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ARTICLE INFO ABSTRACT

Keywords: Reverse Water-Gas Shift (rfWGS) is among the reactions with the highest readiness level for technological

Reverse water-gas shift implementation of COy utilization as an abundant and renewable carbon source, and its transformation for

Perovskites instance into synthetic fuels. Hence, great efforts are made in terms of further development and comprehension

Exsolution . . . . . .

N el of novel catalyst materials. To achieve excellent catalytic performance, catalytically active (nano)particles that
anoparticles

are evenly distributed on (and ideally embedded in) an active support are crucial.

An extremely versatile material class that exhibits the desired properties are perovskite-type oxides due to the
fact that they can easily be doped with highly active elements. Upon controlled reduction or during reaction,
these dopants leave the perovskite lattice and diffuse through the material to form nanoparticles at the surface
(by exsolution) where they can greatly enhance the activity.

Here, six perovskites were studied and their exsolution capabilities as well as rfWGS performance were
explored. Nanoparticle exsolution significantly enhanced the rWGS activity, with the catalytic activity being in
the order Ndo.¢Cag.4Feo9C00.1035 > Ndo.cCag.4FeooNig103s > NdpoCap.1FeO3 5 > NdoeCao4FeOss >
Lag¢Cag.4FeO3.5 > LaggCag1FeO35 > LagSrg 4FeOs s(benchmark). Moreover, it could be shown that nano-
particles formed due to exsolution are stable at high reaction temperatures. In this paper, the flexibility of the
investigated perovskite materials is demonstrated, on the one hand facilitating a material design approach
enabling control over size and composition of exsolved nanoparticles. On the other hand, the studied perovskites
offer a tuneable host lattice providing oxygen vacancies for efficient CO, adsorption, activation, and resulting
interface boundaries with the ability to enhance the catalytic activity.

Catalyst design

1. Introduction utilization are the production of hydrocarbon fuels, methanol, or - for

fine chemical production — urea and salicylic acid [3].

A major challenge of our century is the substitution of fossil energy
carriers by renewable resources. For chemical industry, the indepen-
dence from crude oil and coal as carbon source is highly desirable. An
alternative, ubiquitous, nontoxic, and sustainable carbon source is CO3,
but the stable nature of the molecule makes catalytic activation essential
[1]. Processes which enable activation and chemical conversion of CO,
require high energy input, desirably provided by renewable sources (e.g.
wind, solar, geothermal, etc.). In conjunction with renewable energy,
CO4, has the potential to generate a closed carbon cycle, mitigating CO5
emissions and the related issue of global warming [2]. Large-scale in-
dustrial processes with the currently greatest economic potential for CO;
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Reverse water gas shift reaction (rWGS) is among the most promising
technologies to convert CO3 into synthetic fuels or CO as their precursor
(other examples include direct hydrogenation of CO, and methane dry
reforming — MDR) [4]. For MDR, the high (400 °C-600°C) operating
temperatures and the associated problems of catalyst sintering and coke
formation are major drawbacks [5]. Additionally, catalysts are reported
to be very sensitive to sulphur impurities, which cause catalyst deacti-
vation [6]. While direct hydrogenation of CO, is seen as very promising
for methanol synthesis on an industrial scale, as it is thermodynamically
more favourable than rWGS [7], the indirect route via rWGS and CO is
reported to give a 20 % higher methanol yield compared to direct
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hydrogenation [4]. Furthermore, it has been suggested that rWGS plays
a major role in selective methanation of CO;, and it occurs in
Fischer-Tropsch reactors operated with high CO feeds [8]. In summary,
rWGS is a very promising reaction for activation and utilization of COs,
which is the motivation for the present study.

The rWGS reaction is an equilibrium-limited reaction (Eq. (1)) and
due to its endothermic nature CO formation is favoured at high tem-
peratures. At lower temperatures, the equilibrium favours the water-gas
shift reaction (i.e. reverse of Eq. (1)). Moreover, at lower temperatures
methanation is a well-known side reaction [4].

H, + CO; = CO + H,0 AHj = 42.1 kJ mol ™' (€))

In recent years, a lot of work was dedicated to the improvement of
rWGS catalysts or the design of novel materials. The most widely studied
materials are supported catalysts based on copper, platinum, or rhodium
[9,10]. Copper has the advantage of lower operating temperatures and
suppression of methanation. A comparison of supported platinum cat-
alysts and supported iron and copper reveals improved CO; conversion
rates; however, the selectivity with respect to CO is diminished. [4].
Furthermore, nickel and cobalt based as well as bimetallic catalysts [11,
12] were studied. Notably, there is the need for cheap, abundant catalyst
materials, as the high cost of noble metals constitutes the major
constraint for their large scale application [13]. For instance, Wang et al.
showed that the combination of oxygen vacancies and finely dispersed
Ni was the reason for the high catalytic activity of their Ni/CeO, catalyst
[11]. Pastor-Pérez et al. demonstrated high CO; conversion levels
exclusively to CO under various reaction parameters for doped FeCu
catalysts [14]. Also, perovskite based rWGS catalysts were tested for
their performance as demonstrated by Kim et al. for barium
zirconate-based materials [15] or by Daza et al. for cobalt-based pe-
rovskites [16]. Additionally, various promotion elements were investi-
gated, e.g. the enhancement of the catalytic activity with potassium, as
studied by Chwen et al. [17]

Among the wide variety of catalysts reviewed in literature, iron-
based catalysts have shown the greatest potential, due to their thermal
stability and high oxygen mobility [18], while remaining a feasible
option in terms of production costs. Ko et al. performed DFT calculations
on CO, dissociation, finding preferred COy to CO dissociation on
Fe-containing bimetallic particles [19], thus, highlighting the potential
of iron-based catalysts even further. A further advantage of application
of reducible oxides in rWGS is that their enhanced oxygen mobility
prevents coking [20].

Perovskite type oxides with the general formula ABO3 consist of two
cations of different sizes (A is larger than B). The wide range of possible
structures (many A and B cations can be combined) in conjunction with
the option to introduce catalytically active or promoting elements via
doping facilitate systematic catalyst development [21]. Moreover, many
different types of perovskites have been the subject of extensive research
and their properties have been studied thoroughly, particularly because
of their wide-spread application in many areas such as solid-state elec-
trochemistry, fuel cell technology, and catalysis [22-24]. Among the
desired properties of perovskites are their excellent thermal stability
(especially important in solid oxide fuel cells due to the high operation
temperatures between 600 °C and 900 °C) and their resilience towards
catalyst poisons at higher temperatures, including the possibility of
catalyst regeneration via redox cycling.

A further outstanding ability of some perovskites is nanoparticle
exsolution [25]. Upon reductive treatment (e.g. in Hy) or under reaction
conditions (in sufficiently reducing reaction environments) the perov-
skite is partially reduced. Consequently, reducible lattice cations move
to the surface, exsolve there, and form metallic nanoparticles. Catalyt-
ically highly active and easily reducible dopants are exsolved prefer-
entially [21]. This process enables in-situ growth of active catalysts [23]
and, in comparison to traditional deposition techniques, more finely and
more highly dispersed catalyst nanoparticles are formed [25,26].
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Moreover, this process is more economical (both with respect to time
and cost), as no expensive precursors or complicated ‘deposition’ pro-
cedures are needed [27]. In addition, different studies have found that
nanoparticles emerged via exsolution show enhanced sintering stability
due to “anchoring”, even at high reaction temperatures [25,28,29].
Hence, perovskites have the potential to resolve a major problem of
many rWGS catalysts, i.e. rapid deactivation caused by severe aggre-
gation of metal particles at high temperatures [13]. In fact, perosvkite
catalysts are promising candidates to reduce similar problems in many
CO-, utilization reactions [30,31]. Moreover, Tsounis et al. could show
that tailoring perovskites enables selectivity tuning and can also sup-
press competing side reactions [32].

Intensive research on nanoparticle exsolution and its mechanisms
has been done already by the solid-state electrochemistry community
[25,29,33]. Whether monometallic or bimetallic nanoparticles are
formed during dopant and lattice cation reduction mainly depends on
two factors: temperature and reductive power of the gas environment
[34,35]. These properties open the possibility of catalyst engineering
and tailoring materials for respective reactions.

