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One-pot synthesis of iron-doped ceria catalysts

l'.) Check for updates‘
for tandem carbon dioxide hydrogenationt
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We report on the one-pot synthesis of inexpensive and abundant CeO, and 1.5, 4.5, and 9 mol% Fe-doped
ceria (Cej_.Fe,O,-5) systems and their catalytic activity for tandem CO, hydrogenation. XAFS and XRD
demonstrate that oxygen vacancies are generated via two mechanisms: firstly, by the substitution of Ce**
by Fe** in the lattice and the subsequent loss of oxygen anions. Secondly, by the partial reduction of Ce**
to Ce®", which is enhanced by the presence of Fe. All the samples tested show high activity for CO,
hydrogenation and the production of CO, CHg4, and light (C,-C,) alkanes and alkenes, with the 9 mol% Fe-
doped CeO, showing the best performance in terms of CO, reaction rate and product selectivity. During
reaction, Fe exsolves/seggregates from the ceria, resulting in particles decorating the surface of the catalyst
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and increasing the reaction rates of CO,. This system is composed of two functionalities, the oxygen
vacancy and the Fe, whose close vicinity results in a high selectivity toward CO and CH,4 detrimental to the
more valuable hydrocarbons. A rather complex interplay between the two functionalities, their interface,

DOI: 10.1039/d4cy00439f
and the particle size of the catalysts exists for this tandem reaction network on this catalytic system and
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Introduction

Ceria (CeO,) is an abundant, inexpensive, easy to process,
and non-toxic material that finds application in solid-oxide
fuel cell technology," membrane technology,” and in three-
way catalysts.® Ceria has native oxygen vacancies originated
by the partial reduction of two moles of Ce*" into one mole of
Ce*, and the loss of one mole of O* anions to maintain
charge neutrality. The concentration of vacancies strongly
depends on the temperature and the gas atmosphere:*
moreover, it is enhanced by the presence of metallic
nanoparticles on the surface of ceria.> The resulting vacancies
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can activate CO, (ref. 2 and 6) or disproportionate H,0,’ The
fluorite-type crystal structure of ceria can form substitutional
solid solutions with a wide range of compounds and to high
concentrations. Additional oxygen vacancies are generated
upon substitution of Ce*" by trivalent cations such as Sm*",
Gd**, Fe*', In*", etc. Since these cations have different ionic
radii compared to Ce*', their doping in the CeO, lattice
results in a change in its unit cell volume. Ceria is the
paradigm of non-innocent support: the metal-ceria interface
is considered to have a prominent role in several chemical
reactions like the water-gas shift (WGS), the partial oxidation
of methane (POM), and fuel cells.® Indeed, CO oxidation
happens at the interface between supported metals and CeO,,
not on the metals themselves,® with some of the Ce** being
simple expectator.” Ceria displays strong metal support
interactions (SMSI) with several metals relevant for CO,
activation, like Pt or Ni, enhancing their stability.

Doping of Fe into CeO, (FDC, Ce;_,Fe,O,_s) has been done
with different goals: as a photocatalyst, 1.5 mol% FDC
performed the best for methyl-orange visible light
degradation.” Solid state studies of the FDC system were
reported, and the structural, optical, magnetic, and electronic
properties upon doping were studied.’® Fe- and Sm-doped
ceria (FSDC) has also been applied as electrocatalyst for CO,
reduction in SOFC."" Fe is used as an additive'” in ceria-
based systems to scavenge impurities and enhance the

This journal is © The Royal Society of Chemistry 2024
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oxygen ion conductivity,” finding application in SOFC™ and
dual-phase membranes technologies.”> As heterogeneous
catalyst, Fe/CeO, has been applied for catalytic diesel soot
combustion,'* Fenton heterogeneous oxidation of rhodamine
B," and carbon dioxide hydrogenation."®

Tandem CO, hydrogenation to hydrocarbons (HCs) has
recently attracted interest within the heterogeneous catalysis
scientific community as a tool to mitigate anthropogenic
greenhouse gas emissions.'”” The initial hydrogenation
reaction is coupled with a second functionality in a single
reaction vessel to further react the intermediates of the first
reaction to the final desired products. Three main routes
have been suggested: (i) a modified Fischer-Tropsch
synthesis (m-FTS), (ii) the methanol-mediated route, and
(iii) the CO-mediated route,’® in which the current work
focuses. The advantages of a tandem system compared to
single reactions are several, including the increase of the
reaction rates due to Le Chatelier's principle, the
achievement of unprecedented selectivity, avoiding the
handling of dangerous intermediates of reaction (like CO),
the decrease of equipment and operation cost, etc. For CO,
tandem hydrogenation, the most desired products are C,-C,
paraffins and olefins,"*?° oxygenated compounds like
dimethyl ether (DME),"” and gasoline (Cs-Ci;).*! Current
trends in tandem catalysis focus on the determination of
the structure-activity correlations, elucidating reaction
mechanisms and the detection of transient intermediates of
reaction, system performance optimization, the mitigation
of deactivation phenomena by catalyst interaction,> and
developing new and low-cost methods of catalyst
synthesis."®

The CO-mediated route relies upon the initial reduction of
CO, to CO by means of the reverse water-gas shift (RWGS)
reaction (reaction (1)). This endothermic reaction is favored
at high temperatures, which are necessary to achieve
significant CO, reaction rates. The intermediate CO further
hydrogenates via the FTS (reaction (2)) to produce
hydrocarbons. This highly exothermic reaction is favored at
lower temperatures, imposing a discrepancy regarding which
operating conditions window is suitable for the integration.
Furthermore, other reactions like CO, methanation (reaction
(4)) and methanol synthesis (reaction (5)) occur to some
extent under these conditions.

