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Abstract: High temperature water-gas shift (HT-WGS) is an industrially highly relevant reaction.
Moreover, climate change and the resulting necessary search for sustainable energy sources are
making WGS and reverse-WGS catalytic key reactions for synthetic fuel production. Hence, extensive
research has been done to develop improved or novel catalysts. An extremely promising material
class for novel highly active HT-WGS catalysts with superior thermal stability are perovskite-type
oxides. With their large compositional flexibility, they enable new options for rational catalyst design.
Particularly, both cation sites (A and B in ABO3) can be doped with promoters or catalytically active
elements. Additionally, B-site dopants are able to migrate to the surface under reducing conditions
(a process called exsolution), forming catalytically active nanoparticles and creating an interface that
can strongly boost catalytic performance. In this study, we varied A-site composition and B-site
doping (Ni, Co), thus comparing six novel perovskites and testing them for their HT-WGS activity:
La0.9Ca0.1FeO3-δ, La0.6Ca0.4FeO3-δ, Nd0.9Ca0.1FeO3-δ, Nd0.6Ca0.4FeO3-δ, Nd0.6Ca0.4Fe0.9Ni0.1O3-δ and
Nd0.6Ca0.4Fe0.9Co0.1O3-δ. Cobalt and Nickel doping resulted in the highest activity observed in our
study, highlighting that doped perovskites are promising novel HT-WGS catalysts. The effect of the
compositional variations is discussed considering the kinetics of the two partial reactions of WGS-CO
oxidation and water splitting.

Keywords: water gas shift; perovskites; exsolution; nanoparticles; doping; catalyst design;
tailored surfaces

1. Introduction

Water gas shift (WGS) is an industrially highly relevant catalytic reaction, with major applications
for hydrogen production via steam reforming of methane [1,2] or from renewable sources like biomass
and carbonaceous solid wastes [3–5], and for coal-to-liquid processes via Fischer–Tropsch synthesis [6].
Additionally, the reaction is involved in many processes as a partial reaction step, e.g., for ammonia or
methanol synthesis. Especially due to the current need for renewable fuels, WGS is involved in many
processes producing these fuels. Therefore, WGS has received considerable attention from researchers
for a long time, primarily for developing more efficient and cheaper catalysts, both for high- and
low-temperature WGS reactions [7–10]. The reaction

CO + H2O ↔ H2 + CO2 ∆rH298 = −42.09 kJ mol−1 (1)
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is thermodynamically favoured at low temperatures, however, kinetics improves at higher temperatures
(see also Figure S1, Supporting Info) [11]. Several groups have focused on the thermodynamic and
kinetic aspects of the reaction [12,13]. Since there is virtually no change in volume from reactants
to products, the reaction is not affected by pressure. The WGS reaction can be catalysed by both
metals and metal oxides, and classical industrial reactions are typically run in two-step processes,
with first a high-temperature step, and then a low-temperature step. The classical catalysts utilized for
HT-WGS are iron-based [1], for example, Fe3O4/Cr2O3, with Cr2O3 used for stabilization to prevent
catalyst sintering [14]. However, environmental concerns about chromium compounds have prompted
the search for replacements for chromium in high-temperature catalysts [15]. Catalyst poisons for
the iron–chromium catalyst are inorganic salts, boron, oils, phosphorus compounds, liquid water,
and sulphur compounds [16]. For low-temperature WGS, the most widely used catalyst material is a
mixture of CuO, ZnO, and Al2O3/Cr2O3 [17]. These catalysts have, however, the drawbacks of a lower
thermal stability and their intolerance towards sulphur, halogens, and unsaturated hydrocarbons.

Due to the above-mentioned drawbacks of industrial WGS catalysts, extensive research is still
being carried out to develop alternatives [18–21]. Promising materials are ceria- and noble-metal-based
compounds [22], carbon-based WGS catalysts [23] or specially designed nanomaterials. For the latter,
most of the recent research is focussed on fabricating nanostructured composite catalysts involving
ceria supports along with transition or noble metals, with the aim of generating stable structures
with extremely high surface areas [11]. A further interesting class of catalytically versatile and highly
active materials are perovskites, which have been already tested for both low and high temperature
WGS [24–26].

The general structure of perovskite type oxides is ABO3, with A and B being a large and small
cation, respectively. The huge compositional flexibility of perovskite structures (different combinations
of A and B cations), and the various options of doping A- and B-sites with promoting or catalytically
highly active elements open up uncountable possibilities of rational catalyst design [24]. Furthermore,
properties of many perovskites were extensively characterized by numerous groups, especially due
to their broad application in catalysis, solid-state electrochemistry and fuel cell technology [27–33].
They exhibit excellent thermal stability (e.g., application temperatures in solid oxide fuel cells usually
lie between 600 and 1000 ◦C), they are known to be resistant against catalyst poisons at higher operating
temperatures, and catalyst regeneration is possible via redox cycling. Moreover, their improved
thermal stability is making them resistant against temporary overheating in an industrial WGS process.
Perovskites are beneficial for HT-WGS reactivity due to their reducibility and the resulting capability
to provide lattice oxygen for the reaction (i.e., for the redox mechanism) [34,35]. Thereby, the created
oxygen vacancies improve the water-splitting capability of the surface [36].