The advantages outlined above were the motivation to synthesize
not-yet intensively studied perovskite-based rWGS catalyst materials
and to study their catalytic performance in the temperature range of
300 °C-700 °C and with different doping compositions including in situ
XRD. The perovskite -catalysts studied were LaggCag1FeOs.s,
Lag ¢Cap 4Fe03.5, Ndg.oCag1Fe03 5 NdoeCao.4FeO35 NdoeCag.4Feoo
Nip.103-5, and NdgeCag 4Feg9C0g103.5. The listed materials were
selected due to current research on highly active rWGS materials and to
demonstrate a possible design approach for finely tuned catalysts.

2. Experimental methods
2.1. Sample preparation

As described in previous work [21], the Pechini synthesis was used to
prepare the samples. The following starting materials were mixed in the
appropriate stoichiometric ratios: La(CH3COO)3-1.5H20 (99.9 %, Alfa
Aesar), Nd2O3 (99.9 %, Strategic Elements), CaCOs (99.95 %,
Sigma-Aldrich), Fe (99.5 %, Sigma-Aldrich), Co(NO3)3-6H20 (99.999 %,
Sigma-Aldrich), and Ni(NOs3)3-6H;0 (98 %, Alfa Aesar). Solutions
(either in H0 or in HNO3 (65 %, Merck) — both doubly distilled) of the
needed amounts were produced and mixed. A 20 % excess of citric acid
(99.9998 % trace metal pure, Fluka) was added to the resulting mixtures
to trigger complex formation. The solvents were evaporated off,
self-ignition of the remaining gel was induced by heating, and the
formed powders were calcined at 800 °C for 3 h. The Ni doped perov-
skite Ndg ¢Cag.4Fep.9Nip 103.5 was additionally calcined a second time at
1000 °C, in order to try to achieve phase purity. The calcined products
were homogenised via grinding and the powder samples were used for
characterization [using Brunauer-Emmet-Teller (BET) analysis, scan-
ning electron microscopy (SEM), and in-situ X-ray diffraction (XRD)] as
well as catalytic experiments. Purchased Lag Srg4FeOs.s (LSF, Sigma
Aldrich) was catalytically tested with the same setup as a benchmark
material. A FeyO3/Cro03 WGS catalyst (HIFUEL™ W210, Thermo-
Fischer Scientific) served as further reference. This commercially
available catalyst can also serve as a tentative indicator of economic
profitability: using the above-mentioned synthesis route and starting
materials, production of the presented materials would cost about three
times as much as the industrial catalyst. However, this is a very crude
comparison, as no optimization or customization for industrial appli-
cations were done for the presented materials.

2.2. Structural and morphological characterization
A PANalytical X’Pert Pro diffractometer in Bragg-Brentano geome-

try (with separated Cu Ky » radiation) and an X’Celerator linear de-
tector was used to perform XRD measurements. The in-situ experiments
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were carried out in an XRK 900 chamber (Anton Paar), providing a gas
flow environment at ambient pressure. After a 30 min oxidative pre-
treatment at 600 °C, the samples were cooled to room temperature
and the reaction atmosphere of Hy and CO2 in a 1:1 ratio, using Ar as
balancing gas, was switched on. Flows of 20 mL min~' for each of the
reaction gases and 50 mL min~! of Ar were used for the experiments
with Ndg ¢Cag 4FeO3_s, while the respective flows were 7.5 mL min~!
and 15 mL min " for the experiments with Ndg ¢Cag 4Fep.9C00.103.5 and
LSF. The reaction was conducted at various temperatures and at each
temperature step an in-situ XRD measurement was taken. To ensure
equilibrium, each temperature was held for a period of 10 min prior to
recording of the XRD pattern (~30 min per measurement), resulting in
holding every temperature for about 40 min. Data analysis and reflex
assignment were performed with the HighScore Plus software (PAN-
alytical) and the PDF-4 + 2019 database (ICDD - International Centre for
Diffraction Data) [36].

SEM images were recorded with secondary electrons on a Quanta
250 FEGSEM (FEI Company) microscope with an Octane Elite X-ray
detector (EDAX Inc). An acceleration voltage of 5kV was used for
satisfactory surface-sensitivity.

2.3. Catalytic experiments

To assess the performance of the investigated samples, trial rWGS
reactions were conducted in a tubular flow reactor at ambient pressure
(the setup was already described in [37]). Continuous sampling of the
gas atmosphere was carried out online (with a measurement every
2-3 min) using a Micro-Gas Chromatograph (Micro-GC, Fusion 3000A,
Inficon). A carrier gas flow of 6 mL min~! (Ar) was used, while for both
reactive gases (CO, and H») a flow of 3 mL min’! each was set, leading to
an overall flow of 12 mL min~! (the gases were purchased from Messer
Group GmbH). To assess the effect of the reactor on the catalytic ac-
tivity, a blank test without catalyst was conducted. The found value —
which was ~0.5 Mol% for CO at 600°C - was subtracted from all
respective measurements for baseline correction of the measured con-
version. The respective amounts of catalyst powder (20—75 mg) were
chosen such, that the CO generation remained below the thermody-
namic limit — which was tested by repeat measurements with reduced
amounts. The chosen flow and catalyst masses resulted in Weight Hourly
Space Velocities (WHSV) around 30 L g'1 h! (the exact values are given
in Table 1 in Section 3.2). To make sure all test reactions start from the
same state (fully oxidized perovskite), the samples were oxidized at
600 °C for 30 min in an oxygen atmosphere of 1 bar and a flow of 10 mL
min’! 0,.

Comparisons of catalytic performance reported in literature tend to
be not straightforward: aside from a meaningful indicator regarding the
performance, reaction conditions (temperature, pressure, composition
of the reaction environment...) need to be given as well. Ref. [13], for
instance, offers a nice overview of different catalysts used for riWGS for
their given operating conditions. A common measure used by the

Table 1

BET surface areas, average specific activities calculated for CO production
during rWGS at 600°C and WHSVs of the respective measurements for all
investigated perovskite materials.

Catalyst BET area Specific Activity WHSV (L
(m?g™1) (10 mol m2s1) g 'h™)

Lag.oCap.1FeOs.5 3.8 5.7 24.6
Lag 6Cag.4FeO3.5 2.8 5.9 341
Ndo.oCag.1FeOs.5 2.2 11.3 32.7
Ndo 6Cap.4FeO3.5 1.5 6.6 20.5
Ndg.6Cao.4Fe oNip.103- 1.6 18.0 36.0

3
Ndo 6Cap.4Fep 9C0g103. 1.2 27.2 321

3
LSF 5.7 4.8 28.8

Applied Catalysis B: Environmental 292 (2021) 120183

catalytic community when comparing performances of catalysts are turn
over frequencies (TOFs). However, in-depth knowledge about active
sites (both nature and number) is necessary to feasibly obtain TOF
values. This approach is hindered by the fact that perovskites are highly
flexible (i.e. reaction parameter dependent) materials: For instance, the
concentration of oxygen vacancies varies strongly depending on tem-
perature. Moreover, the type of surface in contact with the reaction
environment might vary (depending on dopants and termination). Also,
possible (metal) nanoparticle exsolution influences the number of active
sites, and consequently the activity, as well. Therefore, giving a TOF
value is not straightforwardly possible. Instead, specific activities (ac-
tivity per surface area) in mol m~2 s were determined.