RWGS CO, + Hy —H,0+ CO  AHjg = 42.1kJmol™" (R1)

FTS-1 5H, + 2CO — CyHg + 2H,0 AHS5g = —346.6 k] mol ' (R2)

FTS-2 4H, + 2CO — C,H, + 2H,0  AHSyg = —210.7 k] mol™
(R3)

Meth 4H, + CO, «— CH, + 2H,0  AHSg = —165.0 k] mol™
(R4)

MeOH 3H, + CO, — CH30H + H,O  AHSy, = —45.9 k] mol™
(R5)

This journal is © The Royal Society of Chemistry 2024
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Typical catalyst configurations include bimetallic catalysts,*
supported tandem catalysts,” sequential dual-beds,"”
physically mixed-beds,"” and core-shell structures.'®**>* The
standard choice for the first catalyst (for reaction (1)) is
supported platinum. Nevertheless, its tendency to form alloys
with standard FTS catalysts requires the physical separation
of the two functionalities if deactivation is to be avoided,
imposing complex synthesis routes. Moreover, the price of
platinum is rather prohibitive. Current research aims at
improving selectivity while considering the economic
implications of the price of the used metals and synthesis
routes: before upscaling, it is necessary to assess the validity
of the suggested catalytic systems from a techno-economic
perspective."® Typical FTS catalysts are based on Co, Fe,*® or
Fe- and mixed transition-metal carbides.>” The commercially
applied Fe-catalyzed FTS is one of the most studied reactions
in heterogeneous catalysis due to the versatility of the process
and the price of the metal (~270 times cheaper than Co),
being the main disadvantage its rather fast deactivation.
Understanding the active phase of Fe-based catalysts is not a
trivial matter: oxidic, metallic, or carbide forms of Fe are
often observed, and a complex interplay between different
phases occurs.”® Besides the phase, the size of the iron
(carbide) particles also plays a role,” with added complexity
in size-performance relationships for CO, hydrogenation.*

In this work, a one-pot synthesis of CeO, and FDC catalysts
with different Fe content has been done and applied as
catalysts for CO, tandem hydrogenation via the CO-route for
the first time. Solid solutions of Ce;_,Fe,O, s have been
prepared using the citrate method and characterized with XRD,
XAFS, and STEM-EDX, which reveal differences in the oxygen
vacancy concentration and ex-solution of Fe during reaction,
allowing to stablish the structure-activity correlations.

Experimental methods

Catalyst preparation

Ceria (CeO,) and Fe-doped ceria (FDC, Ce,_ Fe,O, ;) were
prepared using the liquid citrate method.>*' Depending on
the desired composition, the appropriate amounts (0.02 mol
basis) of Ce(NOj;);:6H,O (Alfa Aesar, 99.5%, Haverhill, MA,
USA) and Fe(NOj3);-9H,O (Riedel de Haén, 99.95%, Seelze,
Germany) were dissolved in 300 mL of deionized water
together with 7.68 g of citric acid (C¢HgO,, Roth, 99.5%
anhydrous, Karlsruhe, Germany). The solution was stirred and
heated to the boiling point for 4 h to induce polymerization
and prevent evaporation. After, the solution was uncovered
and allowed to evaporate for 3-4 h until a gel was formed.
This solution was dried at 110 °C for 24 h. The resulting gel
was self-ignited in a furnace at 400 °C under flowing air to
ensure total oxidation. The resulting powder was calcined at
600 °C for 12 h with heating and cooling rates of 2 °C min™".
Subsequently, the powder was sieved, and the desired fraction
of 100-200 pm was used for catalytic tests. For simplicity, the
different catalysts described will be referred to as CeO, or
XFDC, being X = 1.5, 4.5, or 9 mol weight%.
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Catalytic testing