The advantages of perovskite-based HT-WGS catalysts outlined above were our motivation to
synthesise novel materials and to study their catalytic performance in the temperature range from
300 to 600 ◦C. The novel perovskite catalysts are La0.9Ca0.1FeO3-δ, La0.6Ca0.4FeO3-δ, Nd0.9Ca0.1FeO3-δ,
Nd0.6Ca0.4FeO3-δ, Nd0.6Ca0.4Fe0.9Ni0.1O3-δ and Nd0.6Ca0.4Fe0.9Co0.1O3-δ. The respective compositions
were chosen in accordance with recent findings for highly active WGS materials. The catalytic activity
of all novel materials was compared to and benchmarked against the commercially available perovskite
La0.6Sr0.4FeO3-δ (LSF).

2. Results and Discussions

2.1. Novel Perovskite Materials

Six novel perovskite materials were synthesised for this study. A judicious choice of composition
of the perovskite lattice was made (i.e., to use a ferrite perovskite as base material), enabling usage of
the already present, catalytically active iron as B-site cation. Fe is well known as an active material for
the high temperature WGS reaction [37,38]. With this, the support material already provides catalytic
activity. Furthermore, the B-site can be doped with additional easily reducible catalytically active
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elements. In this study we used 10% of Co or Ni, leading to catalyst materials that have an active base
material with highly active elements embedded [39]. In reducing conditions and at a high temperature
(e.g., HT-WGS conditions), these elements exsolve and migrate to the surface, where they form
nanometre-sized particles, as we have shown in a previous study [24]. Moreover, numerous studies
showed that the thereby exsolved particles are anchored and exhibit excellent morphological stability
at a high temperature [40–42]. Ni is reported to promote methanation as a side reaction, but solid
solutions of Fe and Ni in combination with a reducible oxide are reported to exhibit high activity and
selectivity [15]. Co has also been studied as a WGS catalyst, e.g., in carbide-based catalysts [39].

For the A-site, Nd and Ca have been chosen with two different ratios: 6:4 and 9:1. Usually, La is
one of the most common A-site elements. However, to avoid XPS peak overlap in future studies
with dopant elements (especially Ni) Nd was used instead. Furthermore, rare earth materials are
generally known for their catalytic activity, and both elements were reported in the literature to have a
promotional effect on the WGS activity [2]. Acceptor-doping of the A-site with Ca introduces electronic
defects (holes) and oxygen vacancies, which improves the electron and oxygen anion conductivities
and reactivity of the material. Improved reactivity with Ca doping for WGS was previously shown by
Maluf et al. for La2−xCaxCuO4 [26]. In their study, a Ca content of 5% to 10% was reported to have
the highest promotional effect. Furthermore, variation in the A-site dopant concentration (in our case
Ca) allows additional fine-tuning of the lattice stability, and therefore the exsolution properties [43].
For the doped perovskites, we decided to increase the stability of the host lattice by increasing the
amount of Ca A-site doping from 10% to 40%. This results in a Goldschmidt tolerance factor closer to
1, which means that the perovskite structure is closer to the ideal cubic structure [24,44]. At the same
time, the electronic structure is also changed, with more Fe4+ present in the lattice, which raises the
exsolution temperature [45]. With a more stable perovskite host lattice, it can be ensured that primarily
dopant ions are exsolved into the particles decorating the surface under reducing conditions, and the
Fe ions remain in the perovskite lattice [24].

To summarize, the novel perovskite materials La0.9Ca0.1FeO3-δ, La0.6Ca0.4FeO3-δ,
Nd0.9Ca0.1FeO3-δ, Nd0.6Ca0.4FeO3-δ, Nd0.6Ca0.4Fe0.9Ni0.1O3-δ and Nd0.6Ca0.4Fe0.9Co0.1O3-δ were
investigated, particularly chosen for their high amount of catalytically active elements, thermochemical
stability and capability of exsolution. Furthermore, the commercially available perovskite
La0.6Sr0.4FeO3-δ (LSF) was tested as a reference material (unfortunately, benchmark experiments
with a commercial Fe/Cr HT-WGS catalyst were not successful because of stability issues, particularly
due to sintering and severe loss of BET surface area at high reaction temperatures). After synthesis,
all novel perovskite powders were characterized with X-ray diffraction (XRD, cf. Figure 1) to check
their crystal structure, and with BET (Brunauer–Emmett–Teller method) to obtain their surface area,
Table 1 [46,47]. In Figure 1, stick patterns of reference structures with the same or similar composition
are displayed as well (taken from the ICDD PDF-4 + 2019 database [48]; their PDF-Numbers are listed
in Table 1).

Table 1. PDF-numbers of the reference structures used in Figure 1, BET surface areas of the different
perovskite materials and average specific activities calculated for CO2 production during high
temperature water–gas shift (HT-WGS) at 600 ◦C.

