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Abstract

A carbon-neutral fuel is desired when it comes to solve the issues associated with climate
change. A smart approach would be to develop new materials to produce such fuels, which could
be integrated with renewables to improve the efficiency (e.g., solid oxide fuel cells (SOFCs) in
smart grid, concentrated solar fuel technologies). In this study, we report the utilization of
nonstoichiometric perovskite oxides, Ba,Cap gsNb1 34xFex0s.5 (BCNF) (0 < x < 1), to split CO,
into carbon, carbon monoxide, and oxygen at elevated temperature. Powder X-ray diffraction
shows the stability of double perovskite-type Ba,CaggsNDb; 34-xF€x0Os-5 (BCNF) (0 < x < 1) after
exposing to 2000 ppm CO; in Ar at 700 °C. Scanning electron microscopy coupled with energy
dispersive X-ray, Raman spectroscopy, temperature programmed oxidation (TPO) and mass
spectroscopy (MS), and DFT analyses confirm the formation of solid carbon upon CO; exposure,
which increases with increasing Fe in BCNF. Maossbauer spectroscopy of as-prepared BCNF

shows the presence of Fe**, Fe** and Fe>*. Upon Ar exposure, the higher valent Fe component is



reduced to Fe** and subsequent oxidation of Fe®* seems to promote the CO, reduction. Overall,
these promising results of BCNFs, displaying redox activity at significantly lower temperatures
compared to state-of-art ceria for CO, reduction, show great potential for their use in renewable-

driven fuel technologies.
1. Introduction

CO; emission from fossil fuel combustion has been considered as a major threat for climate
change. At present, over 75% of world energy demand is generated using fossil fuels, which
releases large amounts of CO, and will continue to rise unless major steps are taken to mitigate
CO; emissions. Among other greenhouse gases, CO, is a highly stable molecule and is very
difficult to be converted into other useful chemicals. However, a large number of chemical
manufacturing processes have also been developed for converting CO; into useful fuels such as
CO + H; and CO. Furthermore, electrochemical methods have been considered to convert CO,

1,34 ethanol,® and formaldehyde.® Most of

into valuable chemicals, including CO,"? methano
these methods are energy intensive and also require ultra-high pure CO,. CO; is photochemically
reduced to store energy by natural processes; mimicking this process remains one of the great
challenges in modern chemistry.”® It is commonly understood that the critical hindrance is to
activate CO; into the CO;" radical intermediates that can be reconverted further into useful fuels.

Currently, many electrocatalysts based upon metal oxide-derived nanostructured materials have

been investigated intensely to lower the over-potential for CO, reduction.®*?

Here, we report a thermochemical splitting of CO, using a mixed ion and electron
conducting (MIEC) perovskite-type BayCagssNb1 34-xFexOs.5 (BCNF), where solid carbon was
deposited along with the production of CO and oxygen. The pretreatment of BCNF followed by

CO; conversion both were performed at significantly lower temperature (700 °C) compared to
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conventional metal oxides that operate at 1200-1400 °C.*¥*® Additionally, we have not used any
external potential difference to drive the CO, conversion reaction — making BCNF a highly
promising alternative for renewable-derived carbon-neutral fuel production at significantly lower
temperatures compared to state-of-art materials.’**® In particular, this discovery could have
potential applications to regenerate low-cost fuels by integrating with solar energy to provide the

heat source for the thermochemical process.
2. Experimental

Perovskite-type Ba,Cag ssNb1 34-xFex0s-s (BCNF) (x =0, 0.34, 0.66 and 1) were prepared through
a conventional solid-state reaction at elevated temperature in air using stoichiometric amounts of
BaCO;3; (99+%, Alfa Aesar), CaCO3; (99%, Fisher Scientific Company), Nb,Os (99.5%, Alfa
Aesar) and Fe,O3 (99+%, Alfa Aesar). These precursor powders were mixed together in an
appropriate amount of ethanol (typically ~15-20 mL) followed by ball-milling (Pulverisette,
Fritsch, Germany). The obtained mixture was calcined in air at 1000 °C and resultant powders
were ball-milled again for 4 h and dried in air. The powders were pressed into pellets by
applying in isotactic pressure of 200 MPa. The pressed pellets were sintered at 1400 °C using a

high-temperature furnace (Carbolite RHF16/3, England) in air.