The catalysts were tested simultaneously in a 4-fold parallel
setup manufactured by ILS-Integrated Lab Solutions (GmbH,
Germany), with each reactor tube being a packed-bed plug-flow
unit. Around 50 mg of sample, sieved to the 100-200 pm
fraction, was weighted and diluted with 0.95 mL (100 mg) of
Davisil gel (Steatite, CeramTec Steatite Inert Material 400-700
um). Davisil was also packed before and after the catalyst +
davisil bed. A gas dosing unit with mass flow controllers
(MFCs, Bronkhorst) controls the gas flow rate and composition.
To decompose possible present volatile metal carbonyls like Fe
carbonyls, a carbonyl trap is built in front of the CO MFC. This
carbonyl trap consists of a U-shaped tubing filled with Al,O;
which is heated to a temperature of 180 °C. Each reactor
consists of a reactor tube made of 316 L with an inner diameter
of 9.4 mm and a length of 645 mm, a reactor head with inlet
connections for the feed, and a hull for the thermocouple with
an outer diameter of 3.0 mm. Hence, the effective diameter is
6.4 mm. The temperature is measured at three different points
along the reactor length. The reactors have an isothermal zone
with a length of 12.5 cm, whereupon the catalyst bed is
positioned so that it ends at the end of the isothermal zone.
The bypass consists of a 1/8” tube. The pressure inside each
reactor tube is controlled individually using an Equilibar (USA)
and a Bronkhorst EL-Press back pressure controller. After the
reactor and to prevent condensation, the effluent gases are
diluted with low-pressure N,. Through a multi-position valve
and heated tubing (180 °C), the diluted effluent gas is led to
the gas chromatograph (Agilent 7890B). For the separation and
quantification of H,, Ar, and N, an HP-Plot 5A column (30 m x
0.53 mm x 50 pm) with a thermal conductivity detector (TCD)
is used. In front of the HP-Polt 5A column positioned in the GC
oven is a Hayesep Q pre-column. To separate and quantify the
carbon-containing gasses, an HP-Plot Q column (30 m x 0.53 m
x 40 um) from Agilent with a Polyarc® reactor and a flame
ionization detector (FID) is used. For the separation of waxes
and oils in front of the HP-Plot Q column, a few centimeters of
a Hayesep Q backflush are positioned in the valve box which is
heated to 200 °C. He is used as the GC carrier gas, while Ar is
used as the internal standard. A hot sampling unit with a
coalescent filter sits behind the connection to the GC followed
by a cold sampling unit where the effluent gas is directed
through water to remove condensable components. GC allows
for determination of carbon dioxide, carbon monoxide,
hydrogen, nitrogen, argon, methane, ethane, propane,
n-butane, n-pentane, n-hexane, n-heptane, ethylene, propylene,
n-butane, methanol, ethanol, n-propanol, n-butanol, dimethyl
ether, acetaldehyde, propanal, butanal, formic acid, acetic acid,
methyl formate, methyl acetate, and ethyl acetate. An
unidentified peak in the GC analysis is shown in Fig. S5.f Due
to the N, dilution, the real mole fractions (x;co;) must be
corrected by multiplying the measured fractions in the GC
(xi,cc) by the Ar fraction (xr,bypass) divided by the Ar fraction in
the reactor (Xarreactor) according to eqn (6). The product-based
conversion of CO, (Xco,) was determined according to eqn (7),

4176 | Catal Sci. Technol., 2024, 14, 4174-4186
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with (CN;) being the carbon number and (Xgo,,) the mole
fraction of CO, in the inlet gas. Product selectivity is calculated
according to eqn (8). Yields were calculated according to eqn
(9). The reaction conditions are described in the Table S1.f

Xarp
Xicorr = XiGe: <> Ar,bypass (6)
XArAreactgr
Xi .CN:
Xco, [%] = w'lOO o)
XC02,0
Xi .CN:
Si [0/0] = L‘loo [8)
Z Xi,corr'CNi
XCOZ ‘Si
¥ (o] = XC0: St 9
l [ 0} 100 ( )

Thermodynamic calculations

The change in the Gibbs free energy for the chemical
reactions was calculated using eqn (10) (Gibbs-Helmholtz
equation), eqn (11), and eqn (12), and using different sources
for the enthalpies and entropies of formation of the different
compounds.???

AGY = AH? - T-AS? (10)
AH?: Zq)fAH%prod_ E(/)fAH%react (11)
AS? = Z ® fAScf)‘prod - Z @ fAS%react (12)

Catalyst characterization

Element composition was measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) with a
Horiba Scientific ICP Ultima2 (Horiba, Kyoto, Japan). The
samples were digested in an aqueous solution of
concentrated nitric acid at 200 °C for 5 h in a Teflon-lined
autoclave before the analysis. The Series 744 Elemental
Analyzer (LECO, USA) is used to test the mass fractions of
sulfur based on the non-dispersive infrared (NDIR) principle
of scanning the SO, released during the heating of the
sample to obtain the mass fraction. 10 mg are tested three
times and the result is the average of the weight percentages.
The specific surface area (SSA) of the samples was measured
by nitrogen sorption analysis in a QuadraSorb Station 4
apparatus (Quantachrome, USA). Isotherms were recorded at
77 K after degassing for 12 hours at 200 °C under vacuum.
The surface area was calculated using Brunauer-Emmett-
Teller (BET) calculations. The Quantachrome/QuadraWin
software version 5.05 was used to analyze all nitrogen
sorption data.

The crystal structure of the catalysts was determined using
powder X-ray diffraction (pXRD) in the P02.1 beamline of the
DESY (Deutsche Synchrotron) in Hamburg, Germany. Small
amounts of the fresh and spent catalysts were introduced in
the tip of quartz capillaries (Hilgenberg GmbH, Germany)
and sealed. The sample was mounted in the beamline and

This journal is © The Royal Society of Chemistry 2024
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rotated to improve statistics. The sample-to-detector distance
(SDD) was determined using the CeO, sample, and a LaBg
660b standard from NIST was used to quantify the
instrument's peak broadening. The incident beam energy
was set to 60 keV (1 = 0.2073 A), and the acquisition was
performed with varying times (60-180 s) on a Varex 4343CT
area detector. The 2D resulting images were azimuthally
integrated using Dioptas.>® Rietveld refinement (RR) was
performed to obtain values of lattice parameters and
crystallite size using the FULLPROF program®® with profile
function 7 (Thompson-Cox-Hastings pseudo-Voigt convoluted
with an axial divergence asymmetry function).*® The
resolution function of the instrument was obtained from the
structure refinement of a LaB, standard. The theoretical
lattice parameter of Ce;_,Fe,O,_; is calculated using eqn (13),
assuming that all the Fe®* is incorporated into the ceria
lattice. This equation is derived from,*” with ionic radii of
oxygen (ro = 1.38 A), oxygen vacancy (ry, = 1.164 A), Fe cation
(rpes = 1.78 A) and Ce cations (rges = 1.143 A and e = 0.97
A) obtained from references.”°