Catalyst PDF-Nr. BET Area (m2 g−1)
Specific Activity

(10−7 mol m−2 s−1)

La0.9Ca0.1FeO3-δ 01-082-9272 3.77 5.7
La0.6Ca0.4FeO3-δ 04-017-9772 2.76 9.1
Nd0.9Ca0.1FeO3-δ 04-014-5430 2.22 18.5
Nd0.6Ca0.4FeO3-δ - 1.43 13.9

Nd0.6Ca0.4Fe0.9Ni0.1O3-δ - 1.57 36.9
Nd0.6Ca0.4Fe0.9Co0.1O3-δ - 1.24 28.4

LSF 04-007-6517 5.07 8.5
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A comparison of the measured patterns with these stick patterns shows that all materials were 
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Ni-doped material, trace amounts of NiO were visible in the XRD pattern, indicating that not all Ni 
could be incorporated on the B-site of the perovskite lattice. In contrast, Co dopants were 
successfully integrated in the perovskite structure. Slight modifications in mean height width of the 
XRD patterns (Figure 1) suggest small differences in crystallinity between the materials. All 
materials were treated equally during synthesis (especially during the calcination step, cf. Section 
3.1) to achieve a crystallinity as similar as possible, and thus achieve comparability of the catalysts. 
Therefore, the contribution of different crystallinity to varying exsolution behaviour and catalytic 
activity should be negligible. The BET analysis revealed surface areas between 1.13 and 5.07 m2 g−1 
for the perovskites. These values are needed for the calculation of the specific activity of the catalysts 
(see Section 3.3). 

2.2. High Temperature Water Gas Shift Reactivity 

Figure 1. XRD patterns of the novel perovskites after synthesis and of La0.6Sr0.4FeO3-δ (LSF) as reference
material. The bars are indicating the reflex positions of reference structures obtained from database
entries for the respective materials. All perovskites were phase pure, except for the Ni-doped one,
which showed trace amounts of NiO.

A comparison of the measured patterns with these stick patterns shows that all materials were
phase pure, except for the Ni-doped perovskite, proving that the syntheses were successful. For the
Ni-doped material, trace amounts of NiO were visible in the XRD pattern, indicating that not all Ni
could be incorporated on the B-site of the perovskite lattice. In contrast, Co dopants were successfully
integrated in the perovskite structure. Slight modifications in mean height width of the XRD patterns
(Figure 1) suggest small differences in crystallinity between the materials. All materials were treated
equally during synthesis (especially during the calcination step, cf. Section 3.1) to achieve a crystallinity
as similar as possible, and thus achieve comparability of the catalysts. Therefore, the contribution
of different crystallinity to varying exsolution behaviour and catalytic activity should be negligible.
The BET analysis revealed surface areas between 1.13 and 5.07 m2 g−1 for the perovskites. These values
are needed for the calculation of the specific activity of the catalysts (see Section 3.3).

2.2. High Temperature Water Gas Shift Reactivity

Prior to catalytic reaction, all novel perovskites were oxidized for 30 min at 600 ◦C in pure O2

(what is comparable to calcination at high temperatures). This guarantees identical initial conditions
for all materials and helps for comparison of the results for the HT-WGS reaction. Following oxidation,
all catalysts were cooled to 300 ◦C in O2, and then the gas atmosphere was changed to the reaction
environment. For all experiments, the water vapour to CO ratio was 1:1 with Ar as carrier gas
(i.e., Ar was bubbled through a humidifier to obtain the correct H2O partial pressure). The total
flow was 12 mL min−1. The perovskite powder samples were directly used without further dilution
and held in position by a quartz wool bed. The amount of catalyst was chosen such that the
thermodynamic equilibrium (60% conversion at 600 ◦C) of the reaction was not reached. This is
important, since WGS is an equilibrium reaction—at high temperatures and high conversions, the back
reaction via reverse-WGS (r-WGS) starts being more and more dominant [49]. After changing to the
reaction environment, the temperature was gradually raised to 600 ◦C, with every temperature step of
100 ◦C being held for approximate 60 min. During reaction, the catalytic reactivity was monitored via
a micro-GC that was sampling continuously every 2 to 3 min.
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Figure 2 displays the results for HT-WGS on the undoped perovskite La0.6Ca0.4FeO3-δ.
When changing to the reaction environment at 300 ◦C, a short steep peak in CO2 formation and
an accompanying drop in the CO signal is visible, followed by steady state reaction conditions (with
a lower CO2 signal and a higher CO signal than during the initial phase). Similar behaviour can
be observed when increasing the temperature to 400 and 500 ◦C, respectively. When the reaction
conditions become more reducing (either switching from O2 to CO+H2O, or increasing temperature),
the amount of oxygen vacancies in the perovskite increases due to the reaction of CO with lattice
oxygen, forming CO2. This leads to the initial CO2 production spikes and CO drops at the respective
steps. The vacancy formation is reversible and temperature-dependent and the overall perovskite
structure stays intact during this process.
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Figure 2. WGS reaction on La0.6Ca0.4FeO3-δ. The reaction temperature was gradually increased from
300 to 600 ◦C. Signals for CO (orange), CO2 (black) and H2 (blue) are displayed. During the initial
temperature steps, short spikes in the CO2 production are visible, originating from lattice oxygen
reacting with CO.