Powder X-ray diffraction (PXRD) (Bruker D8 Advance; Cu Ka, 40 kV and 40 mA; 0.02°
step scan width and 6s counting time per step) was performed to confirm the formation of double
perovskite-type structure for BCNF. BCNF pellets were crushed and ground into a fine powder
for PXRD measurements. Scanning electron microscopy (SEM) (Philips XL30 SEM) was used
to study the microstructure of the BCNF pellets. Temperature programmed oxidation (TPO) of
BCNF samples was carried out in a CHEMBET 3000 (Quantachrome Instruments) instrument

for as-prepared and CO,-treated samples. BCN and BCNF samples were pre-treated with Ar (5.0
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grade from Praxair, Canada) (O, content ~1 ppm) for 12 h at 700 °C prior to exposing CO, gas.
He gas (UHP grade from Praxair, Canada) was purged at 15 cc/min before oxidation at ambient
temperatures for 30 min. The sample was then heated up to 900 °C (10 °C/min) under 5% O in
He atmosphere flowing at 20 cc/min. The gases consumed (O,) or produced (CO, and H,O) were

monitored using thermal conductivity detector (TCD) and mass spectroscopy (MS).

>"Fe M6ssbauer spectra were recorded at 298 K in constant acceleration mode using a ca.
25mCi °’Co/Rh source and a helium closed-cycle cryorefrigerator. All the spectra were computer
fitted and the chemical isomer shift data are quoted relative to metallic iron at room temperature.
Raman measurements were recorded in backscattering geometry on selected planes of the single
crystals using a DILOR XY spectrometer with excitation through an X50 microscope objective

lens. Entrance and exit polarizers were used to minimize polarization losses.

All ab initio calculations of the (100) surface of BCNF and the adsorption of CO, to this
surface are performed using Vienna Ab initio Simulation Package (VASP),?° with the PBE class
of generalized gradient approximation (GGA-PBE) exchange-correlation potentials.*> For
calculating the energy of a structure, a relaxation is first performed at an energy cutoff of 400 eV
with a k-mesh of 1x1x1, and then energy values are read from a single-point calculation with a
denser k-mesh of 3x3x1. The DFT+U?* scheme is applied both to obtain more accurate results as
well to facilitate convergence. The U value for Fe ions is set to be 4.9,% while the U value for
Nb is set to 2.0.%%% To set up a surface model, the experimentally determined bulk structure is
used to create a 1x1x2 super-cell fixing the two bottom layers with experimental lattice
parameters as well as atomic positions, while the two top layers are allowed to relax. A vacuum
slab of 10A thickness is inserted above the top layer in order to minimize the effect of periodic

boundary conditions along the c-axis. The composition of the compound with all sites occupied



is set to be Ba16Ca4Nb7Fe5O48 (Bazcao_5Nbo,375Feo,62506) COI’I‘CSpOl’ldil’lg to x = 0.625 and 6 = 0.
Due to the nature of mixed occupancy in this material, on any site of mixed occupancy one type
of cation is assigned randomly, with a probability equal to the chosen occupancy, while keeping

the stoichiometric ratio close to the bulk value.
3. Results and discussion
3.1. Structure and Phase Stability

All as-prepared Ba,CapssNbi 34xFexOss (BCNF) (x = 0, 0.34, 0.66 and 1) samples exhibited a
double perovskite-type cubic structure (space group: Fm-3m),?® as confirmed using powder X-
ray diffraction (Fig. S1). The double-perovskite structure of Ba,Cap ssNbo ssF€0.6606-5 (BCNF66)
and Ba,CaggsNbp 34Fe06.5 (BCNF100) remained the same upon treating with 2000 ppm CO; in
Ar for 24 h at 700 °C, while under pure CO, BCNF100 showed extra diffraction peaks due to
BaCO; (Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 05-0378), Fe,C
(JCPDS Card No. 36-1249), C (JCPDS Card No. 26-1080) and Fe3O, (JCPDS Card No. 26-
1136) (Fig. S1B). Details on reaction products are provided in Table S1. In contrast, BCNF66
showed no change in its original structure even with pure CO, exposure under the same
conditions (Fig. S1A). Typical scanning electron microscopy (SEM) images coupled with energy
dispersive X-ray (EDX) analysis of as prepared and CO,-treated BCNF are shown in Figure 1.
Deposition of C with the addition of 0.3 % CO, in Ar for all Fe-doped BCNFs, except the Fe-
free parent compound, Ba,CagssNb1.340s, is noticeably visible, suggesting that the dopant Fe is
crucial for CO; reduction. Note that all as-prepared samples were pre-treated with Ar (5.0 grade,
Praxair, Canada) in similar conditions (700 °C, 12 h) prior to introducing CO into the system.
The highest amount of C deposition was observed under pure CO, (Figs. 1J-L), when compared

