavior of materials. This technique does not require water splitting or CO2-splitting analogs but can nonetheless predict water-splitting performance. Three figures of merit are obtained from the TPTR experiment: reduction onset temperature, extent of reduction, and extent of recovery upon reoxidation. These metrics can collectively be used to determine if a material is capable of thermochemical water-splitting, and, to good approximation, predict whether the thermodynamics are favorable for use under more challenging high-conversion conditions. This paper discusses the pros and cons of using TPTR and proposes a protocol for use within the STCH community.
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INTRODUCTION
Solar thermochemical water splitting (STCH) is an emerging technology that can be used to produce hydrogen gas from steam using thermal energy from the Sun via a two-step reduction and oxidation cycle (Bayon et al., 2020). While STCH has been shown to have theoretically high efficiencies (Steinfeld, 2005; Wang et al., 2012; Cheng et al., 2021), these values have yet to be attained in practice (Muhich et al., 2018), in part due to the thermodynamic limitations of the ceramic oxide materials used to perform the water splitting. The current state-of-the-art material for STCH is fluorite-structured ceria (CeO2) (Lu et al., 2019), however perovskite oxides also hold much promise due to their thermodynamic tunability, thermal and chemical stability over a wide range of temperatures and oxygen nonstoichiometries, and their compositional versatility (Scheffe and Steinfeld, 2014).
Many perovskite oxides have been explored in the context of STCH already (McDaniel et al., 2013; Barcellos et al., 2018), however benchmarking their performance relative to ceria is often a lengthy and unstandardized process. Efforts have been made to streamline the exploration of new STCH materials by comparing the oxygen vacancy formation energies (Ev) of prospective compounds relative to ceria [e.g., through thermodynamic computations using HSC (Abanades et al., 2006) and DFT (Emery et al., 2016; Bartel et al., 2019; Sai Gautam et al., 2020)] or by running thermochemical splitting experiments via thermogravimetry (TG) with CO2 analogs (Nair and Abanades, 2018). However, these methods are often complex, time intensive and/or fall short of correctly predicting the water-splitting capability. Thus, it would be beneficial to the STCH community to find a new screening method that is relatively quick, simple, and provides sufficient information to reasonably predict a prospective material’s water splitting potential. Here, we adopt a modified temperature-programmed reduction (TPR) methodology to quantify redox thermodynamics for this purpose.
TPR is most commonly associated with catalysis research (Hurst et al., 1982; Jones, 1986). In a typical TPR experiment, a sample is exposed to a flowing gas environment containing a reductant (hydrogen is the most prevalent) while the temperature of the sample is changed. The gas composition is monitored at the outlet of the reactor and the resulting changes in reductant concentration provide a “fingerprint” of the catalytic behavior. Other TPR implementations instead track changes in the mass of the sample being reduced or pressure changes in the reaction chamber.
In contrast to the general TPR approach described above, the TPR approach recommended for STCH materials discovery involves thermal rather than chemical reduction and incorporates a reoxidation step. To avoid confusion, it is therefore proposed that this technique be termed Temperature-programmed Thermal Redox (TPTR). TPTR offers significant benefits for STCH materials discovery as it is rapid (5.5 h per sample with only a few minutes of experiment setup) and it can be run on virtually any standard TG instrument without the need to add gas detection or advanced gas switching capabilities.
To illustrate the TPTR protocol, this study focuses on six candidate STCH compositions that span a broad range of possible STCH-relevant thermodynamic behavior. Three of the chosen compositions are perovskite structured manganates; Sr0.95Ce0.05MnO3−δ (SCM05), Sr0.9Ca0.1Ti0.7Mn0.3O3−δ (SCTM9173), and Sr0.7Ca0.3Ti0.7Mn0.3O3−δ (SCTM7373). The two SCTM compositions were identified using the predicted performance from a STCH related Materials Project contribution (Vieten et al., 2019). Notably, the two end members STM and CTM were also later shown to be promising STCH candidates (Qian et al., 2020; Qian et al., 2021). In contrast, SCM05 was originally part of a broader study of the water-splitting SCM family (Bergeson-Keller et al., 2022), but it was predicted to have poor water splitting performance compared to higher Ce-content SCM compositions. In addition to the three manganates, two barium niobium ferrites, the double-perovskites Ba2FeNbO6−δ (BFN), and Ba2Ca0.66Nb0.68Fe0.66O6−δ (BCNF), were selected due to the former’s photocatalysis and CO2 reduction potential (Voorhoeve et al., 1974; Zhang et al., 2017). Finally, CeO2 (ceria) was included as a known state-of-the-art STCH material (Chueh et al., 2010) for comparison.