Figure 3 proves the reactivity of a perovskite (exemplary for Nd0.9Ca0.1FeO3-δ) by a simple
experiment, where in the fed gas only CO was present (no water, 0.70 mL min−1 CO and 11.75 mL
min−1 Ar as carrier gas). After oxidation, the perovskite was exposed to the dry reaction atmosphere
at 300 ◦C. Immediately, a strong increase in the CO2 production could be seen that was dropping
rapidly. As mentioned, this is because lattice oxygen is reacting with CO. When increasing the reaction
temperature to 600 ◦C, the same effect could be seen again. As the starting point was a fully oxidized
perovskite, the lattice acts as an oxygen reservoir until an equilibrium state is reached (i.e., no further
reduction of the material is possible at the specific reaction conditions). With a higher temperature, the
equilibrium oxygen vacancy concentration and the ion mobility increase (i.e., more oxygen vacancies
can be formed, and faster) [50]. This explains why the CO2 production spikes occur repeatedly when
increasing the temperature (both in Figures 2 and 3). However, for real WGS and higher temperatures,
this effect diminishes, as the reducibility of the perovskite reaches a limit and water vapour in the fed
gas is re-oxidizing oxygen vacancies more effectively. Similar observations were reported by Sun et al.
for La0.9−xCexFeO3-δ perovskite catalysts, where Ce improves the reducibility of the perovskite lattice,
thus enhancing catalytic activity [25].
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Figure 3. Reaction of pure CO with the Nd0.9Ca0.1FeO3-δ perovskite. After oxidation at 600 ◦C
and cooling to 300 ◦C, the gas flow was switched to CO/Ar (0.70 and 11.3 mL min−1, respectively).
The conditions were held for 2 h and then the temperature was raised from 300 to 600 ◦C. Increased
formation of CO2 could be observed at the beginning of each phase (both after switching the atmosphere
and after increasing the temperature), which was then dropping rapidly.

The highest reactivity of the material La0.6Ca0.4FeO3-δ was reached at 600 ◦C with a CO conversion
of around 46% (thermodynamic limit 60%). H2 formation started at 400 ◦C, but at a lower level than
CO2 formation. Maybe the lattice oxygen content is slowly changing isothermally, which leads to
increased CO2 production. This would mean that equilibration of the perovskite stoichiometry is
(after a first quick convergence, resulting in the CO2 spikes) a relatively slow process at 300 to 400
◦C. This hypothesis is supported by Figure 3, where the initial high CO2 formation rate was, after a
sudden drop, slowly decreasing over time and did not fully vanish. At 600 ◦C, H2 and CO2 production
reach the expected stoichiometric ratio of 1:1 (H2:CO2), indicating that the oxygen stoichiometry of the
perovskite has reached its equilibrium due to increased kinetics. The reason for this is that, at higher
reaction temperatures, the water-splitting kinetics of the perovskite strongly improve [51], providing
as much oxygen for the redox mechanism as is consumed for CO2 formation [34].

All other novel perovskites (including LSF as a reference) were tested in the same way. Figure 4
summarizes the results of these measurements. To be able to directly compare our different materials,
the CO2 formation rate is displayed as area-specific activity in mol m−2 s−1. In order to get these values,
catalytic activity was normalized by active surface area of the respective perovskites; see Section 3.3
for details. As perovskites exhibit a rich and highly dynamic surface chemistry, which is strongly
dependent on gas environment and reaction temperature, it was decided to use a specific activity
instead of a turnover frequency (TOF). The average specific activity at 600 ◦C is given in Table 1 for
all materials.

The two La-based and B-site undoped perovskites La0.9Ca0.1FeO3-δ and La0.6Ca0.4FeO3-δ showed
the lowest activity for the HT-WGS reaction, which was comparable to commercial LSF at 600 ◦C.

Variation of A-site composition by increasing the Ca concentration increased the reactivity at
600 ◦C slightly. This is in contrast to previous studies that reported better reactivity with lower
Ca content [26]. When exchanging La with Nd, reactivity of the perovskites for HT-WGS increases
significantly (cf. Table 1)—by a factor of about 3 for 10% Ca doping. For Nd0.9Ca0.1FeO3-δ and
Nd0.6Ca0.4FeO3-δ an opposite trend with respect to the Ca content was found. With lower Ca content
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the reactivity was higher, which is in line with previous studies [26]. At 400 ◦C, Nd0.9Ca0.1FeO3-δ

even had the highest activity of all tested undoped materials. However, while there was still a strong
increase in activity when changing to 500 ◦C, increasing reaction temperature from 500 to 600 ◦C
did not significantly increase the reactivity anymore (note: thermodynamic limitations could be
excluded, as conversion was at roughly 40%, while the thermodynamic limit is at 60% at 600 ◦C).
A qualitatively similar behaviour can be observed for La0.9Ca0.1FeO3-δ, while both La0.6Ca0.4FeO3-δ

and Nd0.6Ca0.4FeO3-δ have a stronger reactivity increase from 500 to 600 ◦C than from 400 to 500 ◦C.
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A possible reason may be related to a difference in the oxygen vacancy formation energies,
depending on the amount of Ca doping (10% vs. 40%). Thus, the perovskites with lower Ca doping
would reach their limit of formed oxygen vacancies, which play an essential role in WGS activity
(cf. Section 2.4), faster and already at a lower temperature (i.e., 500 ◦C) than those with more Ca.
After reaching this limit, there is no more strong increase in activity. On the other hand, the perovskites
with higher Ca doping can still increase the amount of oxygen vacancies and the WGS reactivity at
600 ◦C. To really understand this different behaviour, further in situ studies would be needed.

