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Abstract

CO. hydrogenation is an attractive way to store and to utilize carbon dioxide generated
by industrial processes, as well as a method for producing valuable chemicals from a
renewable and abundant resource. Iron catalysts are commonly used for the
hydrogenation of carbon oxides to hydrocarbons. Iron-molybdenum catalysts have
found numerous applications as catalysts. However, they have been never evaluated in
the CO. hydrogenation.

In this work, iron-molybdenum catalysts without and with a promoting alkaline metal
(Li, Na, K, Rb or Cs) were characterized using X-ray diffraction, hydrogen
temperature-programmed reduction, CO, temperature-programmed desorption, in-situ
>’Fe Mosshauer spectroscopy and operando X-ray adsorption spectroscopy and
evaluated in the CO. hydrogenation. Under the reaction conditions, the catalysts form
iron (1) molybdate structure, with partial reduction of molybdenum and iron
carbidisation. The rate of CO2 conversion and product selectivity strongly depend on
the promoting alkaline metals, which electronegativity was identified as descriptor of
the catalytic performance. Higher CO. conversion rates were observed on promoters
with higher electronegativity, while low electronegativity of alkaline metals favours

higher light olefin selectivity.
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1. Introduction

The rising concentration of CO> in the atmosphere, a major greenhouse gas, is causing
serious environmental problems such as global warming, ocean acidification,
biodiversity crisis, etc!3. This prompts us to take urgent action to stabilize the
concentration of CO; in the atmosphere by reducing its emissions and developing
effective technologies*® to capture and to utilise CO,.

To date, among the available tools, catalytic hydrogenation of CO> to value-added
products, especially light olefins, with high activity, selectivity, and stability is highly
desirable for various applications’ and represents a practical way to achieve carbon
neutrality. & ° Along with much literature on optimized catalysts for Fischer-Tropsch
synthesis (FTS), %13 iron- and cobalt-based catalysts are being tested for CO:
hydrogenation. Compared to iron, cobalt catalysts preferably form methane in CO-
hydrogenation'* 1>, To maximize the production of light olefins, more attention has to
be paid to the optimization of catalyst composition and structure. In our recent work®®,
we identified the most efficient promoters and elucidated structure-performance
correlations in the CO2 hydrogenation to light olefins over zirconia-supported iron
catalysts. The strongest promoting effect has been observed on iron catalysts containing
alkaline metals and more particularly, potassium. A further increase in the light olefin
selectivity could be realized by simultaneous promotion of iron catalysts with alkaline
metals and molybdenum 6,

The promotion with alkali metals varies as a function of catalytic support. The

electronic interaction of iron species and alkali may modify the intrinsic reaction rate



and selectivity. Alkali ions could enhance®* carbon monoxide dissociation, because of
election-donation effect on the iron species from basic oxygen species. The promotion
by alkali metals reduces hydrogenation catalyst activity and increases the olefin to
paraffin ratio in the reaction products. The WGS activity usually increases in the
alkaline-promoted catalysts. The chain growth probability and selectivity to Cs:
hydrocarbons are much higher over alkaline-promoted iron catalysts.

Iron molybdates with a tuneable Mo/Fe ratio are known for their high activity and
stability, making them a popular choice for numerous catalytic applications. Some of
the common reactions include oxidation of benzene, water gas shift reaction,’ selective
oxidation of methanol to formaldehyde,*® ° hydrogenation of alkenes, and
dehydrogenation of alcohols. Iron molybdates can also play a role of precursors for
obtaining highly dispersed iron species after activation. However, to the best of our
knowledge, iron molybdates have never been used as catalysts for CO2 hydrogenation.
The structure of iron catalysts often evolves during catalytic reactions?® 2, where
different transformations of active phases are discovered?” 23, Therefore, in order to
clarify the active sites and to improve the catalytic performances, it is critical to
understand the structure and structural dynamics of the catalyst under the reaction
conditions. In-situ characterizations of catalysts are promising strategies for identifying
the instantaneous structure and understanding the structure-property relationship of
catalysts?*?, In-situ characterizations under industrially relevant reaction conditions

generally represents a significant experimental challenge, because of the typically used



high temperature, high pressure conditions and the presence of large number of reaction
products etc.20-22 28

In this paper, we prepared a series of iron-molybdenum catalysts and evaluated the
effects of alkaline metals (Li, Na, K, Rb or Cs) on tuning the physicochemical
properties and CO> hydrogenation performances of iron molybdate catalysts. To
reveal the structure-performance correlations, iron molybdates promoted with alkali
metals were characterized using several methods (X-ray diffraction, temperature-
programmed reduction and desorption, high resolution transmission electron
microscopy). In particular, the catalyst phase and structure evolution during activation
and reaction were explored by in-situ Mdssbauer spectroscopy and operando X-ray
absorption spectroscopy (XAS). The reaction rate and selectivity were strongly affected
by the alkaline promoters. A higher CO- reaction rate was favoured on catalysts with
high-electronegative alkaline promoters, whereas higher light olefin selectivity was

observed with low-electronegative promoters.