All compositions were screened using TPTR and the results analyzed using several different normalizations. The materials were also tested using an actual water-splitting test-stand to evaluate their water-splitting performance. The results from the two techniques were used to define target windows for the proposed figures of merit. This work will show that TPTR can accurately predict the water-splitting performance of new materials without the need for large sample quantities or specialized equipment.
EXPERIMENTAL
Powder Synthesis and Characterization
Powders used for this study were synthesized except for CeO2, which was purchased (99.99% purity). SCM05 was synthesized via the sol-gel modified Pechini method described in detail elsewhere (Shang et al., 2013). Briefly, stoichiometric amounts of transition metal nitrates were weighted and dissolved in aqueous solution. Citric acid and Ethylenediaminetetraacetic acid (EDTA) were added to the solution as complexing agents in ratios of 3:1 to the metal cations. The reactants were dissolved in deionized water and ammonium hydroxide to achieve a pH close to 9, then the solution was heated to 350°C and stirred continuously until it became gelatinous. Finally, the gel was dried in a furnace held at 125°C overnight and calcined in air at 800°C for 10 h, then at 1,400°C for 5 h using a ramp rate of 5°C/min, and ground into a fine powder using a mortar and pestle.
The other compositions were synthesized using a solid-state reaction method. Briefly, stoichiometric amounts of various carbonates and oxides were mixed and dry planetary milled for 24 h then dried in air on a hot plate. The two SCTM compositions were pressed into pellets before calcination in air (500°C for 1 h, then 1,300°C for 12 h). The ferrites were directly pre-calcined (1,000°C for 10 h) before being wet planetary milled for 12 h then pressed into a pellet and calcined at 1,400°C for 10 h.
Powder X-ray diffraction (XRD) was conducted using Cu-Kα radiation (PANalytical/X’Pert PRO MPD, λ = 1.5406 Å, 2θ = 20–120°, 0.016 s−1 scan rate, 45 kV/40 mA output) and the target phases were confirmed via Rietveld refinement using Fullprof software.
TPTR
Overview of Necessary Equipment
In general, almost any TG is capable of TPTR. If the furnace has a suitable maximum temperature (>1,300°C for reasonable results) and the reactor chamber can be purged of oxygen to at least an oxygen partial pressure of 1 mbar (although lower than 0.001 mbar is preferred), most of the TPTR protocol can be followed. Realtime oxygen sensing, either with a mass spectrometer or an oxygen sensor is helpful, especially for quantifying the actual reaction chamber pO2, but this is not required. To fully carry out the experimental protocol, the TG should also be capable of changing gas environments while at temperature: specifically, flowing oxidizing gasses at temperatures of <1,000°C1. Most commercial TG balances have adequate resolution for TPTR as the experiments are designed to push the sample to high levels of oxygen non-stoichiometry. For instruments that have lower sensitivities, increased sample masses can often overcome this limitation (this and other sample considerations are discussed in more detail below). Unlike experiments designed to accurately capture the thermodynamics of reduction, TPTR is not as concerned with lower temperature non-stoichiometry behavior. For this reason, the need to control the chamber pressure using a back-pressure regulator is less important. Such regulation is far more important for long duration tests (tens of hours or days) and small mass losses (<100 μg).
Experimental Sample Considerations
Best results come from powder samples that have already experienced temperatures at least as high as those of the Tred step. This requirement is typically satisfied by the calcination procedure used during synthesis. This thermal stability requirement acts as an initial screen in case the composition cannot survive the temperatures used in the TPTR test (either due to decomposition, metal volatilization, or even melting). Particle size is not critically important, as long as the particles are <500 μm. Fine particles, like those that result from sol-gel synthesis, will give results closer to equilibrium, but in deeper powder beds, a fine powder size can lead to unreliable results due to gas diffusion effects. Sintering can also occur when using small powder sizes, although typically this has a relatively minor effect on the results.