In order to calculate this specific activity, the specific surface areas ag
(in m? g_l) of the materials (see Table 1 in Section 3.2.) were measured
according to the BET method. Relevant isotherms of the degassed
samples (4h at 300 °C under vacuum) were obtained at —196 °C for
fitting with a Micrometrics ASAP 2020 system. A specific activity rco in
mol m? s [measuring how many moles of product (CO) were formed
per m? surface per s] was then derived according to Eq. (2), where the
CO formation (mole fraction x¢o in the product stream) and the total gas
flow i in mol s™! were normalized to the catalyst surface area acar. The
total area acat was obtained from the above-mentioned specific activity
as and the used mass of catalyst mcar.
i’i'XCO o ri~xc0

(2)

dcat - as-mcat
3. Results and discussion
3.1. Perovskite materials

Six different perovskite powders were manufactured for the current
study. The investigated materials were chosen based on the following
considerations:

(1) Ferrite type perovskites have been selected as starting point, since
Fe has been proven to be catalytically active in rWGS reactions [18,38],
and, therefore, provides an already active host lattice

(i) Two of the investigated materials were B-site doped with 10 % Co
or Ni, respectively. This means that in addition to an already catalyti-
cally active host lattice (see (i) above), further enhancements by
reducible and catalytically active B-site dopants can be expected [4,39].
The reason for this expected enhancing effect of doping lies in the
capability of the dopants of choice to — under the proper conditions
(reductive atmosphere, high reaction temperatures) — diffuse to the
surface and, by exsolution, form nanoparticles (as could be shown in
previous studies [21,40]). Ni and Co are often used in combination with
CeO; and/or Al;03 as support materials for rWGS catalysts as e.g. shown
by work of Wang et al. [39].

(iii) Nd and La were selected as A-cations, as both (as well as most
rare earth elements) reportedly positively impact CO, utilization re-
actions in general [41]. Usually, the latter is a very wide-spread A-site
element, however, additional materials with Nd instead of La were
studied as well. This was done to evade potential problems arising from
coinciding peaks of lattice elements and dopants (especially Ni) in future
X-ray photoelectron spectroscopy (XPS) investigations.

(iv) Ca was used as A-site dopant in order to enhance electron and
oxide ion conductivities (acceptor doping increases defect concentra-
tions of electron holes and oxygen vacancies). A-site doping allows
additional fine-tuning of the catalyst properties: both stability of the
crystal as well as exsolution features can be affected [42]. For the doped
perovskites here, 10 % and 40 % of Ca doping were chosen. Previous
results [43] revealed effects of A-site dopant concentration on the
electronic structure (more Ca leads to more partially oxidized Fe*™) and
an increase of perovskite stability, thus leading to higher exsolution
onset temperatures. For the B-site doped materials enhanced lattice
stability was found as well, leading to the assumption that mainly
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dopants exsolve (given proper reducing conditions), while Fe ions
remain in the lattice [21].

In short, the perovskite materials Lag gCag 1FeO3.5, Lag ¢Cag 4FeO3.s,
Ndp.oCap 1FeO35, NdgeCap.4FeOs.5, NdgeCag.4FepoNig103.5, and
Ndy ¢Cag 4Feg.9Cog.103.5, were selected for their content of catalytically
active constituents, stability (both thermal and chemical), and exsolu-
tion capabilities. For additional comparison, commercial
Lag ¢Sro 4FeO3.5 (LSF, Sigma Aldrich) was used as reference. Character-
ization of the produced powders (structure and exsolution capabilities)
was performed with XRD and SEM (details have been published in [43]).
The XRD measurements revealed that all materials could be prepared
successfully and that for all perovskites but the Ni-doped only the
perovskite phase was present. They have similar distorted perovskite
structures with an orthorhombic lattice, consistent with reports for
La(; _x)CaxFeOs perovskites [44]. In case of NdgeCag 4Feo.gNig.103.5,
minimal amounts of NiO were found (cf. Fig. S2), meaning that Ni was
not fully integrated. No additional phases were found for the Co-doped
material, indicating complete incorporation. The commercial LSF is, due
to the larger Sr cations compared to Ca, differently distorted with a
rhombohedral lattice.

To obtain the surface area of all synthesized catalyst materials, BET
analyses carried out on the freshly prepared powders yielded surface
areas ranging from 1.13 m? g’l to 5.07 m> g*1 (see Table 1 in Section
3.2).

3.2. rWGS shift activity and selectivity

To ensure the same starting conditions in all experiments and
comparability of the results, all samples were pre-treated oxidatively
(30 min in pure Oz at 600 °C). In a second preparation step, the tem-
perature of samples was reduced to 300 °C, and only then, the gas at-
mosphere was changed to the reaction mixture. For all experiments the
CO, and Hj ratio was set to 1:1. Care was taken with respect to the used
mass of catalyst, so that the reaction proceeds away from thermody-
namic equilibrium (i.e. at 600 °C and 700 °C the limit is 40 % and 45 %,
respectively). This has to be taken into account, since conversion rates
around the equilibrium lead to pronounced back reaction contributions
(WGS instead of rWGS) [45]. After switching to the reaction mixture,
60-minutes measurements were conducted between 300 °C and 700 °C.
The temperature was increased in 100 °C steps.

Fig. 1 exemplarily displays the results for rWGS on the B-site undo-
ped perovskite Lag ¢Cag 4FeOs.s. Switching on the reaction environment
at low temperatures (300 °C) did not lead to detectable activity. Only
after the reaction temperature was raised to 400 °C, the onset of CO
formation was observed. Similar onset temperatures where noted by

Lag gCag4FeOss
254 700
N
[e]
£ 20 600 &
S o
Z 157 500 §
o = 5
Ik =
J1 8 €
3107/ k8 -400 O
@ © Temperature
O 5]
co 300
0 J

T 1 | T T T T T
0 50 100 150 200 250 300 350
Reaction Time / min

Fig. 1. Gas composition of rWGS reaction on Lag ¢Cag 4FeOs3 s. The temperature
programme (300 °C to 700 °C) was started after 30 min at 600 °C in pure O,.
Contents of CO (green), CO, (black), and H, (blue) are shown (please note that
50 % of the feed gas was Ar). CO formation started at 400 °C. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Daza et al. on a related perovskite (LaFeO3) with a CO formation onset
temperature of 450 °C and similarly high CO selectivity [16]. When
raising the reaction temperature to 500 °C and 600 °C, the CO formation
increased significantly (~15 % conversion at 600 °C). It is worth
mentioning that parallel consumption of the educts CO, and H is also
nicely visible in Fig. 1. This is especially important to note, since the
amount of formed water could unfortunately not be quantified with
desired accuracy by the used Micro-GC, despite water being visible in
the chromatogram. All comparisons presented in this study use the
reactivity values found at 600 °C, since educt conversion at 700 °C is too
close to the thermodynamic equilibrium.

The same procedure was used to assess the rWGS performance of all
synthesized perovskites as well as of commercial LSF. In Fig. 2 a
comparative summary of all results is shown. Area specific activities (in
mol m 2 s1) were used for direct comparisons of the CO formation rate.
To get the necessary values for such a comparison, the catalytic activity
was related to the active surface areas, see Section 2.3 for details. In
Table 1, all average specific activities at 600 °C are given.

The lowest activities were found for the La-based B-site undoped
samples (Lag 9Cag 1FeO3.sand Lag ¢Cag 4FeOs.s5, purple curves in Fig. 2),
which are comparable to the results of LSF (Fig. 2, black curve).
Increasing the A-site dopant concentration had only a minor effect on
the activity. The specific activity at 600 °C was 5.7 x 107® mol m~2 s!
and 59x 10°molm2s~!, respectively (for LSF it was 4.8 x
107 mol m~2 s71). A change of A-site dopant (going from La to Nd)
increased the activity (Ndg.9Cag1FeOs s and NdgCag 4FeOs s, orange
curves in Fig. 2). Both materials showed a CO formation onset when
raising the temperature to 400 °C. With every temperature step a further
increase of activity was observable. The material with the lower Ca-
doping (10 %) exhibited higher CO formation rates than the perov-
skite with higher Ca content at 600 °C and 700 °C. The specific activities
at 600°C were 11.3 x 10°* molm 257! and 6.6 x 10°®* mol m~2 57!
for Ndg.9Cag 1FeO3.5 and Ndg ¢Cag 4FeOs3.s, respectively.