This reducing behaviour is also supported by the occurrence of the initial CO2 formation spikes
previously discussed, which are visible in Figure 4 as well. However, their interpretation has to be
done carefully, as, due to the sampling interval of 2 to 3 min, the peaks (especially small ones) might
not be fully resolved. Nevertheless, for Nd0.9Ca0.1FeO3-δ a strong initial spike can be observed after
increasing the reaction temperature to 400 ◦C. This indicates the easy reducibility of the material
at these reaction conditions, resulting in a high amount of oxygen vacancies and enhanced WGS
reactivity [34]. These effects are further discussed in Section 2.4.

Results for the Ni-doped perovskite Nd0.6Ca0.4Fe0.9Ni0.1O3-δ in Figure 4 (blue curve) show
that doping increased the reactivity towards CO2 compared to the similar undoped material
(Nd0.6Ca0.4FeO3-δ). In contrast to reports in the literature, we did not observe any methanation
as a side reaction [11,15]. For Co-doped Nd0.6Ca0.4Fe0.9Co0.1O3-δ a huge initial CO2 peak was visible
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when changing to reaction conditions at 300 ◦C. Again, this is interpreted as an indication of the easier
reducibility of the material compared to the other perovskites, and therefore the easier formation of
oxygen vacancies. This interpretation is also in accordance with the defect chemical behaviour of the
similar material family La1-xSrxCo1-yFeyO3-δ (typically used as solid oxide fuel cell cathodes) where
the reducibility is also increased by cobalt addition [52]. Generally, weakly bound oxygen atoms in
highly reducible materials (i.e., materials with a higher oxygen storage capacity) have been reported in
the literature to be critical to the performance efficiency of the WGS reaction [53].

While for the undoped materials the activity is stable after the first initial spike in a step, both the
Ni- and the Co-doped perovskite show slowly increasing reactivity after the spike at 500 ◦C. This can
be attributed to the formation of catalytically active nanoparticles (cf. Section 2.4). This process is
slower than the formation of oxygen vacancies and takes place during the whole temperature step.
For Nd0.6Ca0.4Fe0.9Co0.1O3-δ, it even continues at 600 ◦C, visible by the slow signal increase.

At 600 ◦C, Ni-doped Nd0.6Ca0.4Fe0.9Ni0.1O3-δ exhibited the best reactivity of all novel perovskites
with a specific activity of 3.69·10−6 mol m−2 s−1, followed by the Co-doped perovskite with a specific
activity of 2.84·10−6 mol m−2 s−1. We also checked for all tested materials if any side reactions were
occurring (e.g., the formation of methane) but only the expected reaction educts and products could
be detected.

2.3. Electron Microscopy

Before and after HT-WGS reaction, scanning electron microscopy (SEM) images of the used catalysts
were recorded (see also Supporting Information, Figure S2). Whereas undoped Nd0.9Ca0.1FeO3-δ still
retained its crystalline surface structure after reaction, cf. Figure 5b, the surface of the doped perovskite
Nd0.6Ca0.4Fe0.9Co0.1O3-δ changed, cf. Figure 5a. The formation of well dispersed nanoparticles during
the catalytic reaction could be observed (i.e., by exsolution) [42,54]. The particle size ranges from 30 to
65 nm, and during reaction conditions the particles are most probably composed of metallic or oxidized
cobalt, owing to the easy reducibility of the Co dopant element and its resulting preferential exsolution.
Unfortunately, the particles were too small for an elemental analysis with energy dispersive X-ray
spectroscopy (EDX), but in own previous work on reverse WGS on the same material [24] (including
in-situ XRD measurements), formation of cobalt oxide (CoO) was found.
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Figure 5. SEM image of (a) Nd0.6Ca0.4Fe0.9Co0.1O3-δ and (b) Nd0.9Ca0.1FeO3-δ after HT-WGS reaction.
Formation of finely dispersed nanoparticles on the surface is visible in (a). The average size of the
nanoparticles is between 30 and 65 nm. In image (b), only the crystallite structure of the perovskite is
visible, but no exsolved nanoparticles can be observed for the undoped material.
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Nevertheless, since the experimental system was defined in a way so as to not reach thermodynamic
equilibrium, the redox state of the particles may also be different in the present case. Furthermore,
no sintering of the nanoparticles was observed at a high reaction temperature.