4
Qdoped = Qundoped + ;Zg(rpﬁ+-—rcg+-—0.25ro +0.25ry, )x| (13)

XAFS. X-ray absorption fine structure (XAFS) measurements
for the Fe K edge and the Ce L-III edge were carried out with a
self-developed wavelength-dispersive spectrometer in von
Hamos geometry.*>*! The spectrometer is equipped with a
microfocus X-ray tube with molybdenum as anode material, a
curved highly annealed pyrolytic graphite mosaic crystal, and a
hybrid photon counting CMOS detector with 512 x 1030 pixel
and a pixel size of 75 pm x 75 um. The tube was operated with
a high voltage of 13.6 kV and a current of 1710 pA for the Fe K
edge measurements and with a high voltage of 10.4 kv and a
current of 1250 pA for the Ce L-III edge measurements. The
reference samples were prepared as powders on adhesive tape
while the samples were prepared as wax pellets (with Hoechst
wax C), due to its lower concentration of Fe, with a 13 mm
pellet diameter. All references and samples were constantly
moved during the measurements to minimize the effects of
local thickness inhomogeneity. The beam size on the samples
is around 3 mm X 3 mm. For the normalization of the data
ATHENA of the Demeter software package has been used.*?
The absorption edges were calculated by the Gaussian fit of the
first derivative. The uncertainty for the measurements is 0.5 eV.

STEM-EDX. For revealing the microstructure TEM and STEM
investigations were performed using a conventional TEM
“TECNAI G*20 S-TWIN” (FEI company, Hillsboro, Oregon, USA)
with LaB6 electron source and Si(Li}-EDX system (EDAX Inc.,
Mahwah, New Jersey, USA) operated at 200 kV, as well as a High
Resolution probe-corrected STEM “JEM-ARM300F2” (JEOL Ltd.,
Tokyo, Japan) with cold-FEG electron source, operated at 80 kv
and 300 kV. The last instrument is equipped with two
windowless SDD-EDX detectors (JEOL) which allow a detection
angle of 2.2 sr. and an additional inlens SE/BSE-detector (“SEI-
Compo”), which simultaneously provides morphological

This journal is © The Royal Society of Chemistry 2024
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information of the specimen. EDX-mappings were acquired at
80 kV and evaluated using the software “Analysis Station” (JEOL)
with the standardless ratio method (Cliff-Lorimer). The samples
for (S)TEM were prepared in the dry state in order to avoid the
slightest carbon contamination from typically used solvents as
ethanol or acetone, thereby allowing to distinguish the origin of
the observed carbon structures. Small amounts of powder were
applied onto 300-mesh holey-carbon Cu-grids and mounted to a
vacuum-transfer-holder.

Results and discussion

Fig. 1 includes the full catalytic experiment showing the Xco,
(panel B) and the ratio of CH,: CO (panel A) of all samples as a
function of the TOS. Detailed experimental conditions for each
data point are shown in Table S1 and Fig. S1.f During the
initial activation step of approximately 50 h under reaction
conditions, the Xco, of all samples increases. This is most
probably caused by (i) the generation of oxygen vacancies in
the (both doped and un-doped) CeO, under reductive
atmosphere®*** and/or by (ii) the exsolution/segregation of the
atomic Fe from the bulk of the FDC samples (which most
probably reduces on the CeO, surface to produce metallic Fe or
a Fe,C carbide) which can catalyze both CO, methanation
(reaction (4)) and the FTS (reaction (2)). The increase in the
product CH,:CO ratio, as shown in the top panel of Fig. 1,
suggests the occurrence of the second hypothesis. An increase
in the Fe-particle size can also contribute to higher Scy, and
lower Sco.>° The increase in the CH,:CO ratio is more
notorious in the Fe-containing samples compared to the pure
CeO,. The oxygen vacancies in CeO, are speculated to be the
active site for CO, reduction to CO over this catalyst via
reaction (1).** The addition of Fe to the CeO, results in an
increase in the Xco, being the 9FDC the most active over the
full experiment, followed closely by the 1.5 and 4.5FDC.
Interestingly, the 1.5FDC sample shows higher X¢o, after 130 h
compared to the 4.5FDC (Fig. 1B). Moreover, the 9FDC sample
displays a higher ratio of CH,:CO over the full experiment,
followed by the 1.5FDC. If segregated, more Fe in the surface of
the catalyst is expected to (i) produce CH, via reaction (4) and
(ii) consume CO via reaction (2) and (3), resulting in the
increase of the CH,: CO ratio. The size of the Fe-particles does
play a role in both reactions,***>* and sintering of the
segregated particles at this temperature is expected.