A comparison of activities found for the Ni-doped sample
Nd ¢Cag 4FeggNig.103s in Fig. 2 (blue curve) and the undoped
Ndy ¢Cag 4FeO3.s indicates that doping positively affects CO formation at
elevated temperatures. Furthermore, it could be observed that at 500 °C
CO formation increased initially (unlike for the undoped materials,
where the activity during each step was either constant or showed an
initial drop). At 600 °C, the specific activity for the Ni doped perovskite
was 18.0 x 107® mol m~2 s~!. The material doped with Co exhibited
similar activation phenomena (Fig. 2, green curve). Already at 400 °C, a

404

30 -

20 = = Ndo6Cap 4FeqgNig 1035
— Ndo6Ca04F€0.9C00.1035

[~ 600
Temperature

203 {2 500
—— NdggCapsFe0;5
=== NdpgCap ;FeO,5

Specific Activity (CO) / 10° mol m™s”
3
1
Temperature / °C

83 — LagCag4Fel,;
3 === LaygCayFeOy;
43 —IsF
—
[ o o L e e e T o T e T
0 50 100 150 200 250 300

Reaction Time / min

Fig. 2. Comparison of rWGS results. The reaction rates of CO formation are
displayed as surface specific activities in mol m 2 s (note the different scales).
LSF is included as benchmark (black line). For the reactions a 1:1 gas mixture of
H, and CO, was used, and the temperature was increased in steps of 100 °C
from 300°C to 700°C. For all temperatures, Co- and Ni-doped samples
exhibited the best activities.
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slight increase of the CO formation could be observed in the isothermal
regime. At 500 °C, this effect was even stronger. When comparing all
activities at all used temperatures, the largest value
(27.2x10°molm2s~! at 600°C) was found for the Co-doped
perovskite.

Besides comparing the novel perovskites to LSF, benchmarks of the
catalytic performance against an industrial catalyst were conducted as
well. Hence, the rWGS reaction was performed with the same parame-
ters on the commercial HiFuel™ high temperature WGS catalyst. It is
composed primary of iron oxide with 7 % chromium oxide to enhance
sinter stability, which makes the catalyst ideal for comparison to the
iron-based perovskites of this study. At 600 °C, the obtained specific
activity was ~ 3 x 1077 mol m~2 s~1, which is one order of magnitude
lower than for the investigated undoped perovskites. But this result has
to be evaluated very critically, as very strong sintering and consequently
reduction of active surface area of the commercial catalyst was observed
at high reaction temperatures. Consequently, the comparability of the
specific activity of this reference material is questionable.

To summarize, we found that exchanging La with Nd increases the
catalytic activity, and doping the perovskite B-site with Ni or Co
enhanced it even further. The Co-doped catalyst exhibited the best
performance, highlighting that Co-doping is highly beneficial to rtWGS
activity. The activity enhancing effects of the addition of Co were re-
ported for other materials, e.g. metal-carbides, as well [46].

There are two conceivable reasons for the high activities observed in
the Ni- and Co-doped perovskites: (i) exsolution of nanoparticles (which
is a well-documented phenomenon in perovskites [25]) and (ii) reduc-
ibility of the materials.

In literature and in previous work done by the authors, it was shown
that nanoparticle exsolution can greatly enhance the catalytic activity of
perovskites [34,47]. Moreover, the ongoing process of nanoparticle
formation could be an explanation for the increasing activity over time
at constant temperature observed for the Ni (500 °C) and Co (400 °C and
500°C) doped catalysts. Exsolution and the observed structural and
morphological changes of our catalysts will be treated in depth in Sec-
tion 3.3.

With respect to reducibility, it should be noted that compared to the
undoped perovskites, NdgeCag4FepoNip103.s and NdgeCag 4Fep o
Co.103.5 are more easily reduced in the reaction environment, as was
demonstrated in a chemical looping experiment for Co-doping (see
supporting info, Fig. S1). Furthermore, it has been shown by various
groups that the rWGS reaction of catalysts containing an easily reducible
oxide (e.g. as support) follows a surface redox mechanism (see for
example the Pt/ceria or iron oxide based systems in Refs. [48,49]).

Both aspects will be discussed more thoroughly in Section 3.5.,
giving a more detailed mechanistic insight.

In addition, the occurrence of any side reactions was checked for all
tested materials. Methane, for example, is a very well know side product,
as the Sabatier reactions are the main side reactions of rWGS [4]. Here,
however, no side products could be detected in the gas chromatograms
indicating a high CO-selectivity: A key factor for a high selectivity to-
wards CO - and an important property of perovskites — is the reducibility
of the oxide support material, the oxygen ion mobility, and its capability
for vacancy formation. For instance, for rWGS on the perovskites BaZ-
10.8Y0.16Z10.0403 and Lag 755r( 25FeO3 nearly 100 % CO selectivity have
been reported [4,15]. Also, O vacancies have been reported to be crucial
for the catalytic activity of the Pd/CeO,/Al,03 system, as they can be
filled with O from CO, [50]. One possible further reason for the high
selectivity of the tested systems could be the size and distribution of the
exsolved nanoparticles as discussed below. Similarly, Lu et al. observed
that low Ni loadings (< 3 %) with well dispersed nanoparticles are
highly beneficial to the selectivity towards CO [51]. They reported 100
% CO selectivity in the temperature range from 400 °C to 750 °C.
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3.3. Exsolution properties investigated by (in-situw) XRD and SEM

To directly follow the structural changes of the novel perovskites
during catalytic reactions and to get insights into the active phase of the
different perovskites, in-situ XRD measurements were performed in the
reaction environment (i.e. at 1 bar in a flow cell, 1:1 ratio of CO5 and Hs)
on selected perovskites. Resulting XRD diffractograms for the undoped
Ndy ¢Cag 4Fe03.5 are shown in Fig. 3.

At low rWGS reaction temperatures (below 400 °C), only the reflexes
corresponding to the perovskite host lattice were visible. Importantly,
the perovskite was stable and no decomposition of the material was
observed at all reaction temperatures. This is crucial for possible in-
dustrial applications, where catalyst regeneration by oxidation/reduc-
tion cycles can be realized on stable materials [52]. Although rWGS
reaction conditions are reducing, no formation of any metallic Fe-phase
could be observed by in-situ XRD over the whole temperature range of
the experiment. The chemical potential of the gas phase was not suffi-
cient for the formation of metallic nanoparticles on the surface. How-
ever, between 500 °C and 600 °C weak signals (26 of 30.0°, 35.3° and
62.0°) were evolving, which could be assigned to the occurrence of
Fe304. This phase transformed to FeO at around 600 °C, indicated by the
disappearance of the Fe304 signals and emerging signals at 26 of 36.0°,
41.8°, and 60.5°. This transition agrees with the Fe-O phase diagram
[531, which shows a transition around 570 °C. It was previously re-
ported that iron-oxide is an active phase for catalysing rtWGS [4], and in
the current experiments this phase is forming under reaction conditions.

Additionally, at a temperature of 400 °C a small signal evolved at 20
of 29.4°, resulting from formation of CaCO3 on the perovskite surface.
Similarly, above 500 °C trace amounts of a graphite phase could be
observed. Formation of carbonates under reaction conditions is a well-
known phenomenon for A-site doped perovskites, as reported in litera-
ture [54]. The amount of CaCOs increased at higher reaction tempera-
tures, simultaneously with the formation of the iron oxide species. This
might be due to the additional driving force of establishing stoichio-
metric balance in the perovskite structure after the exsolution of B-site
cations. Interestingly, both iron-oxide and CaCOj signals diminish at the
highest temperature of 700 °C.
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Fig. 3. In-situ XRD results during the rWGS reaction on Ndg ¢Cag 4FeO3.5 dis-
played in the temperature range of 300 °C to 700 °C. Signals corresponding to
the perovskite host lattice are marked with “P”. No formation of metallic Fe was
observed in the investigated temperature range. Between 500 °C and 600 °C,
small amounts of Fe304 were found. Above 600 °C, these signals disappeared,
while at the same time an FeO phase emerged (signals at 20 of 36.0°, 41.8°, and
60.5°). Already at 400 °C, a small signal evolved at 20 of 29.4° as well as a
result of CaCO3 formation on the perovskite surface. This signal increased at
higher temperatures, simultaneously with the iron oxide formation. In addition,
trace amounts of graphite could be observed above 500 °C.
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Figs. S3-S6 in the supporting info show diffractograms of all the B-
site undoped samples, LaggCag 1FeOs3.5, LageCag.4Fe0s.5, Ndg.oCag 1.
FeOs5, and Ndg ¢Cag 4FeOss, obtained by ex-situ XRD after rWGS re-
actions (samples from the activity measurements with the last
temperature at 700 °C). In agreement with the in-situ XRD results, for
Ndy ¢Cag 4Fe03.5 both CaCO3 and an iron-oxide phase were found. The
latter is FegO4, probably because FeO present at the highest tempera-
tures (see in-situ XRD experiment) underwent a phase transition back to
Fe304 when cooling down.