2.4. Discussion of WGS Activity of the Catalyst Materials

As shown in the results above, the variation oin catalyst composition resulted in a relatively
complex change in the catalytic behaviour. While on some materials, only the WGS shift reactivity was
improved, others showed an increase in the CO2 spike at the beginning of the temperature plateaus,
often coinciding with an enhanced WGS reaction rate. To interpret this, we need to have a closer look
at the reactions occurring on the perovskite catalysts.

As already mentioned above, the spike is a result of CO oxidation by the pre-oxidised perovskite
catalyst via the reaction

CO + O×O + 2 h → CO2 + VO (2)

where O×O, h, and VO (in Kröger–Vink notation) denote regular lattice oxygen, electron hole,
and oxygen vacancy, respectively. Assuming the WGS reaction on the perovskite oxides to proceed via
a redox mechanism [1], Equation (2) is also the first step of WGS. In this case, the WGS reaction is then
completed by refilling the lattice oxygen (i.e., re-oxidising the perovskite) by splitting water

H2O + VO → H2 + O×O + 2 h (3)

Previous studies indicate that Equation (2) proceeds entirely on the oxide surface with an electron
transfer to the perovskite; the presence of metal particles has virtually no effect on the CO oxidation
and CO2 reduction reaction rate on perovskite-type oxides [54,55]. Improving the reducibility of the
perovskite—e.g., by introducing elements allowing an easier valence change and thus easier electron
transfer—is expected to enhance the reaction rate of Equation (2). The equilibrium reaction rate of
water splitting on the oxide surface (Equation (3)) is somewhat higher than the rate of Equation (2),
but of the same order of magnitude [56,57]. However, in contrast to Equation (2) the water-splitting
reaction can be enhanced by the presence of metallic particles on the perovskite surface, which allow
circumventing its rate-limiting step [51,58–60].

Considering these facts, the following explanation is suggested for the observed effects of
compositional variation in the perovskite-type catalysts: on the oxide surface, both reactions
(Equations (2) and (3)) limit the rate of WGS to a similar extent [56,57]. Changing the composition
from the La-based materials to the Nd-containing ones increased the redox activity of the material.

Probably, either Nd has higher redox activity (mixed 2+/3+ surface valence) compared to La
or helps in mitigating the surface segregation of Ca [61]. Consequently, the rate of Equation (2) is
enhanced, which results in a larger CO2 spike and enhanced WGS activity (see Figure 4). Similarly,
Equation (3) may be affected, but since here the recombination of adsorbed hydrogen is discussed to be
involved in the rate determining step, we expect only a rather small (if any) effect on Equation (3).

Doping the B-site with Co had a large effect on both the CO2 spike and the WGS activity, which can
be explained by an enhanced reaction rate of Equation (2), since especially Co is known to provide a
very high redox activity in perovskites [62,63]. In addition, the existence of exsolved particles on the
surface was proved with SEM, which—especially if present in metallic form—may catalyse Equation
(3). This is supported by the increase in the CO2 signal during the 500 ◦C step, a temperature where
we expect exsolution to occur. Since the oxidation state of these exsolved particles is not clarified yet,
further (in-situ) experiments are needed to definitely answer this question.

The doping with Ni greatly increased the WGS activity, but without affecting the CO2 spike at
the beginning of the temperature steps (compare Nd0.6Ca0.4FeO3-δ and Nd0.6Ca0.4Fe0.9Ni0.1O3-δ in
Figure 4). Since Ni is not as redox active in the oxide as Co (Ni is expected to only be stable in oxidation
state of +2 in the used reaction atmosphere), the enhancement of the WGS activity cannot be caused
by increasing the rate of Equation (2)—thus Ni doping is not causing a larger CO2 spike. Instead,
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Ni mainly affects the WGS reaction by enhancing the water-splitting reaction (Equation (3)) upon
providing metallic (exsolved) particles at the perovskite surface [64]. As the Ni-doped material was
not phase pure, the particles were probably partly (or maybe even fully) not exsolved, but just a result
of the reduced NiO, migrating to the surface. This process ought to be faster than pure exsolution as
in Nd0.6Ca0.4Fe0.9Co0.1O3-δ, explaining why Nd0.6Ca0.4Fe0.9Ni0.1O3-δ has the largest activity increase
from 400 to 500 ◦C and only a smaller one from 500 to 600 ◦C. On the other hand, the Co-doped material
still shows a large increase at the last step, due to improved exsolution at a higher temperature.

From these thoughts, a strategy to further enhancing WGS activity of perovskite-type catalysts
can be deduced. For maximising the WGS reaction rate, both reactions—Equations (2) and (3)—need to
be fast. This can be achieved by a redox active perovskite oxide and simultaneously providing metallic
particles at the surface (e.g., Ni). Testing this hypothesis will be performed in a forthcoming study.
As can be seen in Figure 4 and Table 1, especially the latter effect greatly enhanced the catalytic activity
of the materials. Therefore, considerable attention will be given to the exsolution process.