Typical Experimental Conditions and Considerations
The TPTR experiments discussed in this study were conducted using a Setaram TGA (Setsys Evolution). Between 50 and 75 mg of sample powder was loaded into a platinum or alumina crucible. An initial oxygen burnout/reoxidation was performed in air up to 800°C and then the sample was cooled. The TPTR run begins with a ramp at 20°C min−1 to 1,350°C with a soak for 1 h in Ultra High Purity (UHP) N2 at a flow rate of 100 sccm while the mass change due to thermal reduction is continuously monitored. The sample is then cooled at 20°C min−1 to 1,000°C and air is subsequently introduced for another hour to measure the reoxidation behavior, before finally cooling to 25°C at 10°C min−1. Buoyancy effects are subtracted using a blank run of dense alumina balls of similar volume as the powder sample. Temperatures for the reduction and oxidation steps should be chosen based on the type of STCH cycle that is being investigated—here 1,350 and 1,000°C respectively, although higher or lower temperatures can also be examined. Many of the other parameters are chosen for convenience and can be adjusted with some consideration.
The optimal mass of sample is typically dictated by crucible volume, bed depth, and balance sensitivity. In principle, researchers should aim to use a sample mass and crucible configuration that produces a total mass loss two orders of magnitude larger than the noise floor of the instrument while yielding the shallowest possible bed depth to minimize gas diffusion effects. Higher signal-to-noise ratios are preferable, but not required. Exceptionally large amounts of sample can negatively impact test results. If powder beds are too deep, evolved oxygen may have trouble diffusing out of the bed, thereby elevating the local oxygen partial pressure and suppressing reduction. Even if the oxygen can escape the local sample area, if it cannot be properly swept out of the reaction chamber, oxygen build-up can again suppress reduction—thus the total volume of sample relative to the volume of the reaction chamber and the sweep-gas volumetric flow rate is also an important consideration.
The concerns discussed above motivate careful consideration of the impact of gas flow rates and heating rates. While low flow rates can assist in creating better TG traces, if the rate is too low, oxygen can accumulate in the chamber as mentioned above. Similarly, heating rates that are too fast can introduce a temperature lag into the sample (the reported temperature of the sample is not the actual temperature due to thermal diffusivity effects) and may also not allow enough time to sweep away evolved oxygen.
Because of the above considerations, it is recommended to run a couple of known samples under various experimental conditions to ensure that all necessary behavior is being captured. Ceria is a good choice to ensure that sample masses are adequate to capture low-reduction behavior. A few runs with decreasing amounts of sample can be used to identify when the mass loss can no longer be reliably measured. Most perovskites, especially an easily reduced compound like SCM05, will likely expel enough oxygen during reduction to affect the local oxygen partial pressure. A few experiments subjecting a known, easily-reduced STCH oxide (e.g., SCM05 or SraLa1-aMnbAl1-bO3−δ) to increasing flow rates of gas can be used to identify a sufficiently high flow rate such that the amount of reduction remains constant from run to run, thereby ensuring that oxygen accumulation is not impacting results.
Water-Splitting Tests
Sandia National Laboratories’ stagnation flow reactor (SFR) was used for water-splitting performance testing. The reactor employs a laser-based sample heater and utilizes a mass spectrometer downstream from the reactor to measure evolved gases (minus water). The details of the system have been published elsewhere (Scheffe et al., 2011; McDaniel et al., 2013). Briefly, approximately 100 mg of each of the powder samples are placed on a zirconia platform forming a loosely-packed shallow bed, and the reactor is heated to an oxidation temperature (Tox) of either 850°C or 1,000°C under UHP Ar atmosphere. Samples are heated by the laser at a controlled rate of 10°C/s from Tox to a reduction temperature (Tred) of either 1,350°C or 1,400°C, where they are held for 330 s. Upon turning off the laser, the samples cool to Tox in a matter of seconds, minimizing the potential for reoxidation with any trace amount of O2 still in the chamber. 40 vol% water vapor in Ar gas flow is introduced to the system to initiate reoxidation. Reoxidation is conducted for 1,200 s. The total amount of H2 produced is calculated by integrating the baseline-corrected mass spectrometer signal over the entire gas evolution envelope. Two additional redox cycles are then executed without a complete reoxidation in air.