For Ndg.9Cag 1FeOs3.5, Fe304 was also visible, as well as trace amounts
of CaCOs. In contrast, for the samples with La no iron-oxide species
could be observed. Furthermore, for LaggCag1FeO3s no new phases
were found at all after rtWGS, while for Lag ¢Cag 4FeO3_5 formation of
CaCO3 was observed. Two trends follow from these observations. Firstly,
the exchange of La with Nd enables the formation of the iron oxide
phases under rWGS conditions. Secondly, more Ca-doping on the
perovskite A-site leads to stronger CaCO3 formation during reaction, as
would be expected.

Another observation arising when comparing the diffractograms
before and after rWGS is the slight shift of all reflex positions towards
smaller diffraction angles. This effect is strongest for Lag ¢Cap 4FeOs.5
and is due to expansion of the unit cell in reducing conditions as the
result of oxygen vacancies being formed and the partial reduction of the
Fe (from Fe** to Fe®! and from Fe3* to Fe2+) [55].

Formation of CaCO3 was also visible in SEM images recorded after
rWGS reactions on Lag ¢Cag 4FeOs3.5 and Ndg ¢Cag 4FeOs.s, Figs. S8/510.
After reaction, larger crystals with regular shape (often triangular) and
sizes between 200 nm and 400 nm could be observed. These crystals
were assigned to CaCOs (this was supported by EDX measurements
performed on the B-site doped materials, see below). In case of lower Ca-
doping, Lag 9Cap 1FeOs.s and Ndp 9Cag 1FeO3.5, no CaCOs3 can be seen in
the SEM images (Figs. S9/S11). For B-site undoped materials, no for-
mation of nanoparticles was observed on the perovskite surface by SEM,
although formation of FeO could be observed for Ndg ¢Cag 4FeOs3 s by in-
situ XRD and Fe304 could be found for both perovskites with Nd in the
ex-situ XRD patterns. Conceivably, iron oxide occurred either as
exsolved nanoparticles that were below the detection limit of SEM, or
decomposition occurred without apparent changes in morphology.
Generally, the perovskites preserved their overall surface structure
(except for CaCOs; formation), highlighting their excellent thermal
stability.

The absence of metallic surface iron species on the B-site undoped
Ndy ¢Cag 4FeO3.5 could also be confirmed by in situ NAP-XPS data (cf.
Fig. S14A).

In-situ XRD measurements on the reference material LSF (Fig. S7)
showed a very similar behaviour as for Ndg ¢Cag 4FeO3_s. At low reaction
temperatures, only the perovskite phase was observable. At 650 °C, the
formation of FeO could be observed, as indicated by the weak signal at
260 of 41.7°. Moreover, trace amounts of SrCOs started to appear at 26 of
25.0°, analogous to the formation of CaCOs in the Ca doped materials.
Unlike for the Ca doped samples, SEM could reveal the formation of
small nanoparticles (20—30 nm) on the perovskite surface for LSF, Fig.
S12.

To investigate the influence of exsolution on the rWGS activity, the
experiment on Ndg ¢Cag 4FeO3.5 was repeated with an additional pre-
treatment step in Hy/H,0 (32:1) at 700 °C (60 min). The bottom XRD
pattern in Fig. 4 indicates successful Fe nanoparticle formation by
reductive treatment (26 of 44.6° and 62.9°, corresponding to a metallic
Fe-phase), which has already been shown in earlier work [21].

Upon stepwise increases of the rWGS reaction temperature, the
metallic Fe signal started to decrease between 450 °C and 500 °C. At the
same time, new diffraction lines appeared at 20 of 30.0°, 35.3°, 56.6°,
and 62.2°, which could be assigned to Fe304. Under rWGS reaction
conditions, the initially metallic Fe nanoparticles where oxidized to
FesO4 in the temperature range of 450°C-550°C. Between
600 °C-650°C, a further change of the observed phases occurred. The
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Fig. 4. Repeated in-situ XRD measurement for NdgeCag4FeOs.5, displayed
from 300 °C to 700 °C. Signals corresponding to the perovskite host lattice are
marked with “P”. For this experiment the perovskite was reduced in Ho/H,0
prior to the catalytic reaction at 700 °C for 60 min. Pre-treatment resulted in the
exsolution of metallic Fe nanoparticles, evidenced by reflexes at a 20 of 44.6°
and 62.9°. With increasing reaction temperature, the metallic Fe vanished
completely above 550 °C. At the same time, the appearance of Fe3zO, signals at
20 of 30.0°, 35.3°, 56.6°, and 62.2° was visible, resulting from the trans-
formation of metallic Fe to Fe304 under rWGS conditions. Above 550 °C, weak
reflexes at 20 of 35.9°, 41.7°, and 60.4° were evolving, which correspond to
FeO. At reaction temperatures above 500 °C, a small signal was observed at 20
of 29.3°, corresponding to formation of CaCO3 on the perovskite surface.

Fe304 nanoparticles where reduced to FeO (20 of 35.9°, 41.7°, and
60.4°). Additionally, starting from 500 °C, CaCO3 and graphite were
formed. At the highest reaction temperature (700 °C), the carbonate
phase diminished and only FeO and graphite were left on the catalyst
surface.

In combination with the activity data of the catalytic measurements
(cf. Section 3.2), it can be concluded that the formed Fe304 and FeO is
correlated to the high rWGS activity. While the specific activities of all
the B-site undoped materials were similar at 500 °C, starting from
600 °C, the Nd-based perovskites exhibited higher catalytic activities
compared to the respective perovskites with La. The temperature region
between 500°C and 600°C is exactly where the iron-oxide phases
started to evolve in the in-situ XRD experiment with Ndg ¢Cag 4FeOs.5.
Furthermore, an iron-oxide phase only occurred in the ex-situ XRD ex-
periments with the Nd-based perovskites. This phase is formed under
reaction conditions, both from the perovskite without reductive pre-
treatment and from already exsolved Fe particles. The unwanted for-
mation of CaCOs3 observed for the materials with a higher amount of Ca-
doping could explain why the activity of Ndg¢Cag 4FeO3 5 was lower
compared to Ndg 9Cag 1FeO3.5. These results demonstrate how rich the
surface chemistry of perovskites can be, and that the surface is
responding dynamically to changes of the chemical potential of the re-
action environment, as well as the strong effect these changes have on
the rWGS activity.

In-situ XRD results for the Co-doped perovskite NdggCag 4Feq.o.
Co¢.103.5 are displayed in Fig. 5. Here, the catalyst was exposed to the
rWGS reaction environment without any reductive pre-treatment (only
initial oxidation was performed for a defined surface state). Above
525 °C, the formation of a FeO and/or CoO phase could be observed at
260 of 36.2°, 40.0°, and 60.7°. Unfortunately, it was not possible to find a
clear assignment to either FeO or CoO (or a mixed Fe-Co-oxide — Fe,Co;.
x0) due to the overlap of the two signals in XRD and the limited reso-
lution of the diffractometer. However, from previous work with EDX
mapping, it is known that due to easy reducibility Co is preferentially
exsolved at lower temperatures [21]. At 550 °C, additional formation of
a metallic bec phase could be observed at 26 of 44.8° and 65.0°. Again,
no clear assignment was possible with XRD due to the signal overlap of
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Fig. 5. In-situ XRD results during the rWGS reaction on cobalt doped
Ndo 6Cag 4Fep.9C00.103.5, displayed in the temperature range of 500°C to
650 °C. Signals corresponding to the perovskite host lattice are marked with
“P”. Above 550°C, a signal starts to evolve at a 20 of 44.8° associated with
either a Fe or a Co bcc phase. In the same temperature range, signals at 20 of
36.2°, 40.0°, and 60.7° can be observed, which could be attributed to either
CoO or FeO. Starting from the lowest temperature at 20 of 29.3°, an increasing
amount of formed CaCO3 was found.