Fig. 1C and S27 display the change in Xco, test over the
200 h period, resembling a stability test. The Xco, of all the
samples was still increasing at the end of the experiment,
reaching as much as 45% for the 9FDC (r¢o, = 157.3 mmol
h™ g '). The desirable increase in Xco, with TOS occurs
while HC selectivity remains fairly constant, with the overall
selectivity toward CO decreasing with TOS for all the samples
tested. Fig. S31 shows the paraffin and olefin selectivity over
the full experiment: while the S¢ ¢, = slightly decreases over
TOS for all samples, the Sc_¢c, - notoriously increases. This
observation might be a result of the change in the particle
size of the Fe-containing segregated particles.*®

Catal. Sci. Technol., 2024, 14, 4174-4186 | 4177
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Fig. 1 Full experiment displaying the Xco, (bottom-panel B) and CH,4:CO ratio (top panel-A) with TOS for all the samples. Arrows within the
bottom panel display the variation periods for specific parameters, while the regions with blue backgrounds are obtained at the same operating
conditions (500 °C, H,:CO,:Ar = 3:1:1, 20 bar and 50 000 mL h™* gc, Y). The detailed experimental conditions of each data point can be found
in the ESI.f Panel C displays the selectivity toward HCs for all the samples in the blue regions in panel B (same operating conditions as panel B).

The Xco, and S; trends must be evaluated with care as
the catalysts continue to activate during the full experiment.
Nevertheless, the variation of the operating conditions
blocks, ie. temperature variation, pressure variation, etc.,
occurred subsequently, minimizing the masking effect that
the structural changes of the catalysts might have on the
performance. Each data point of HC distribution and Xco,
in Fig. 1C and 2 is an average of 4-5 data points obtained
over 2 h at the same operating conditions. Fig. 2A shows
the effect of temperature on the Xco, and the HC
distribution for all the catalysts. As expected, an increase in
the temperature results in an increase in the Xco,. At lower
temperature, the yield of methanol is enhanced compared
to light HCs following the thermodynamics of the reaction
(Fig. S47). Interestingly, the 9FDC displays a lower selectivity
of methanol compared to the 4.5FDC: there is a significant
difference in the structure of the catalysts which influences
the production of methanol. As the temperature increases
so does the yield toward C,-C,, especially toward the
paraffin fraction (Fig. S37), being the selectivity of the 9FDC
the highest of all samples. Fig. 2B shows the effect of the
pressure in the HC distribution: an increase results in
higher Xco,, which can be explained by Le Chatelier's
principle and the observation of the number of moles
change in reactions (1-5).”” The CH,:CO ratio increases
with increasing pressure and can be explained by a
combination of an increase in the rate of the FTS (reactions
(2) and (3), increase of the consumption rate of CO) and a
more pronounced shift with the pressure of the equilibrium
of the methanation reaction compared to the RWGS. The
overall selectivity towards C,-C, increases with increasing
pressure concurrent with an increase in the ratio of
paraffins to olefins. The H,:CO, ratio effect is shown in
Fig. 2C: an increase in the ratio results in an increase in

4178 | Catal. Sci. Technol., 2024, 14, 4174-4186

the Xco,, achieving a highest roo, = 187.8 mmol h™ ge, !
for the 9FDC sample at H,:CO,:Ar = 4:1:1. An increase in
the ratio results in worse selectivity toward C,-C,: an
increase toward CH, concurrent with less olefins production
can be explained by higher extend of hydrogenation caused
by the enhanced availability of molecular H,. Fig. 2D shows
how a change in the GHSV has a minor effect on both the
Xco, and HC distribution, although the S¢_c, - is
notoriously increased at the lower GHSV. An unidentified
peak in the gas chromatograph is shown in Fig. S5.f

Table S21 shows the Fe mol% obtained from ICP-OES,
which are slightly below the expected values, resulting in
CeO, (Ce0,), Cep.os6F€0.01402-5, C€0.958F€0.04202-5 and Ceg o12-
Feg.03302-5s samples. The Fe-impurities in the CeO, sample
are probably introduced via the Ce-precursor or by
contamination during synthesis/calcination. The same Table
S21 displays values of SSA obtained from N,-adsoprtion BET.
The addition of Fe results in an increase of the SSA compared
to the CeO, after the calcination step at 600 °C up to the
4.5FDC sample, with a later decrease in the 9FDC sample.
Similar trends of SSA were already reported.’

Fig. 3A shows the Ce L; X-ray absorption data of the fresh
samples: panels A1l and A2 allow for better visualization and
comparison of the absorption pre-edge and whiteline (XANES
region). Fig. 3A1 shows a shift of the absorption pre-edge and
edge toward lower energies with increasing content of Fe. This
shift of the Ce-L; pre-edge and edge has been previously
observed and is associated with a partial reduction of Ce** —
Ce*",»*%  which results in the generation of oxygen
vacancies.”> Absorption edges are quantified as CeO,: 5728.75
+ 0.14 eV, 1.5FDC: 5728.64 + 0.13 eV, 4.5FDC: 5728.35 + 0.15 eV
(4.5FDC), and 9FDC: 5728.27 + 0.16 (edge fittings are shown in
Fig. S6,f the specified uncertainty of the edge positions is the
std. of the gaussian fits). Fig. 3A2 shows the maxima of the

This journal is © The Royal Society of Chemistry 2024
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absorption edge, with a shift toward lower intensities with the
increase of the Fe content. This reduction of the intensity is
associated with a partial reduction of the Ce*" to Ce**.*” Other
studies reported an increase in intensity with an increase in
the oxidation state of Ce.*