RESULTS AND DISCUSSION
The TPTR results for the six compositions in this study are shown in Figure 1. The original mass traces were converted and normalized to δ using Eq. 1:
[image: image]
where Δm is the mass change, moxide is the initial mass of sample oxide, and Moxide and MO are the molar mass of the oxide and atomic oxygen, respectively. The sign is reversed so that positive values signify increases in δ. Other normalizations can be used, as discussed later. Rather than relying on qualitative evaluation to make determinations on STCH suitability, we advocate quantitative analysis of the TPTR results using three calculable figures of merit. An in-depth example illustrating the calculation and interpretation of these three figures of merit is provided in following sections.
[image: Figure 1]FIGURE 1 | (A) TPTR results for the six compositions of interest. (B) Visual descriptions of the three figures of merit for SCM05.
Figures of Merit
Onset Temperature
The first proposed metric is the reduction onset temperature. The onset temperature is a construction borrowed from other thermal analysis techniques that investigate thermally activated reactions and processes. However, since reduction is a continuous thermal process (there is no sharp and distinct temperature onset for reduction in contrast to melting or solid-state phase changes), we consider here a modified application of the concept. Rather than attempting to determine the temperature at which the first measurable reduction occurs, we suggest using the temperature at which the extent of reduction reaches 0.01 (Figure 2A), or in cases where the room temperature non-stoichiometry is non-zero, when the thermal reduction component reaches 0.01. The onset temperature is closely correlated with the enthalpy of reduction (related to the formation enthalpy of oxygen vacancies), so higher reduction enthalpies should correspond to higher onset temperatures.
[image: Figure 2]FIGURE 2 | Highlight plots of the relevant experimental data regions for the three figures of merit: (A) Onset Temperature, (B) Extent of Reduction, and (C) Recovery (calculated percentage of reoxidation at 1,000°C is also listed).
For the compositions investigated here, only two had an onset temperature below 800°C (BCNF and SCM05). Most high-potential water splitting materials exhibit reduction onset temperatures of at least 800°C, although as will be seen later there are examples of active water-splitting materials with reduction onset temperatures as low as 625°C. Thus, the reduction onset temperature metric cannot be used in isolation to evaluate water splitting potential. At the other end of the spectrum, ceria’s onset temperature of 1,300°C is consistent with its nonviability for cycles designed around lower reduction temperatures. Favorable reduction onset temperatures between 800 and 1,000°C are observed for the remaining three compositions (SCTM7373, SCTM9173, and BNF).
Extent of Reduction
The second proposed figure of merit focuses on the total extent of reduction at the temperature of interest (in the investigations illustrated here, that is a Tred of 1,350°C). It is best evaluated at the end of the high temperature reduction soak (Figure 2B). This metric is more straightforward and intuitive than reduction onset temperature. It captures the degree of non-stoichiometry achieved for a given material at the given Tred. If evaluated as a function of soak-time, it can also provide some insight into the kinetics of the reduction process, although due to the many variables that influence kinetics, both from a material and experimental standpoint, kinetics is not considered in this screening method. In most cases, the optimal target for this metric is rapid equilibration to a moderate level of reduction. Higher levels of reduction typically signify that the material is too easily reduced and thus it is unlikely to reoxidize under water-splitting conditions. Low extents of reduction mean that the per-cycle hydrogen yield is likely to be too low for viability. This is examined in more detail later.
Ceria and BNF have extent of reduction values that are likely too low for viable water splitting potential, while the extent of reduction value for SCM05 is likely too high. Although BCNF has an attractive extent of reduction, its extremely low reduction onset temperature suggests that it is not a viable candidate. This again leaves the SCTM compositions as the most favorable candidates.