Fe and Co, however the fact that no metallic phase occurred in the
experiment without Co-doping (cf. Fig. 3), the higher diffraction angle
compared to the metallic phase in the experiment with B-site undoped
Ndj ¢Cag 4FeO3.s5 and pre-treatment (cf. Fig. 4), and the preferential
exsolution of Co suggest a predominance of Co in this phase. Both the
B-site metal oxide and metallic phases are more pronounced than in the
case of no Co doping. These results show that doping with Co enhances
the exsolution process and also enables the reduction of the exsolved
elements to a metallic state within the reaction atmosphere, which is
preferred for catalysis. These findings where supported by in situ
NAP-XPS data as well (cf. Fig. S14B), with the evolvement of metallic Co
during rWGS reaction. Already at 500 °C, a small amount of CaCOs3
could be observed at 26 of 29.3°, which got larger simultaneously with
the formation of the B-site cation containing phases. Importantly, the
perovskite host lattice was stable over the whole temperature range.
Figs. 6 and 7 summarize the results from SEM and EDX measure-
ments for NdggCag 4Fep.9Co0.1035. After the rWGS reaction, larger,
smooth crystals (sizes around 250 nm) on the surface could be observed.
They could be identified as formed CaCO3 on the surface, which was
supported by the enrichment of Ca and C seen in the EDX spectrum at the
position of one of these crystallites (Fig. 7, spectrum C). Furthermore,
the formation of finely dispersed nanoparticles with sizes between
20 nm and 50 nm was visible. The EDX spectrum at the position of one
particle (Fig. 7, spectrum B) reveals a larger Co L signal (as a shoulder of
the Fe L peak) compared to a position in between particles (Fig. 7,
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Fig. 7. EDX spectra obtained at the indicated spots A, B and C in Fig. 6 on
Ndg 6Cag 4Feg.9C00.103.5 after rWGS reaction. Spectrum A corresponds to the
perovskite surface; spectrum B to a formed nanoparticle, where an enrichment
of Co was detected; and spectrum C was taken at the position of a larger
crystallite that could be identified to consist of CaCO3 due to enrichment in Ca
and C.

spectrum A). This supports the theory that Co has been preferentially
exsolved before Fe, and that the nanoparticles can be supposed to be
mainly composed of Co. It should be pointed out that the spatial and
depth resolution of the EDX analysis is limited, meaning that the ob-
tained spectrum includes signals from the surrounding of the particle.
Therefore, an unequivocal determination of the particle composition
would require additional TEM studies.

The in-situ XRD results suggest that during reaction the nano-
particles were either primarily metallic or already oxidized. Due to the
exposure to air (and hence oxidation), when transferring the samples to
the SEM, it is no longer possible to distinguish between the two cases.
Therefore, it is not clear which of the B-site metal oxide or metallic
phases observed with XRD, or even both, correspond to the nano-
particles seen in the SEM images. Astonishingly, these nanoparticles
were stable without sintering effects even at high reaction temperatures
up to 700 °C. The reason is that nanoparticles formed by exsolution are
anchored to the perovskite surface, as has been shown by Neagu et al.
[33] in an in-situ TEM study. The stable nature and the prevention of
sintering of these formed nanoparticles make perovskite catalysts
extremely valuable for industrial applications.

As shown in the catalytic data (cf. Section 3.2), the Co-doped
perovskite exhibited the highest fWGS activity. A possible reason
could be the co-existence of nanoparticles containing metallic Co and
the FeO/CoO oxide phase on the perovskite surface (in vicinity to oxy-
gen vacancies of the host lattice), both enhancing hydrogen dissociation
and redox activity (further details see Sec. 3.5 below). This is supported
by the fact that the activity measurements of the Co-doped catalyst
showed the largest increase between 500 °C and 600 °C, the temperature
region where these phases started to appear in the in-situ XRD

Fig. 6. SEM Images of Nd0,6Cao‘4Feo,gCoo,1O3.5
after a) calcination at 800 °C (pristine state) and
b) after the rWGS reaction at 700°C; ¢) is a
section (green dashed box) shown at higher
magnification. The bright flakes on the surface
in a) and b) are small pieces left from the
grinding following the synthesis. After the
rWGS reaction, bigger, smooth crystals on the
surface with sizes of around 250 nm could be
observed. They could be assigned to CaCO3 that
was formed during reaction. Furthermore,
finely distributed nanoparticles with sizes
around 40nm are present in c) that were
exsolved under reaction conditions. Positions A,
B and C indicate the spots where EDX spectra

were obtained (see Fig. 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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experiment. For Sr-doped lanthanum cobaltite perovskites (Laj.
xS1xC003.5), Daza et al. reported the importance of metallic cobalt for
the conversion of CO, to CO as well [56].

For the Ni doped catalyst Ndg ¢Cag 4Feo.9Nip 1035, a diffractogram
was obtained ex-situ after rWGS reaction (Fig. S2 in the supporting in-
formation) using the sample from the activity measurement (last tem-
perature 700 °C). Here, the NiO impurity observed in the pristine sample
could not be found anymore. Instead, a metallic Ni-phase (fcc) was
present, indicated by the reflexes at 20 of 43.9° and 51.2°. This suggests
a reduction of the NiO phase to metallic Ni during rWGS, probably
around 500 °C, which is the temperature where increasing activity at
constant parameters was observed in the catalytic experiments. The
formation of additional metallic Ni (by exsolution) cannot be confirmed
conclusively. Also, alloying of Ni with Fe within the fcc phase might be
possible by exsolution. Further experiments would be necessary to
determine the exact behaviour. Besides the Ni containing phases, for-
mation of CaCOs, as well as trace amounts of Fe304 could be observed.
This agrees with the results observed for the B-site undoped
Ndj ¢Cag 4Fe03.s. Compared to the latter, there was more CaCO3 and less
Fe304. This can be explained by the changed driving forces for segre-
gation, evoked by the formation of the Ni phase. As this leads to a B-site
sub-stoichiometry in the remaining perovskite, the A-site Ca segregation
is enhanced, while B-site Fe segregation is reduced.

The larger CaCOs crystals found on the surface of Lag ¢Cag.4FeOs.s,
Ndy.¢Cag 4Fe0s3.5, and Ndg ¢Cag 4Fep.9Cog.103.5 were also observed in the
SEM images of Ndy ¢Cag 4Feg 9Nip.103.5 (Fig. S13). Here, they were even
bigger with sizes between 400 nm and 700 nm. This larger size matches
the result of an enhanced Ca segregation obtained from the XRD mea-
surements. Furthermore, the larger size of the crystals allowed for an
EDX mapping to confirm their chemical nature as CaCOs. At high
magnification, also very small nanoparticles (< 15 nm) were visible on
the surface. These probably consist of Ni, in agreement with the metallic
Ni-phase observed with XRD. The formation of Ni nanoparticles can
explain the higher catalytic activity of the Ni-doped catalyst compared
to the undoped ones, which was observed in the catalytic measurements
(cf. Section 3.2).

3.4. Enhancement of rWGS activity by exsolution

To further investigate the promoting effect of the formed nano-
particles, and to answer if the exsolved nanoparticles are really
enhancing the catalytic activity, additional experiments were conduct-
ed. These additional activity tests for Ndg 9Cag 1FeO3.5 and Ndg ¢Cag 4.
Fe.9Cop.103.5 were performed with linear temperature ramps.

For the undoped Ndj ¢CagFeO3., it was found that exsolution of
metallic Fe particles does not enhance the catalytic activity (for more
details see the supporting info Section “Exsolution Enhanced Catalytic
Reaction” and Fig. S15).