Following the location of Fe before and after catalysis has
been done applying a combination of XAFS, XRD and TEM.
After synthesis, Fe can substitute Ce in the lattice or be
present as FeO,. Fig. 3B shows XANES of the Fe K-edge for
the Fe-containing samples and a reference Fe,03,
demonstrating that the incorporated Fe is in a +3 oxidation
state for all the samples, agreeing with previous reports.” The
low content of Fe in the 1.5FDC sample combined with the
high absorption of the heavy Ce yields data with high noise
level. Other reference materials, including oxidation states of
Fe**, Fe'", and Fe’ are disregarded (see Fig. S71). For the
9FDC no additional oxidation state of Fe can be determined,
meaning that any Fe present outside of the CeO,-solid
solution is also in a +3 state or below the detection limit. No
XAFS data of the spent samples could be obtained due to the
dilution of the samples, the heavy absorption of Ce, and the
relatively low number of photons of the lab instrument.

Fig. 4A shows the XRD patterns of the 4 fresh samples. All
samples’ intensity has been normalized to the (111) reflection
at 20 = 3.8 (@60 keV). For all the fresh catalysts, the unique
present crystal structure is a fluorite-type Fm3m (CeO, PDF
00-034-0394), agreeing with previous literature'® and
suggesting the formation of a unique crystalline phase of Ce,-
Fe;,O,_5: Fe,O3 could still be present as amorphous side
phases and/or with domain size below the detection limit. As
shown in Fig. 4A-1, the magnification of the normalized (220)
reflection displays both a shift of the reflection position and
a change of the FWHM with the amount of Fe in the
samples. After catalysis, all the “spent” samples maintain the
Fm3m structure with the appearance of some small
additional reflections (Fig. S8t), being such presence more
notorious in the spent 9FDC sample. However, these
additional reflections cannot be indexed to any of the Ce- or
Fe-based crystalline phases. Thus, these might be caused by
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contamination of the catalysts during the testing or the
recovery from the reactor. Besides, the graphitic carbon (PDF
00-041-1487) with its main XRD reflection (002) at 260 = 3.52
could not also be identified in any sample.

Fig. 4B shows the lattice parameter obtained from
refinement (see Table S3t) of the fresh and spent samples and
the theoretical lattice parameter of FDC if all the Fe** (detected
from ICP) was included in the lattice. In doped CeO,, changes
in the lattice parameter can occur due to: (i) the substitution of
larger Ce™* cations by smaller Fe** or Fe®" cations and/or, (ii)
the partial reduction of smaller Ce*" cations into larger Ce**
cations, generating oxygen vacancies in the CeO, s lattice."’
For the experimental values, a significant decrease in the lattice
parameter occurs by the substitution of Ce (Ce**(vm) = 0.97 A)*°
by Fe (Fe*'(vm) = 0.78 A, or Fe*"(vm) = 0.92 A)*° (XAFS data has
disregarded the presence of Fe**). As shown in Fig. 4B2, the
experimental values of the lattice parameter of the FDC
samples are higher than the theoretical values calculated
according to eqn (13), assuming the full substitution of Fe
dopant in the CeO,_; lattice. These results suggest that most of
the Fe seem to not be present as a solid solution in the Ce;—,-
Fe,O,_; lattice: as appears invisible to the XRD technique, this
Fe must be as amorphous Fe,O; phases or with crystallite sizes
below the techniques’ detection limit. Fe is a scavenger of grain
boundary impurities and could be accumulating in the grain
boundary,'? being the mechanism of such process still not fully
understood. The presence of Fe induces the Ce' — Ce**
transition, as shown in Fig. 3: the decrease of the lattice
parameter caused by Fe-substitution occurs simultaneously
with an increase of the lattice parameter resulting from Ce-
reduction, masking each contribution. After catalysis, a
noticeable increase of the lattice parameter (see Fig. 4B2)
occurs for all samples. This is caused by the lattice exsolution
of Fe and the further partial reduction of Ce*" — Ce** during
the reaction. For all samples, the lattice parameter increases
above the value of the pure CeO,, being higher for the 4.5FDC
compared to the 9FDC sample. The resulting vacancies are not
reoccupied after exposure to air and reach the bulk of the
particles, as proved by the XRD analysis. Different levels of
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Fig. 4 Panel A: XRD patterns of the fresh catalysts (data normalized to the CeO,(111) intensity, patterns are stacked). The insight (panel A1) shows
a magnification of the CeO,(220) reflection (also normalized, not stacked). Panel B: Rietveld results of (B2) lattice parameter and (B1) crystallite

size of Ce; Fe,O,_;s as a function of the Fe-content.
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reducibility of CeO, with the size and presence of metal
particles on the surface have been demonstrated.’ Fig. 4B1
shows the crystallite size before and after catalysis: for the fresh
samples, smaller crystallites are present with increasing Fe-
content due to a smaller interfacial contact area between grains
occurring during self-ignition.*" There is a mild increase in the
crystallite size after catalysis for all the samples.