Recovery
The final figure of merit concerns the reoxidation behavior. Because reoxidation occurs in air rather than steam in this protocol, the reoxidation metric does not provide direct insight into the oxidation behavior of a material under actual water-splitting conditions. The potential to split water is best evaluated using the first two metrics, which more closely correspond to the thermodynamic potential for water splitting. Thus, this reoxidation metric, which we term “recovery”, is instead best used to provide insight into the cyclability and stability of a candidate material. Like extent of reduction, this metric is best evaluated after the high-temperature reoxidation soak (Figure 2C) and can either be evaluated as the δ value or as a percentage of the extent of reduction. A perfect result is a return to the zero δ or zero Δδ condition (or 100% recovery). In some cases, this value will be either greater or less than the extent of reduction, in which case a secondary metric at room temperature can be informational. If the mass returns to the initial value only upon fully cooling to room temperature, this implies that full reoxidation cannot occur at Tox even with air as an oxidant; reoxidation in steam will therefore likely be greatly limited, and thus per cycle hydrogen production will be low or non-existent. If the material does not fully reoxidize even after reaching room temperature, the material is likely either unstable or has undergone an irreversible phase change. This is seen in the case of BaCe0.25Mn0.75O3 (BCM) (Figure 3): an initial phase change leads to an incomplete reoxidation during the first measurement cycle, however, subsequent cycles do not show the same behavior as the material retains its new phase and the redox behavior stabilizes.
[image: Figure 3]FIGURE 3 | Cycles of TPTR in BCM (Barcellos et al., 2018). adapted and used by permission of The Royal Society of Chemistry.
Considering the 6 materials tested here, BCNF shows poor recovery with a final value of ∼0.18. When compared against its extent of reduction value of ∼0.25, this gives a relative recovery of only 32%, strongly reinforcing the conclusion that BCNF is a nonviable candidate for STCH application. Similarly, the 67% recovery metric determined for BNF, when taken in concert with its low extent of reduction, suggests it is also not likely to be a promising water splitting candidate. In contrast, SCTM9173 nearly reaches 100% recovery, suggesting that it is therefore very likely to split water and maintain stability during cycling. Finally, SCM05 and SCTM7373 yield recovery values of 98 and 93%, suggesting that they also show promising cyclability and may provide sufficient reoxidation potential under water splitting conditions for continued consideration. Ceria’s seemingly low 88% recovery is more a function of the low extent of reduction and resulting measurement uncertainty. The final δ of 0.002 is low enough to be essentially zero and can be considered 100% recovery.
Examining Alternative Normalizations
The TPTR trace analyses discussed so far are based on a normalization of the moles of oxygen released per mole of sample oxide. This is convenient since it is equivalent to δ, but there are potential issues with this normalization approach. Built into this normalization is a bias against compositions with less oxygen per formula unit (e.g., ceria’s two oxygens vs. BCNF’s six). Alternative options for normalization can shift the results of the figures of merit (mostly extent of reduction, the others are largely unaffected), potentially enabling a more representative analysis. Figure 4 compares four different normalization options; namely normalization by (A) moles of oxide, (B) mass of oxide, (C) moles of oxide oxygen, and (D) moles of oxide atoms. Oxide mass normalization (Figure 4B) leads to dramatic shifts in the BNF and BCNF traces, while the others are only modestly affected. The shifts between Figures 4A,B are simply due to the way the chemical formulae for the double perovskites are written (or how the unit cell is defined) and do not reflect any fundamental changes in materials behavior. For mass-based normalization, there will also be a bias towards lighter elements, although this does not appear to be a large driver in STCH viability. It is possible to remove both the formula and mass bias by normalizing with a metric that better captures the relative oxygen content of each material. One possibility is to normalize by the number of moles of oxygen in the oxide. This normalizes differences between simple oxides like ceria and complex oxides like BCNF and BNF. As shown in Figure 4C, this normalization procedure results in additional shifts for BCNF and BNF. Most of the other compositions remain unchanged since they are simple perovskites. Finally, as shown in Figure 4D, the normalization can be taken one step further so that all the atoms in the oxide, rather than just the oxygen atoms are used in the normalization. This makes a small difference for the simple fluoride ceria, but most other compositions remain unaffected compared to normalization by the oxygen-atoms only. Importantly, however, the total number of atoms has a strong influence on the heat capacity of a material, which unlike mass alone, is strongly correlated with STCH efficiency. For that reason, total atoms is increasingly viewed as the preferred normalization for hydrogen productivity, so we propose employing this normalization option (i.e., Figure 4D) for TPTR analysis as well.