For the B-doped Ndg ¢Cag 4Fep.9C00.103-5, the reaction temperature
was increased from 300 °C to 570 °C (heating rate =1°C min~Y). After
reaching 570 °C, the reaction temperature was reduced with the same
rate (to 300 °C) (see also Fig. S16). For this special experiment 570 °C
was chosen as highest temperature, because at this temperature exso-
lution is already possible, but CaCO3 formation is still minor (see in-situ
XRD results, Fig. 5). From the in-situ XRD results, in this temperature
range the exsolved particles are expected to be mainly cobalt-oxide.

Since the cobalt-oxide-nanoparticles only form upon the first heating
in reaction atmosphere (they are formed in-situ at high reaction tem-
peratures where cation mobility is sufficient), heat-up and cool-down
behaviour are expected to be different in case the particles affect the
activity of the catalyst. If the formed nanoparticles would have no in-
fluence on catalytic reactivity, the CO formation rate should be equal for
both up and down ramping. Indeed, a hysteresis-like behaviour was
found as can be seen in Fig. 8, with a maximum increase in formed CO by
0.9 mol% at 490 °C. This is a clear indication that for the cooling ramp a
higher catalytic reactivity was observed than for the heating ramp,
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Fig. 8. CO formation during rWGS reaction on Ndg ¢Cag 4Fe 9C00.103.5. The
reaction temperature was increased with a linear ramp of 1 °C per minute to
570 °C and then reduced to 300 °C with the same rate (full curves). During the
initial ramp, nanoparticles were formed on the surface, which were improving
the rWGS activity. While cooling, a hysteresis with increased reactivity is
visible, caused by the formed nanoparticles. When repeating the experiment on
the used catalyst (dashed curves), the same higher activity was observed, as the
exsolved nanoparticles were present during the heating ramp as well.

which can be interpreted as an evidence for a catalytic effect of the
exsolved nanoparticles.

To show that this method is genuinely suitable of determining dif-
ferences in catalytic activity, a second identical experiment was con-
ducted directly after the first heat-up/cool-down cycle (i.e. without
changing the catalyst, and without any intermediate treatment). The
catalytic activity during both the second heating and cooling phases
followed the cooling ramp of the first cycle exactly (see Fig. 8, dashed
curves). This confirms that nanoparticles, evolving upon the very first
heat-up, were improving the rWGS reactivity over the whole tempera-
ture range of all following heat-up or cool-down ramps, indicating
reversible and stable catalytic behaviour of the nanoparticle decorated
perovskite catalyst. Consequently, with this experiment strong struc-
tural deactivation phenomena in the investigated temperature range (up
to 570 °C, prior to the increased formation of CaCO3) could be ruled out
as well.

3.5. Mechanistic relation between surface structure and catalytic activity

In heterogeneous catalysis on reducible oxides, commonly lattice
oxygen is found in the reaction product. This effect was explained by P.
Mars and D. W. van Krevelen by suggesting a regenerative redox
mechanism that consists of two steps [57]: In the first step, the catalyst is
reduced by one of the educts, which is oxidized by taking up an oxygen
atom from the catalyst and thus creates a vacancy in the catalyst’s ox-
ygen sub-lattice. In the following second step, the catalyst is regenerated
by reaction with the second educt, which donates an oxygen atom to the
catalyst and hence becomes reduced.

The rWGS reaction (Eq. (1)) on oxide catalysts usually also proceeds
via a Mars-van Krevelen (MvK)-type redox mechanism. There, in the first
step, hydrogen reacts with lattice oxygen of the catalyst forming the first
product water, which desorbs leaving an oxygen vacancy behind. The
two electrons formed in this reaction step are also transferred to the
catalyst oxide ensuring charge neutrality. In Eq. (3) the half reaction of
H, oxidation proceeding on a reducible oxide is written in Kroger-Vink
notation with Og, v{;, and e’ denoting regular lattice oxygen (relatively
neutral), oxygen vacancy (relatively two-fold positive), and electron
(relatively negative), respectively.

H, + 05—>H0 + v, +2¢’ 3

In the second step, these electrons are consumed by reduction of
carbon dioxide, which annihilates an oxygen vacancy by donating an
oxygen atom to the catalyst, thus forming the second product carbon
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monoxide.
CO, + vy + 26'—>OS +CO (€)]

Both half reactions are coupled by the electron transfer via the solid
catalyst substrate and thus for the case of steady state conditions, the
following relationship for the reaction rate densities r holds:

THy—ox = 7COy—red = 1tWGS 5)

Therein, the subscripts “Hg-0x” and “COq-red” refer to Egs. (3) and
(4), respectively. Both are equal to the net rate of the rWGS reaction
rrwas, Which is compared in a surface area-normalised form (thus called
specific activity) in Fig. 2.

As one can see in this figure, upon changing the composition of the
investigated perovskite-type catalysts, the reaction rate is improved. In
the following, we thus propose a relation between the observed catalyst
activities in Fig. 2 and the corresponding catalyst composition based on
the characteristics of an assumed MvK-type redox mechanism on mixed
conducting perovskites. To do so, it is helpful to first summarize previ-
ous results on similar materials:

(i) CO reduction proceeds on the perovskite surface and is only little
affected by exsolution of metallic particles [40]. The availability of a
sufficiently high concentration of electrons in the electro-catalyst in-
creases efficiency drastically. Thus, the CO; reduction rate is higher on
more easily reducible oxides [40].

(ii) Exsolved metallic particles can enhance the Hy oxidation rate
significantly [34,47]. The improvement of H; oxidation rate occurs by
spillover of adsorbed hydrogen species from the metal to the oxide —i.e.
the bare oxide surface suffers from a depletion of reactive species, hence
here Hy activation is limiting the net reaction rate, while exsolved
metallic particles help sustaining a significant coverage with an active
hydrogen species [58].

(iii) Surface enrichment of Sr causes performance degradation of
perovskite-type electro-catalysts, but enrichment of La shows only
minor effects [59,60].

With this in mind, let us now look at the catalyst performance data in
Fig. 2. Doping LaFeO3 with calcium instead of strontium does not visibly
change the catalytic activity of the investigated perovskite. This is in
agreement with previous results, since both Ca and Sr do not show any
redox activity and their effect on defect chemistry (e.g. electron con-
centration) is only due to their charge.

Changing La against Nd caused an improvement in the specific ac-
tivity by up to a factor of two (compare the purple and orange curves in
Fig. 3). This result is difficult to be unambiguously explained in quan-
titative terms using the data available so far. However, two potential
qualitative explanations shall be briefly discussed here. First, the
different redox activity of La and Nd may be the reason for the observed
behaviour. While La in the perovskite bulk has only a minor (if any)
redox activity, there are indications that surface La actively participates
in redox reactions [61]. Assuming a slightly easier reducibility of surface
Nd compared to surface La may explain the increased rWGS activity of
the Nd-based catalysts via improvement of the CO, reduction reaction
(Eq. (4)). Second, the iron oxide phases observed on Ndg ¢Cap 4FeOs.5
and Ndg 9Cag 1FeO3.5 may contribute to an increased CO5 reduction rate.
Formation of these phases might as well be simply a consequence of the
high redox activity of the Nd-containing surface, without a significant
enhancing effect of the iron oxide phases on the CO; reduction. The
exact relations are still to be investigated further. However, any role of
FeO and Fe304 for an improved H; oxidation activity can be definitely
ruled out as demonstrated in Ref. [58].

A further noteworthy increase of the catalyst performance was ach-
ieved by introduction of the reducible elements Co and Ni, which under
reaction conditions both caused decoration of the oxide catalysts by
metallic precipitates (see Figs. 2 and 6). Hence — by considering the
above-mentioned previous results of Hy oxidation on exsolution-
decorated electro-catalysts — we suggest the associated specific activity
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improvement to be mainly caused by an enhancement of the H, oxida-
tion rate (Eq. (3)). Some additional activity enhancement may originate
from the easier reducibility and the corresponding higher oxygen va-
cancy concentration especially of the cobalt doped material.

A summary of both interpretations is sketched in Fig. 9, which shows
the job sharing of oxide surface and metal exsolution, catalysing CO»
reduction and Hj oxidation, respectively. The connection of both half-
reactions is achieved by electrons and oxygen vacancies flowing via
the mixed conducting perovskite-type catalyst.