to ppm level CO; under the similar duration of CO, exposure (Figs. 1F-H). Selected area EDX
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study shows the formation of C on all Fe-doped BCNFs. The x = 1 member,
Ba,Cap gsNbg 34Fe0s.5, exhibits higher C deposition on its surface compared to other BCNF
members under all the investigated conditions. To substantiate the role of Fe in BCNFs for the
conversion of CO; to C, a blank test with quartz glass (our gas-tight heating chamber) was done
with pure CO, under similar conditions as was done for all BCNFs (700 °C for 24 h). The
SEM/EDX results of quartz glass before and after exposing CO, are shown in Fig. S2 and
confirm no C formation on it. As these MIECs were initially studied as p-type CO, gas

sensors, %27

we anticipated interesting results on the formation of C by applying an external
voltage (~100 mV). However, no differences were found between the Fe-doped BCNF66s, with
and without applying any external potential difference, regarding the C formation on its surface

(Fig. S3), suggesting that the observed CO, reduction is a thermochemical reduction.
3.2. Temperature-programmed oxidation (TPO) analysis on CO, treated BCNF.

The deposition of C was further verified using temperature-programmed oxidation (TPO) of
CO,-treated BCNF samples. Figure 2 shows typical TPO data for the x = 0.34, x = 0.66 and x =
1 members of Ba,CaggsNbi34xFexOs5. The minima in thermal conductivity detector (TCD)
signal at around 600 °C (~48 mins in Fig. 2A) correspond to oxidation, which is likely due to Fe
in the presently studied system. The maxima in TCD after 640 °C (~52 mins. in Fig. 2A) indicate
CO;, gas that is evolved during the oxidation of C present in the BCNF. According to the CO,
signal in MS results (Fig. 2B), the initial peak at ~400 °C (~30 mins) for BCNF100 (blue line)
can be ascribed to amorphous carbon, whereas x = 0.34 and x = 0.66 members in BCNFs exhibit
mostly graphitic carbon.?® The amount of evolved CO; as assessed from the peak area in Fig. 2A
indirectly shows the total amount of coke deposited while passing pure CO; prior to TPO-MS

measurement. Among BCNFs, BCNF with x = 1 member, Ba,CapssNbo 3sFe06-5 (BCNF100),



exhibited the highest C deposition (Fig. 2C) even though partial decomposition occurs for this
phase under pure CO,. TPO-MS data illustrated in Fig. S4 agree with SEM/EDX and PXRD
results indicating that even ppm levels of CO, can thermochemically dissociate on the surface of
Fe-doped Ba,CaggsNb; 34-xFex0Os-5. The BCNF66 member (x = 0.66 in BCNF), that exhibited
good chemical stability under CO,, shows the oxidation of C to CO, after 650 °C from the real-
time mass spectrometry (MS) measurements coupled with TPO. This result displays that most of
the carbon formed during ppm level CO, treatment on BCNF66 is graphitic carbon, which
enhances the electrical conductivity, and hence, the change in the conductivity could be

correlated to p(CO,).?’