[image: Figure 4]FIGURE 4 | Plots of four different normalization of the TGA data from the TPTR experiments: namely normalization by (A) moles of oxide, (B) mass of oxide, (C) moles of oxide oxygen, and (D) moles of oxide atoms.
Revisiting the figures of merit to account for the moles of oxide atoms normalization approach (Figure 5) shows that, with the exception of BNF, the order for onset temperature and recovery for the six oxides examined here do not change relative to the original normalization approach (although as expected, the actual magnitudes have changed such that target ranges need to be revised). The exception is the large increase in onset temperature for BNF. This is most likely an artifact of the dramatic change in slope of the low temperature portion of the curve between the two normalizations. BCNF and BNF show dramatic changes in the extent of reduction using the moles of oxide atoms normalization approach; under this normalization method, BCNF is seen to be a more attractive candidate than previously viewed, although its other figures of merit remain poor. Even with the modified normalization, BNF does not appear to be viable for STCH application.
[image: Figure 5]FIGURE 5 | Highlight plots of the relevant experimental data regions for the three figures of merit after re-normalization using moles of oxide atoms: (A) Onset temperature, (B) Extent of reduction, and (C) Recovery (calculated percentage of reoxidation at 1,000°C is also listed).
Correlation With Water-Splitting Performance
Five of the new compositions were sent to Sandia National Lab for water-splitting experiments using their SFR (SCM05 was estimated from data for higher ceria contents published in Bergeson-Keller et al.). By comparing the TPTR screening results to the SFR water splitting results, we identified target ranges for the three figures of merit that result in water splitting activity. Figure 6 plots a wide variety of compositions, both those obtained directly from this study as well as results from other relevant published materials, using the first two figures of merit as the coordinate axes (Figure 6A uses the simple normalization while Figure 6B uses the number of oxide atoms normalization). Table 1 summarizes all included materials and their hydrogen yields.
[image: Figure 6]FIGURE 6 | Comparison of water-splitting hydrogen yields for new compositions, along with other published results from same facility, using both normalizations; (A) moles of oxide, and (B) moles of oxide atoms. Symbol sizes represent the magnitude of hydrogen produced during actual water-splitting for two different redox temperature pairs. The maximum production, SCM30 under the higher temperature conditions, is listed on the plot for scale. Shading indicates the target window for onset temperature and extent of reduction (McDaniel et al., 2013; Barcellos et al., 2018; Barcellos et al., 2019; Bergeson-Keller et al., 2022).
TABLE 1 | Summary of hydrogen yields from water-splitting experiments.
[image: Table 1]The results show that low onset temperatures and high extents of reduction are indeed strongly associated with little or no water splitting. While there doesn’t appear to be a strong correlation between the hydrogen yields and position on either axis, there is nevertheless a clear clustering of the viable water-splitting materials. The cluster is tighter in Figure 6A, however the normalization in Figure 6B better predicts that BNF will behave like ceria. The shaded regions in Figure 6 encompass most of the materials that successfully split water, and thus can be used to establish target ranges for reduction onset temperature and extent of reduction.
What is not captured in this representation is how the production will change under more challenging oxidation conditions. As discussed elsewhere (Bayon et al., 2022; Li et al., 2022), there is a problem with most perovskite compositions as an excessive quantity of steam is needed to produce significant hydrogen. In most cases, steam-to-hydrogen ratios in excess of 500:1 are necessary for compositions like SLMA to split at all. This inefficiency has hindered the adoption of perovskites as viable STCH materials. Testing under ratios lower than pure steam has only been carried out for select materials in this study and a few others. As the results show in Table 1, only ceria and BCM continue to split water near the levels achieved under pure steam, all other drop to less than 32%. Interestingly, ceria and BCM lie at different ends of the target window. BCM may be an outlier, however, since most analysis strongly correlates higher reduction enthalpy values to improved performance under low steam-to-hydrogen ratio conditions (Muhich et al., 2018), which is also related to onset temperatures and extents of reduction closer to ceria than BCM (lower right corner of Figure 6).