Fig. 5 shows the STEM-EDX characterization of all samples
before and after catalysis (the EDX-spectra are shown in Fig.
S10t). Similar images at lower magnification can be found in
Fig. S9. All samples display very similar morphology, with a
minor presence of nanorod structures in the 4.5FDC (Fig.
S11t). For the fresh samples, no particles composed of Fe
can be observed, and EDX-analysis shows that Fe is
homogeneously distributed over the CeO, (Fig. 5). After

Fresh catalysts

o o o e e e e

View Article Online

Paper

catalysis, exsolved nanoparticles containing Fe clearly appear
in the 1.5FDC, 4.5FDC (Fig. S127), and 9FDC (Fig. 6) samples,
with a higher concentration of these with increasing content
of Fe in the fresh catalysts. Few particles containing Fe could
also be observed in the spent CeO, sample, explaining the
impurities detected with ICP-OES (Table S27).

Fig. 6A-1 shows a typical STEM-HAADF image of the spent
9FDC sample. It displays regions with Ce,Fe;_,O,_; representing
non-exsoluted FDC particles. The SiO,-diluent can easily be
distinguished. Clearly, exsoluted particles (sometimes with a
high amount of carbon) also appear on the catalyst surface with
both spherical and elongated shapes. A core-shell exsoluted Fe-
containing particle can be seen (Fig. 6B-1), confirming the prior
assumption of exsolution of Fe from the FDC material during
catalysis. The EDX mapping shows a Fe- and C-rich core, a very

Spent catalysts

50 nm

20 nm

‘“.". * 20 nm

Fig. 5 STEM-EDX characterization of the (A.1 and A.2) CeO,, (B.1 and B.2) 1.5FDC, (C.1 and C.2) 4.5FDC, and (D.1 and D.2) and 9FDC before
catalysis (left column) and after catalysis (right column). All the STEM images show the SEl-compo signal. The EDX mappings represent atomic%.

EDX full spectra are shown in Fig. S10.}
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Intensity [au]

0 Distance [nm] 27

Fig. 6 STEM of the spent 9FDC. Panel A: HAADF image of a particle, with EDX-mappings on the right side. Panel B.1: magnification of the region
highlighted in the red frame in panel A, showing a core-shell particle. Panel B.2: extracted line-scan quantification, with color coding as in panel
B.1 (C is not displayed) and blue being Ce. All EDX-mappings are shown in counts.

thin S-containing intermediate shell (contamination of 0.5 wt%,
similar values for Fig. S11 and S12f), and a most external O-
and Fe-rich shell. Both the EDX mapping and the line-scan
(Fig. 6B-1 and 2) demonstrate such a structure. Most probably,
the metallic Fe nanoparticles segregate during catalysis,
eventually growing on the surface of the catalyst. The presence
during catalysis of a FeO, phase under such a reductive
atmosphere is not likely, and most of the FTS published data
reports on the Fe or Fe,C composition of the catalyst.”" Indeed,
several phases of Fe,C can coexist in Fe-particles, with different
performances for the FTS,”® rendering their identification very
complex.’® Therefore, the oxidic outer shell is most probably
formed upon exposure of the recovered catalysts to air after the
reaction. The presence of S has also been determined in the
fresh samples using the combustion method (Table S2t), and is
therefore introduced by the catalyst precursors or during the
synthesis/self-ignition/calcination steps. The core of these core-
shell particles is a Fe-rich single crystal (see Fig. S13t), which

4182 | Catal Sci. Technol.,, 2024, 14, 4174-4186

d-spacings obtained using FFT of 0.225 nm and 0.198 nm.
These spacings best fit the Fe;C (Pnma, PDF 00-035-0772) (002)
and (112) planes, although the first could belong to a FesC,
(020) (C2/c, 00-089-7272), and the second could as well fit the
Fe,C; (300) (P63mc, 00-017-0333). The measured angles between
the reflections differ from the theoretic values for each possible
phase, so the precise phase could not be determined and is part
of future experiments. The O-containing (external) shell is
amorphous. Fig. S14t1 displays TEM-SAED of a broader area
containing particles: the SAED of Panel A clearly depicts
interplanar distances belonging to the Fe;C (Pnma, PDF 00-035-
0772) phase. Identification of the crystal structure of Fe-
containing catalysts is not trivial and is better done using in situ
methods.>" A very similar exsoluted structure is observed in the
4.5FDC spent sample (see Fig. S117).

Our experiments show that the presence of Fe results in
improved performance in terms of a higher reaction rate of
CO, and STY of C,-C, HCs. Amongst all the tested catalysts,

This journal is © The Royal Society of Chemistry 2024
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the 9FDC operating at 500 °C, 20 bar, 50 x 10> mL h™" g, "
and H,:CO,:Ar = 2:1:1 displayed the best performance in
terms of rates and selectivity. The addition of Fe to the CeO,
does improve performance, although the un-doped CeO,
already catalyzes the desired tandem CO, hydrogenation to
HCs. In terms of Xco, the FDC catalytic systems are
extremely active and do not deactivate over the tested period:
conversion was still increasing after the 200 h tested period.
The reason is the combination of the segregation of Fe-
containing particles on the CeO, surface and the generation
of oxygen vacancies during the reaction. Despite the high
activity, the selectivity toward CO and CH, is still a drawback,
a general limitation of this tandem route: high CO partial
pressure is necessary to produce HCs beyond CH,, and both
Fe and Co-based catalysts for the FTS are also Sabatier-active,
resulting in high selectivity toward CH,'®'® Our catalysts
show rather low rates for the FTS, the second part of the
desired tandem reaction, in part caused by the relatively low
content of Fe (~3 wt%) compared to commercial catalysts
and/or Co-containing tandem systems exploiting the same
route (5.8 wt%'® and 12 wt%>°). Increasing the Fe-content in
this work results in an increase of FTS-products. For some
tandem systems, the closest does not mean the best, and an
optimal distance between two active sites exist,'”**> concept
precisely controlled in core-shell systems containing Pt and
Co-catalysts.'”*® The material system reported in this work
uses available and non-toxic compounds prepared using a
one-pot procedure, far away from core-shell complex
structures that make use of novel and scarce materials. A
proper techno-economic assessment is necessary to
determine which catalysts are more suitable for large-scale
industrial applications.'®