For further confirmation on the effect of Fe content in BCNF, TPO and MS are carried
out simultaneously. Figure 3A shows the TCD signals for TPO measurements, whereas the
corresponding real-time MS data is illustrated as Figure 3B. Note that all samples were pre-
treated with Ar at 700 °C before being exposed to CO,. The green line represents the Fe-free
Ba,Cap sNb1.3406 (BCN) pre-treated with pure CO,, where no signal related to CO, is observed
under TPO (Fig. 3A) and MS data (Fig. 3B). These TPO-MS results signify that no coke
formation occurred while performing pre-treatment of the sample with pure CO,. For
comparison, Fe-doped BCNF66 was also subjected to the same TPO-MS test. The TPO-MS
signals in Figure 3B exhibit two peaks (red line) ascribed to CO, signals at 415 °C and 725 °C.
For comparison, the data for as-prepared BCNF66 (without any CO, treatment) are shown by the
blue line. In the latter case, the TPO and MS signals show no traces of CO, on heating up to 900
°C, thus indicating that as-prepared BCNF66 does not have any carbon, as compared to CO, pre-
treated BCNF66 and thus indicating that coking occurs only after introducing CO, at elevated

temperature.



3.3.°"Fe Mésshauer spectroscopy and Raman spectroscopy

To understand the role of Fe on CO, reduction and the nature of the carbon, *’Fe Mdssbauer
spectroscopy and Raman spectroscopy were performed. °’Fe Mdossbauer spectra recorded for as-
prepared BCNF materials were best fitted to two quadrupole split absorptions together with
single line absorption of low intensity (Fig. 4). The doublet with chemical isomer shift of ca. -
0.08 mm s* is characteristic of Fe>* in perovskite-related structures.’*** The doublet with
chemical isomer shift ca. 0.16 mm s™ is typical of Fe*" in lower than octahedral coordination.®
The singlet of low intensity with chemical isomer shift ca. 0.05 mm s™ can be associated with
Fe***® This co-existence of Fe®* and Fe®* in perovskite-related phases of composition
Sr(Fe/M)Os (M = Sn, Si) has been observed and attributed to disproportionation of Fe** 3%3% A
comparison of the data between samples with different Fe contents shows that the amount of
Fe>*, and hence average Fe oxidation state, increases with increasing iron concentration in the
samples. Thus, it appears that Fe oxidation is favored as the Nb content is lowered, which can be
correlated with the fact that the replacement of Nb>* by Fe®" would be expected to be
accompanied by the introduction of oxygen vacancies within the structure and, to limit these
anion vacancies, Fe would therefore be expected to adopt an increasingly higher average
oxidation state as the Fe concentration increases. A schematic diagram of the replacement of
Nb>* by Fe** is illustrated in Figure 5. The chemical isomer shift of the Fe** component is lower
than that normally encountered for Fe* in octahedral coordination, which is consistent with the

presence of oxygen vacancies around the Fe** sites leading to a lower coordination number.

Raman spectra of as-prepared BCN and BCNFs were measured before (Fig. 6A) and after
(Fig. 6B) CO,-treatment at 700 °C for 24 h. All Fe-doped BCNF samples displayed peaks related

to carbon and carbonates, whereas Fe-free BCN (Ba,Cag gsNb1.3406) showed no peaks between



1000 cm™ to 2000 cm™. The D-band (disorder-induced mode) in CO,-treated BCNFs is due to
the disordered-type graphitic carbonaceous species at ca. 1360 cm™ in the Raman spectrum (Fig.
6B).3%" The D-bands due to the breathing vibrational mode of six- membered carbon rings are

observed in the frequency range of 1350-1430 cm™*®

suggesting graphitic-like carbon
formation. The disorder-induced character of the D band is clearly observed in Figure 6E, which
shows few bright spots (~lum) in Raman images of disordered graphitic carbon deposited on
BCNF66 after CO,-treatment (#1 and #3). However, the relatively darker spots (#2 and #4) near
brighter ones in CO,-treated BCNF66 suggested that the formation of carbon occurs randomly
on the material’s surface. In the next step, the CO,-treated BCNF66 was further oxidized at 900
°C for 12 h and the Raman spectra was analyzed again, where no traces of carbon were detected
as anticipated from previous SEM/EDX and TPO-MS data. The sample with the maximum Fe
incorporation in BCNF (i.e. BCNF100) yields an additional peak at 1087 cm™ (Fig. 6B) that
refers to the carbonate ion vibration.®*®> SEM/ EDX data on BCNFs also agree with this result,
where we see new phase formation, possibly alkaline earth carbonates, leading to many cracks
on the surface (Fig. S5). The images for BCNFs before CO,-treatment were also taken using
Raman spectroscopy measurement. The images for Fe-free BCN (x = 0) (Fig. S6A), and BCNF
with x = 0.33 (Fig. S6B), x = 0.66 (Fig. S6C), and x = 1 (Fig. S6D) showed no carbon deposition