Limitations and Pitfalls of TPTR
While TPTR is especially useful as a rapid screening method, it is not recommended as a replacement for actual thermochemical testing and/or thermodynamic studies. As stated previously, actual water-splitting capability correlates well with the TPTR predictions, but variations do occur, and two materials with similar TPTR results may nevertheless show significant differences in thermochemical activity and hydrogen production. We partly ascribe such discrepancies to a major limitation of TPTR: kinetic behavior is not fully captured. This is especially true for oxidation, where the use of air can mask problems in oxidation kinetics due to the larger required driving force and differing reaction mechanism(s) for reoxidation by water-splitting vs. simple reoxidation in air. Poor reduction kinetics can also mask true extent of reduction results. Another related limitation is that a full thermodynamic picture is not developed by the single set of conditions present in TPTR. Such testing is not meant to tease apart the enthalpic and entropic contributions for a given material, but rather give an indication as to whether such exploration is warranted.
Another limitation is that the TPTR screening test is most relevant to short, non-isothermal cycles. Materials designed for isothermal cycling or that rely on full phase changes would likely perform very poorly under these screening conditions. However, the basic premise of the TPTR screening procedure could be adapted by changing the experimental conditions to mimic isothermal redox cycling or use longer soak times to examine phase-change materials; it is possible that useful analogous figures of merit can be established for such scenarios.
Finally, one of the largest pitfalls of TPTR analysis, and non-stoichiometry analysis in general, is the complexity posed by multi-phase samples. If the sample of interest is not a single phase or undergoes decomposition into one or more new phases during the TPTR test, this can complicate or completely invalidate the screening results. The analysis is based on the implicit assumption that the entire sample behaves as a single redox-active phase. If a sample instead consists of an unknown mix of phases, each of which presents a different redox behavior, then the results require careful scrutiny. For example, if the redox active phase is a minority phase diluted by non-active secondary phases, the TPTR results will be skewed, especially the extent of reduction, which will be greatly underestimated. This may give false positives for compositions that would reduce too much if phase-pure or false negatives if the extent of reduction appears to be very low because only a small amount of redox active phase is present.
Equivalent Methods Using Other Experimental Techniques
A number of other experimental techniques can and have been used to produce similar evaluations of candidate STCH materials without resorting to direct water splitting tests. One alternative is to use a small plug flow reactor, preferably with a rapid heating furnace. Since the mass cannot be tracked in this case, the evolved gas is instead monitored to evaluate the amount of oxygen evolved during reduction and consumed during oxidation. This technique works best for evaluating the reduction process since the resulting sharp oxygen release signal peaks produced during reduction are easier to analyze than the low-signal sigmoidal curves produced by oxygen uptake during reoxidation. With additional complexity, a small solar simulator can be used to achieve similar reduction measurements (Charvin et al., 2007). While these and other techniques are capable of making analogous measurements of redox activity, our view is that they are generally more complex and/or require more specialized equipment than that needed for TPTR. Additionally, these alternative techniques often require far larger sample amounts than the <100 mg needed for TG screening.
CONCLUSION
Temperature-programmed thermal reduction (TPTR) provides a simple TGA-based single-run experiment that measures the redox behavior of a specimen under thermal reduction and reoxidation conditions relevant to STCH. As such, it provides valuable information that can be used to rapidly screen candidate STCH materials without the complexity associated with directly measuring water splitting performance. In this work, several unreported STCH candidates were screened using the TPTR technique, and their water-splitting potential was analyzed on the basis of three figures of merit: reduction onset temperature, extent of reduction, and reoxidation recovery. Target ranges for STCH viability were established by comparing the figures of merit to the actual measured water splitting behavior for a wide variety of materials. We hope that this demonstration motivates the community to consider TPTR as a standardized protocol for the exploration of new and promising STCH candidate oxide materials. For such consideration, a proposed protocol is given in the Supplementary Material S1.
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