2.5. Stability of Novel Perovskite Catalysts

To obtain initial insights into reaction stability of the novel perovskites, isothermal reactions were
performed at 600 ◦C. This high temperature was chosen to check if any rapid deactivation occurs.
Here, the results for Nd0.6Ca0.4FeO3-δ and Co-doped Nd0.6Ca0.4Fe0.9Co0.1O3-δ are displayed. Results
for all other materials can be found in the Supporting Information (Figures S3–S7).

For the experiments, all materials were first oxidized for 30 min in pure O2 at 600 ◦C to have
a defined starting point. During the next steps, the catalysts were cooled to 300 ◦C in O2, and the
gas atmosphere was switched to the reaction environment. Afterwards, the reaction temperature
was rapidly increased to 600 ◦C. This was done in order to be able to observe any strong initial
activation/deactivation phenomena, which we did not find. In summary, all novel materials showed
quite stable reactivity within the investigated timeframe. The results for Nd0.6Ca0.4FeO3-δ are displayed
in Figure 6.
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After a slight deactivation in the first hour, stable CO2 and H2 formation was observed. This initial
decrease in reactivity could be attributed to a depletion of available lattice oxygen atoms that react
with CO to CO2. After this period, a steady state is reached, where re-oxidation of the lattice
by oxygen from water splitting and the reaction of lattice oxygen with CO are in equilibrium.
For Co-doped Nd0.6Ca0.4Fe0.9Co0.1O3-δ, a slight increase in reactivity over time could be observed
(Figure 7, CO2 signal).
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Figure 7. Isothermal HT-WGS reaction at 600 ◦C for Nd0.6Ca0.4Fe0.9Co0.1O3-δ. The dashed line serves
as a horizontal guide for the eye. During the duration of the reaction (about 5 h), the catalyst was
slightly increasing its reactivity.

This slight increase could be caused by a proceeding surface modification by still ongoing
nanoparticle exsolution. To prove this, however, further long-term measurements would be needed.
In conclusion, these results highlight that these novel materials are promising candidates for the further
development of perovskite-based HT-WGS catalysts.

3. Materials and Methods

3.1. Synthesis of Novel Perovskites

As in previous work [24], the Pechini synthesis [65] was used to prepare the investigated perovskite
powders. The following chemicals were used as starting materials to synthesise the materials with
the wanted compositions: La(CH3COO)3·1.5H2O (99.9 %, Alfa Aesar, Haverhill, MA, USA), Nd2O3

(99.9 %, Strategic Elements, Deggendorf, Germany), CaCO3 (99.95 %, Sigma-Aldrich, St. Louis, MO,
USA), Fe (99.5 %, Sigma-Aldrich, St. Louis, MO, USA), Co(NO3)3·6H2O (99.999 %, Sigma-Aldrich,
St. Louis, MO, USA), and Ni(NO3)3·6H2O (98 %, Alfa Aesar, Haverhill, MA, USA). Solutions of
the appropriate amounts of the compounds were prepared in HNO3 (doubly distilled, 65%, Merck,
Darmstadt, Germany). Subsequent steps included the addition of citric acid (99.9998% trace metals
pure, Fluka, Honeywell International, Charlotte, NC, USA) in excess of 20% to form cation complexes,
removing H2O by evaporation, and heating of the resulting gel until self-ignition. Then, the formed
powders underwent heat treatment (calcination at 1350 ◦C for 3 h) and were ground with a mortar to
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achieve homogeneity for better characterisation. The fine powder was then used for BET analysis and
catalytic testing. The commercially available perovskite material La0.6Sr0.4FeO3-δ (LSF, Sigma Aldrich,
St. Louis, MO, USA) was catalytically tested for comparison as well.

3.2. Materials Characterisation

Powder XRD measurements and SEM experiments were carried out as described by
Lindenthal et al. [24]

The powder XRD measurements were done at room temperature in air on a PANalytical X’Pert
Pro diffractometer (Malvern Panalytical, Malvern, UK) in Bragg–Brentano geometry using a mirror for
separating the Cu Kα1,2 radiation and an X’Celerator linear detector (Malvern Panalytical, Malvern,
UK). Data analysis was conducted with the HighScore Plus software (Malvern Panalytical, Malvern,
UK) [66] and the PDF-4+ 2019 database (ICDD—International Centre for Diffraction Data, Newtown
Square, PA, USA). [48] The database entries were used to ascribe the reflexes in the diffractograms.

The SEM images were recorded using secondary electrons on a Quanta 250 FEGSEM (FEI Company,
Hillsboro, OR, USA) using an Octane Elite X-ray detector (EDAX Inc., Mahwah, NJ, USA) with an
acceleration voltage of 5 kV for sufficient surface-sensitivity. Additionally, specific surface areas were
assessed according to the Brunauer–Emmet–Teller (BET) method by fitting measured adsorption
isotherms to a BET model. The isotherms were recorded using a Micrometrics ASAP 2020 system.
The samples were degassed at 300 ◦C under vacuum for 4 h, followed by the measuring of full N2

adsorption–desorption isotherms at −196 ◦C (liquid N2).