on their surface. In contrast, BCNF66 exposed to pure CO, appeared to have carbon deposited on

its surface (Figs. S6E, F).
3.4. Possible Mechanism of CO, reduction on BNCF

The key result of this study is the observation of the thermochemical reduction of CO, to C,
where the process is facilitated by the presence of Fe (the level of C formation increases with

increasing Fe content). In addition to the production of C, the mechanism of CO, splitting also
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involved CO and O; as products (Fig. S7). In order to help to rationalize this process, Méssbauer
spectra of a CO, treated sample (BCNF66) were recorded. Whereas the Mdssbauer spectra of the
as-prepared BCNFs in air showed the evidence Fe**, Fe** and Fe®" ions, the BCNF66 sample
heated under CO, showed that all the Fe®* had been reduced to Fe**. In the Raman spectra, CO,-
treated BCNFs exhibited the peaks corresponding to graphitic-like carbon, carbonate and iron
carbide. This indicates the possibility of the formation of BaCO3; and Fe,C as supported by
PXRD data in Fig. S1B, SEM/EDX in Fig. S7 and the initial formation of carbonate groups seen
in the ab initio calculations. As Fe** replaces Nb>" with higher oxidation number (Fig. 4), Fe®*
adopts the surrounding environment by changing its oxidation state to 5+. As the samples are
pre-treated with Ar gas, significant oxide ion vacancies are created owing to the reduction of the
Fe>*/Fe** component to Fe®* (Fig. S8). These vacancy sites may act as centers to allow the
adsorption of CO, from the gas feed. A number of perovskite oxides, particularly those

containing Ba on the A-site, have been shown to exhibit strong propensity to accommodate.*

The conversion of CO, to CO32_ would weaken the C-O bonds, and so might be the first step in

the redox process that results in C formation. In this respect, electrons may have been donated
from the BCNF-perovskite to reduce the CO; to C, with the oxide ions transiently
accommodated in the BCNF lattice/surface oxide ion vacancies, being subsequently lost as O,
under low p(O,) atmosphere. The higher level of C formation perhaps supports the importance of
initial carbonate incorporation for BCNF100, where BaCOj3 impurities were observed on heating

under pure CO, atmosphere (Fig. S1).

In general, the following reactions are thermodynamically viable and often used to show

the CO, splitting process using reduced metal oxides (MOs)***2:
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1 1 1
5 MO, - =MO, , + Eoz(g) 1)

o
CO,(,, + MO, , - MO, +CO, ()
o o
The net reaction is: CO,,, —CQ,,, +%oz(g) (3)

A subsequent possible reaction on C deposition by using metal oxide, in particular iron

oxides, has also been explored Tamaura et al.*’

Fe,0, +H, ->3FeO+H, 0, 4)
3FeO+CO,,, - Fe,0, +C, + %02 ®)
The net reaction in this case is: CO,,, — C 4, + Oy, (6)

In the present study, we believe that Fe sites may have been involved in a redox reaction

under the continuous flow (100 sccm) of Ar for 12 h (Fig. S8), which can be expressed as:
X X . '
O, +2Fe, —>V, +2Fe, +0.50, (7)

The formation of carbon upon exposure to CO, can be expressed using the chemical

reaction.
0.5CO, +V, +2Fe, —0.5C +2Fe; +0" (8)

Based on DFT calculations of various arrangements of cations on the surface, it is found that an
Fe-rich and Nb-depleted surface with Ca:Nb:Fe = 1:0:3 is more stable when compared to

surfaces with compositions approximating the bulk composition. A surface fully occupied by Fe
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is, on the other hand, very unstable and tends to restructure (Table S3). We calculated the
dependence of charge distribution on oxygen deficiency to investigate the possible oxidation
state of Fe ions. As expected, it is the charge of Fe ions that varies strongly with the
concentration of oxygen vacancies, while charges of other cations are less affected. On the other
hand, for intermediate Fe ion charges, we observe an abrupt peak in the standard error of charge
distribution on Fe that may indicate a tendency to split into high and low charges qualitatively in
line with Mdossbauer data. A quantitative comparison appears not possible, as the size of the
employed structure models does not allow us to precisely reproduce the experimental

nonstoichiometries.