Determining the location of Fe before and after catalysis is
not trivial: after synthesis, Fe in +3 oxidation state can be
substituting Ce atoms in the lattice and as Fe,Oj;, which
appears invisible to XRD, ie. must be amorphous or with
domain size below the technique's detection limit. After
catalysis, Fe exsolves (from the lattice) or segregates to the
surface of the CeO,. The combined XRD and XAFS data
demonstrate that the addition of Fe to CeO, induces oxygen
vacancies via two different mechanisms: (1) by substituting
Ce atoms and inducing the material to lose O-atoms to
maintain neutrality (as proven by XRD) and (2) by inducing
the partial reduction of Ce, generating native oxygen
vacancies (as proven by XAFS).

There is a non-linear correlation of the performance
(conversion and selectivity) with the Fe-content: the reasons
are not fully disentangled, and further research is necessary.
These are most probably related to (i) the size of the exsolved
Fe particles, (ii) the reducibility of the CeO, to form oxygen
vacancies (also affected by the size of the Fe-particles), and
(iii) the distance of CeO, catalytic centers to the Fe-centers.
Distance between functionalities plays a crucial role in
selective tandem systems. The size of the metallic particles
decorating the surface of CeO, has an effect on the
reducibility of CeO, (generation of oxygen vacancies).>”®

This journal is © The Royal Society of Chemistry 2024
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Moreover, the size of the particles determines the amount of
the metal-CeO, interface, of high importance for different
chemical reactions.® Finally, the FTS reaction rate and
product selectivity are also size-dependent: previous studies
have shown an increase in the yield of CH, for very small (~2
nm) iron carbide particles;*® for 2.5-12.9 nm Fe-particles, the
selectivity to C,+ HCs increases continuously while the
selectivity toward CO decreases with increasing size.’® The
complex interplay between all these factors deserves further
studies, preferably using in situ methods, to disentangle the
structure-activity relationships for this catalytic system.
Closing the pressure gap in microscopic and spectroscopic in
situ techniques is still not possible and the produced
information shall be rationalized carefully. From a
fundamental point of view, it would be very interesting to
exploit the capacity of CeO, to form solid solutions with
heteroatoms that marginally exsolve like Sm**. This should
allow us to disentangle the contribution of the oxygen
vacancy and Fe displayed in the current work. Furthermore,
metals other than Fe, like Co, Cu, or Ni, should be explored
to catalyze specific reactions more selectively.

Conclusions

We report the one-pot synthesis of CeO, and solid solutions
of Ce;_,Fe,O,_; for CO, hydrogenation via the CO-mediated
route as an abundant, inexpensive, and non-hazardous
catalyst. This method exploits the capacity of CeO, to form
solid solutions with trivalent cations, the generation of
oxygen vacancies, and the exsolution/segregation of metallic
particles under reaction conditions to result in catalysts with
high activity and stability. Catalytic data shows the
dominance of CO production via the RWGS reaction,
concurrent with CH, generation and the production of C,-C,
olefins and paraffins. Minor amounts of CH;OH were also
produced under some conditions.

Initially, Fe partially occupies the lattice of the fluorite-
type CeO, crystal structure, as proved with XRD by the
reduction of the lattice parameter due to the substitution of
the bigger Ce®" by the smaller Fe** concomitant with the
partial reduction of Ce*" — Ce’*" as demonstrated with XAFS.
Fe,0;, although elusive to the techniques applied, must also
be present as amorphous and/or with very small domain size.
The concentration of oxygen vacancies increases with the
content of Fe in the fresh samples. STEM-EDX
characterization reveals a similar morphology amongst the
fresh samples and the presence of exsolved core-shell
particles composed of Fe,C (and an oxidic outer shell most
probably generated upon exposure to air) after catalysis.

The best performance in terms of conversion and
selectivity is achieved by the 9FDC sample followed by the
1.5FDC sample, although an undesired high selectivity
toward CH, and CO occurs for all systems. The complex
interplay between size and reducibility of the two
functionalities in this system deserves further studies to shed
light on the structure-activity correlations, which will allow
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to design catalysts more rationally. Future steps should focus
on the use of non-exsolving metals to disentangle the
contributions of the oxygen vacancies (e.g. Sm) and the metal
particles. The doping of metals other than Fe should be
studied to aim at different reaction products. As a tandem
system, distance control between functionalities can
dramatically enhance product selectivity. The techno-
economic assessment shall be performed to determine the
suitability of this low-cost, abundant, and non-toxic catalytic
system for CO, hydrogenation in the process scale.

Data availability

The data set containing: the catalytic tests raw data in a .xlIsx
file; the XAFS integrated raw data; the XRD integrated raw data;
and the S-determination LECO output file can be accessed in
the DOI: https://doi.org/10.5281/zenodo.11580844.
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