To summarize, the high reactivity of Ndg ¢Cag 4Fep.9C00.103.5 (and to
some extent Ndg¢Cag 4Feg9Nip103.5) can be explained by the syner-
gistic effect of the perovskite host lattice with its capability for high
oxygen vacancy concentration, responsible for effective CO, activation,
the formed CoO (and/or FeO) on the surface, which is contributing to
the oxygen chemistry, and the exsolved metal nanoparticles, which are
enhancing the Hy adsorption and dissociation ability of the catalyst
surface.

3.6. Deactivation behavior of investigated perovskites

To assess the deactivation behaviour of the investigated perovskites,
rWGS reactions at constant high temperatures (600 °C) were conducted.
Here, results for Ndg ¢Cag.4FeO3.5 and Co-doped Ndg ¢Cag.4Fe.9Cog.103.
5 are highlighted in Fig. 10. Results for the other materials are displayed
in the supporting info (Figs. S18-520). To ensure the same well-defined
starting point for all experiments, all samples were subjected to an
oxidizing pre-treatment at 600 °C for 30 min. Following a cooling down
period (to 300 °C in O3), the reaction gas atmosphere was switched on. A
sharp increase of reaction temperature to 600 °C in order to find possible
pronounced activation or deactivation effects during reaction onset did
not reveal any such effects.

For Ndg ¢Cag 4FeO3.5 (Fig. 10), a slow deactivation over time was
observed which could be seen in the slightly decreasing CO signal. This
slow deactivation is very likely attributed to formation of CaCOs crys-
tallites on the surface, as observed in SEM images and XRD after reaction
(Figs. S10 and S4). The CaCOs is formed in two stages: Ca-segregation to
the surface and its reaction with CO, from the reaction atmosphere. This
phenomenon of carbonate formation is a well-known issue for perov-
skites with alkaline earth metals as A-site cations, as shown in literature
e.g. for BaCog 4Feg 4Zr¢ 203.5 [54]. The formed CaCOs crystallites are
covering part of the perovskite surface, blocking active sites. The slow
deactivation is a result of the proceeding growth of CaCOs. Possible
strategies for reducing this deactivation process are either a reduction of
the Ca-content, the use of an A-site sub-stoichiometric material or a
change of the A-site composition to elements that are less prone to
segregation or carbonate formation [62]. For the tested perovskites with

3ov Shar,ng

co, €O

7/

perovskite-type rWGS catalyst

Fig. 9. Sketch of the job sharing during rWGS reaction on the surface of a
mixed conducting perovskite decorated with exsolved metallic particles. While
the metal enhances mainly the H, oxidation rate at the particle/oxide interface,
the presence of easier reducible Nd improves at the oxide surface the CO,
reduction activity. Both steps of the reaction occur at different sites of the
catalyst surface.
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Fig. 10. Isothermal rWGS reaction at 600 °C for Ndg ¢Cag 4FeO3.5. The initial
product gas concentration is indicated with dashed lines. During reaction
(about 5h) the catalyst showed slight deactivation as can be seen in the
decreasing CO signal and the increasing amount of H,. The inset highlights the
results for the Co doped material Ndg¢Cag.4Fep9C0.103.5 where a slight
deactivation was observed over time as well.

lower A-site Ca doping, an already reduced tendency for segregation and
CaCOj3 formation was observed, as shown by XRD and SEM data (Figs.
S3/S9 and S5/S11).

Ndo_gcao'lFeO}‘s, Lao,gCaovlFeO3_5, and Lao_GCaOAFeOg_E showed a
similar behaviour with respect to catalytic activity with slow deactiva-
tion over time (Figs. S18-S20). For the Co-doped Ndg ¢Cag.4Fey.9Co0.103-
s, the same behaviour was observed as well, see Fig. 10 (inset). In in-situ
XRD data (Fig. 5), the formation of CaCO3 was observed above a reac-
tion temperature of 500 °C. With increasing reaction temperature, the
corresponding reflex grew more intense, indicating the growth of the
CaCOg crystallites.

4. Conclusions

Six rare earth based perovskite-type oxides were investigated with
respect to their rWGS performance, as well as their corresponding sur-
face structure and morphology (using XRD and SEM). The highest cat-
alytic activity was achieved when formation of metallic nanoparticles by
exsolution occurred during reaction, as could be shown for the Ni- and
Co-doped materials Ndo_ﬁcao_4Feo_9Nio_103_5 and Nd0.6cao_4F60.9C00.103_
5. We propose that this is due to a Mars-van-Krevelen-type mechanism of
the rWGS reaction on these materials with a highly beneficial job-
sharing ability of the metal-particle-decorated catalyst surfaces. On
the one hand, dissociative Hy adsorption takes place on the metal par-
ticles. By spillover, the active hydrogen species can subsequently in-
crease the reduction rate (and thus the oxygen vacancy generation rate)
in the perovskite backbone compared to the undecorated perovskite.
This backbone, on the other hand, is responsible for CO; activation. It
shows a pronounced defect chemistry, including oxygen vacancies, and
can reduce COs, accepting one of its O atoms to re-fill a vacancy.

The choice of both A-site and B-site compositions of the perovskite
material play an important role for the resulting behaviour and perfor-
mance. For the design of an optimal catalyst material, several aspects
must be considered:

(i) The used rare earth metal on the A-site can - via its aptitude to
redox behaviour - influence the reducibility of the perovskite
backbone and its ability for oxygen vacancy formation. This, in
turn, has an effect on the CO5 reduction rate, but also on the
exsolution process (this was also seen in previous work regarding
exsolution [43]). In this work, we have shown that exchanging La
with the presumably more redox-active Nd increased the cata-
lytic activity for rWGS.
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(i) Doping of the A-site with an alkaline earth metal is important for
the perovskite defect chemistry, affecting electronic and ionic
conductivity, oxygen vacancy concentration, and thus CO;
reduction rate and exsolution behaviour. However, alkaline earth
metal doping comes with the disadvantage of segregation effects
and carbonate formation during rWGS. For our Ca-doped mate-
rials, we observed CaCOs covering the surface, thus blocking
active sites and resulting in catalyst deactivation over time. The
carbonate formation increased with a higher Ca content and more
pronounced B-site metal exsolution.

Using an easily reducible element (such as Co or Ni) as B-site
dopant in combination with a less reducible main component (in
our case Fe) not only facilitates formation of metal particles on
the surface, but also enables a preferential exsolution of the
dopant element (found in this study both for Ni- and Co-doping).
At the same time, the less reducible main component ensures that
a stable perovskite backbone is retained, because it is not
completely reduced under the same conditions. The metal parti-
cles strongly increase the catalytic activity for rtWGS, as was
observed for both the Ni- and the Co-doped material. This stable
backbone can provide a good anchoring of exsolved nano-
particles, thus preventing sintering and ensuring a high amount
of gas/metal/oxide three-phase boundaries. For our Co-doped
material, no sintering of the metal nanoparticles could be
observed, even up to 700 °C.

The choice of the B-site dopant is crucial. Cobalt is known to be
highly active for rWGS, and consequently the Co-doped perov-
skite showed the best r'WGS performance. In contrast, Fe particles
exsolved by reductive pre-treatment, did not enhance the cata-
lytic activity.

(iii)

@iv)

These considerations can be used to tune the perovskite catalyst
composition, achieving a material exhibiting excellent catalyst proper-
ties — exsolution of catalytically highly active metal nanoparticles with
good sintering resistance and optimal size, distribution, and composi-
tion from a stable and reducible perovskite backbone, while showing
only minimal carbonate formation. Not only changing the used elements
and their ratio, but also introducing a sub-stoichiometry to either of the
perovskite sites is conceivable, giving an even wider range of possibil-
ities for optimization. Thus, an optimal rWGS performance tuned to the
actual process parameters — with a high catalytic activity and stable
operation — can be realized.

Our results show that this material class is ideal to meet current
challenges for industrial scale rWGS. Moreover, rtWGS belongs to the
most promising reactions for future CO, conversion and utilization
systems and belongs to the closest to implementation.
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