Compared to defect-free surfaces, surfaces containing vacancies are more stable with

respect to O, (Fig. 6 and Table S4). Computations of the adsorption process of CO, to various

surfaces show that, except for the formation of a CO327 group, the most stable configuration

involves the formation of a 20-C-Fe trigonal planar configuration with AE = -1.140 eV (Fig. 6).
Removing O from this configuration is not favorable because it requires higher energy (AE =
1.617 eV). Considering this, the Fe-C bond can be formed energetically; however, the
decomposition of such absorbed CO, is still a subject of debate. In addition, the adsorption of 2
CO; molecules on same Fe-site is unlikely to occur due to the high associated AE ~ 4.089 eV
compared to the adsorption energy of 2 CO; into 2 nearby vacancies (AE ~ 0.358 eV). To

conclude, the dissociation of CO, molecules into solid C can be summarized as following;

. Whether the concentration of CO, is in ppm or %, the formation of carbon was inevitable

in Fe-doped BCNFs.
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. The presence of oxygen vacancies on the surfaces and the adsorption of CO, near Fe on

such surfaces are thermodynamically preferred.

. The dissociation of CO; and the strong interaction of Fe-C may lead to the addition of
extra oxide ions into the BCNF, where BCNF being MIEC could eventually increase the total

conductivity.?®

The above results are highly significant as there have only been a few reports from early

1741 and transition metal-

1990 on CO; to C, CO, and O, conversion using activated magnetite
doped ferrites,**** but no studies have been reported on the direct CO, thermal-decomposition to
elemental carbon using a material with the double-perovskite structure. Nevertheless, Mn-based
perovskites have been extensively explored for the solar-driven thermochemical generation of
synthetic gas. > The high oxygen exchange capacity of Mn-based perovskites has made them
attractive to enhance the process efficiency (#solar-to-tue) at lowers the temperature (~1200 °C vs.
~1500 °C of ceria).***® Also, Ni and Co-doped ferrites have also been studied to decrease the
temperature (<1000 °C) for the reduction of metal oxide, which subsequently improve the
efficiency of solar thermochemical CO.-splitting.*** Furthermore, CO, to C and CO conversion
using oxygen-deficient magnetite involved an essential initial step where H; is used in all cases
to reduce the material first.'”*24351%2 |n contrast, our method directly converted CO, into C in
one experimental step without any pre-treatment with expensive gaseous species such as Ho.
Furthermore, the evolution of CO gas along with C formation provides the possibility to develop
the materials for carbon-neutral synthetic fuel production with additional reactants (e.g., H2O,

H,) in place with CO,, utilizing renewable-energy for heating the system to the operating

temperature.
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4. Conclusions

Carbon build-up on Fe-doped perovskite was observed and confirmed using scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX) studies on pre-treated (Ar, 700
°C) BCNFs. The thermal conductivity detector (TCD) signals using temperature programmed
oxidation and mass spectra (TPO-MS) method added further evidence on the presence of carbon
by heating the CO, pre-treated BCNF samples up to 900 °C and measuring the MS signals
simultaneously. The lack of any solid carbon deposition on samples without Fe confirmed Fe’s
importance on the CO; reduction process. The creation of oxygen vacancies in BCNF by Fe-
doping and its effect on the carbon formation was also discussed, and it is proposed that the
changes in oxidation states with respect to changes in oxygen vacancy levels in these
nonstoichiometric perovskites are key steps in the process. The C coating may provide a
promising feature of these materials that could be used on their own at relatively low temperature
(i.e. without Ni or any other catalysts that are employed with conventional higher temperature
Ce0O, systems). In addition to the utilization of a combination of reactants, H, and/or H,O, with
CO; for low-energy intensive renewable-derived fuel production with these perovskite-based