3.3. Catalytic Testing

Similar to tests presented in [24], catalytic tests for HT-WGS reaction (CO + H2O↔ CO2 + H2)
were carried out in a tubular flow reactor (quartz glass, outer diameter 6mm, inner diameter 4 mm) at
atmospheric pressure. A Micro-GC (Fusion 3000A, Inficon, Bad Ragaz, Switzerland), taking a sample
every 2–3 min was used for online gas analysis. The total flow was set to 12 mL min−1, with a CO
flow of 0.70 mL min−1 and an Ar flow of 11.3 mL min−1 (all gases provided by Messer Group GmbH,
Bad Soden, Germany). The Ar, which also acts as a carrier gas, was passed through a humidifier filled
with water at room temperature. This leads to a CO/H2O partial pressure of 1:1 in the educt gas flow.
To assess the catalytic activity of the reactor, a run without catalyst was performed (resulting in an
activity below 0.05 Mol% for CO2 at 600 ◦C). The catalytic reactions were done with pure powder
catalyst (50–70 mg) on a glass wool bed as support. The amounts of catalyst material for the respective
experiments were chosen such that, during the reaction, the thermodynamic limit of the WGS reaction
was not reached. The reactor heater was controlled by a PID controller (EMSR EUROTHERM GmbH,
Vienna, Austria). To do so, a K-type thermocouple was reaching directly into the catalyst bed. Prior to
all catalytic testing, each catalyst was oxidized for 30 min in O2 at 600 ◦C to ensure the same starting
point for all materials (i.e., a fully oxidized perovskite).

To be able to directly compare the different perovskite catalysts, it was decided to calculate a
specific activity. Usually, turnover frequencies (TOF) are given in the catalysis community, but this
would require exact knowledge of the nature of an active site and also of the number of active sites on
the surface. Perovskites are rather dynamic materials with a temperature (and reaction environment)
dependent amount of vacancies that influence the nature of the surface reactivity. Different surface
terminations are possible with different lattice elements (i.e., A- or B-cation, doping elements) exposed
to the reaction environment. Furthermore, metal nanoparticle exsolution can occur (i.e., the formation
of well-dispersed small metal nanoparticles on the surface) that enhances the reactivity and changes
the number of active sites on the surface. Therefore, it is not scientifically sound to give a TOF value.

Instead, a specific activity (mol m−2 s−1) was calculated to directly compare the novel perovskite
materials (which are all from a similar type). For this, the BET surface areas of the materials were
measured (see Table 1). Using also the known amount of used catalyst material and the total gas flow,
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we normalized the CO2 formation to the catalyst surface area, giving a specific activity, i.e., how many
mol of product (e.g., CO2) were formed per m2 surface and s.

4. Conclusions

It has been demonstrated that the novel perovskites are suitable catalyst materials for HT-WGS
reactions. Whereas La0.9Ca0.1FeO3-δ and La0.6Ca0.4FeO3-δ show similar activity to the reference
material LSF, changing the A-site cation from La to Nd significantly increased the catalytic reactivity
of the perovskites. At 600 ◦C, the specific activity of Nd0.9Ca0.1FeO3-δ (18.7·10−7 mol m−2 s−1) was
roughly three times higher than for La0.9Ca0.1FeO3-δ (5.7·10−7 mol m−2 s−1). Furthermore, the B-site
of the perovskite was doped with catalytically highly active Ni or Co. Ni doping was not fully
successful, as not all Ni could be incorporated in the perovskite lattice and trace amounts of NiO
were observed in the XRD pattern. In contrast, Co doping was successful, leading to phase pure
Nd0.6Ca0.4Fe0.9Co0.1O3-δ. The Co- and Ni-doped perovskites exhibited the highest HT-WGS reactivity
at 600 ◦C, with specific activities of 28.4·10−7 and 36.9·10−7 mol m−2 s−1 respectively. Additionally,
the formation of nanoparticles on the surface by exsolution could be observed during reaction.
The stability of the novel materials over longer periods of time was also tested, showing that all
materials did not deactivate over the whole duration of the test.

The WGS activity is discussed to be improved by two factors: first, the kinetics of CO oxidation,
which proceeds on the oxide surface and is enhanced by an increased redox activity of the oxide
(e.g., by using Nd instead of La as A-site cation). Second, the water-splitting kinetics can be accelerated
by providing metallic particles on the catalyst surface. This can be achieved by doping the B-site of
the perovskite with easily reducible cations (e.g., Co or Ni) that exsolve under reaction conditions.
Therefore, perovskites are an ideal material class to handle this “job sharing”—perovskite backbone
for CO oxidation and exsolved nanoparticles for water splitting—and to optimize both reactions at the
same time. Furthermore, their properties are easily adjustable—by choosing the elemental composition
of A- and B-site, introducing doping and varying stoichiometry. Our results highlight that doped
perovskites are promising candidates for the further development of novel HT-WGS catalysts and
provide all the tools needed for high activity and stable operation.
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582/s1, Figure S1: thermodynamic limitation of the WGS reaction and reaction equilibrium; Figure S2: SEM images
of Nd0.6Ca0.4Fe0.9Ni0.1O3-δ and Nd0.9Ca0.1FeO3-δ prior to reaction; Figures S3–S7: Stability tests for WGS reaction
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