materials, which warrants further research.
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Figures
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Figure 1. Typical SEM images of as-prepared Ba,CagesNb134xFex0s.5 With (A) x = 0, (B) X =
0.34, (C) x = 0.66 and (D) x = 1; 0.3% CO,/Ar treated Ba,CaggsNb1 34xFexOe.s With (E) x = 0,
(F) x=0.34, (G) x =0.66 and (H) x = 1; pure CO,-treated Ba,Cap ssNb1 34xFex0¢.5 With (I) x =0,
(J) x =0.34, (K) x =0.66 and (L) x = 1. Box with red-dotted line shows the area where EDX is
taken and data is presented on the corresponding image.
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Figure 2. (A) Temperature programmed oxidation (TPO) profile of pure CO; pre-treated (700
°C, 24h) Bay(CaggsNbi34-xFex)Os.5, Where (a) x = 0.34, (b) x = 0.66 and (c) x = 1, powder
measured as a function of temperature using 5% O,/He (ramping rate = 10 °C/min, total flow =
20 sccm); (B) Corresponding mass spectra (MS) of (a), (b) and (c) measured from the outlet of
TPO in real-time; (C) Total CO, released calculated by integrating the area under the peak
corresponding to CO; using (a), (b) and (c) in (A).
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Figure 3. (A) Temperature programmed oxidation (TPO) profile of pure CO,treated (700 °C,
24h) Fe-free BCN (green), as-prepared Fe-doped BCNF66 (blue) and pure CO,—treated (700 °C,
24h) BCNF66 (red) measured as a function of temperature using 5% O,/ He (ramping rate = 10

°C/ min; total flow = 20 sccm); and (B) Corresponding mass spectra (MS) in real-time showing
CO; signals. All samples were in powder form.

23



CO,-treated
x =0.66

Transmission (%)

1 1 1 1 1 1 1 1

Velocity (mm/s)

Figure 4. °'Fe Mossbauer spectra recorded from as-prepared Bax(CaossNb1 34-xFex)Os.5, Where
(@ x = 0.34 (red), (b) x = 0.66 (green), (c) x = 1.00 (blue) and (d) pure CO,-treated
Bay(Cag ssNb134-xFex)Os.5, Where x = 0.66 are best fitted to two quadrupole split absorptions
together with a single line absorption of low intensity. The doublet with chemical isomer shift
ca. -0.08 mm s™ is characteristic of Fe>* , while that at ca. 0.16 mm s™ is typical of Fe* in

perovskite-related structures. The singlet of low intensity with chemical isomer shift ca.0.05 mm
s™ can be associated with Fe**,
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Figure 5. Schematic diagram of Bay(CagesNbizsxFex)Os.s (BCNF) with theoretical lattice
constant of a = 8 A (space group Fm-3m, #225), where six Nb>" atoms are replaced by six Fe**
atoms creating two vacancy sites (in each FeOg octahedron) in Fe-doped sites denoted by red

dotted boxes.
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Figure 6. Raman spectra results of as-prepared BCN, BCNF34, BCNF66, and BCNF100 (A)
before and (B) after CO,-treatment at 700 °C for 24 h; (C) D-band Raman images of BCNF66
from (B); (D) The Raman spectra obtained in regions 1, 2, 3 and 4 (white circles) depicted in (C)
are shown; (E) D-band Raman images of BCNF in (C) after oxidizing (with O;) at 900 °C for 12
h; (F) The Raman spectra obtained in regions 1, 2 and 3 (white circles) depicted in (E) are
shown.

26



. é?o %%’
ca °o Q o { *@° 4
L Y
%o 3% » o0
000 0¢ °oQ °
fa?é" ® 5%

000? o @ o

Figure 7. The energetically most favoured configuration for adsorption of CO, to the oxygen
defect-free surface, F1 (top row, see Supporting Information Table S4), the most stable of the
studied oxygen-defect containing surfaces, D1 (mid row, see also Table S4), and the formation
of 20-Fe-C group on Fe-rich surface D9 (bottom row, see also Table S4). In all cases the CO,
molecule (left) is bent to form a trigonal planar group (right).
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