2. Experimental
2.1. Catalyst preparation

Iron (I11) nitrate nonahydrate (Fe(NOs)s-9H20, 99.99%), ammonium molybdate
tetrahydrate ((NH4)sM07024-4H20, 99.98%), lithium nitrate (LiNO3, 99.99%), sodium
nitrate (NaNOs, 99.0%), potassium nitrate (KNOs, 99.0%), rubidium nitrate (RbNOg,
99.7%) and cesium nitrate (CsNOs, 99.99%) were purchased from Sigma-Aldrich and

used as precursors to prepare bulk FeMo-based catalysts. The catalysts were prepared
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by adding a calculated amount of Fe(NOz3)3-9H-0, (NH4)sM07024-4H,0 and eventually
the respective alkali nitrate (~10% wt. Fe) in a mortal, and grinding them until reaching
a homogeneous mixture. Then, they were calcined at 500 °C for 6 h under static air
with a ramp of 2 °C/min. The obtained catalysts are denoted as FeMoX (X = Li, Na, K,

Rb, or Cs).

2.2. Catalyst characterization

The catalyst chemical compositions were determined using an energy dispersive micro-
X-ray fluorescence spectrometer-M4 TORNADO (Bruker). The sample was irradiated
using a rhodium X-ray tube (50 k\VV/200 mA, 10 W). This X-ray source is equipped with
a poly-capillary lens enabling excitation of an area of 200 pm. For each sample, 36
points (of 200 um) were analysed covering the entire sample surface. The detector was
a silicon-drift-detector Si(Li) with <145 eV resolution at 100 000 cps (Mn Ka) and
cooled with Peltier cooling (—20 °C). The measurement was done under vacuum (20
mbar). Quantitative analysis was done using fundamental parameters (FP)
(standardless). The quantification was made on the basis of the identified element. The
catalyst crystal structure was characterized by X-ray powder diffraction (XRD) using a
Bruker AXS D8 diffractometer with monochromatic Cu Ka radiation (A =0.1538 nm).
The XRD patterns were collected with the 26 range between 5-80°, using a step size of
0.02° and with an acquisition time of 0.5 s. The identification of crystalline phases
present in the catalysts was carried out by comparison with the JCPDS standard

software. The catalyst basicity was determined by CO. temperature-programmed
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desorption (CO2-TPD) on an AutoChem 11 2920 apparatus (Micromeritics). Before the
measurements, the samples were pre-treated at 500 °C in He for 1 h, cooled to 40 °C,
and exposed to CO; for 30 min. The samples then were heated with a ramping rate of
10 °C/min to reach 700 °C in He flow. The CO desorption was measured with a TCD
detector. The reducibility of the catalysts was evaluated by hydrogen temperature-
programmed reduction (H>-TPR) wusing an AutoChem Il 2920 apparatus
(Micromeritics). The samples (~0.05 g) were reduced in a flow of 5% H/Ar flow (50
mL/min) and heated to 1000 °C with the temperature ramp rate of 10 °C/min. TEM and
STEM analyses were carried using a TEM JEOL 2100F operating at 200 kV and
equipped with a spherical aberrations corrector . STEM micrographs were acquired
using a camera length of 12 cm and with a probe size of 0.1 nm. Elemental analyses
were carried out with an energy dispersive X-ray spectroscopy (EDX) probe a silicon
drift detector (SDD) with a sensor size of 60 mm? . The transmission *>’Fe Mdssbauer
spectra were collected at —153 °C with a sinusoidal velocity spectrometer using a
’Co(Rh) source. The velocity calibration was carried out using an a-Fe foil at room
temperature. The source and absorbing samples were kept at the same temperature
during the measurements. The Mdssbauer spectra were fitted using the Mosswinn 4.0
program?®. The experiments were performed at pressures up to 10 bar, in a state-of-the-
art high-pressure Mdéssbauer in-situ cell, which was recently developed at the Reactor
Institute of Delft>°. The high-pressure beryllium windows in this cell contained 0.08%
Fe impurity, whose spectral contribution was fitted and removed from the final spectra.

The in-situ X-ray absorption spectra were recorded at the Super XAS beamline station



of the Swiss Light Source (Villigen PSI, Switzerland). The beam was monochromatized
by Si (111) crystal. Prior to the analysis, the catalyst diluted with carbon nanotube
(weight ratio 1:1) was packed between two layers of quartz wool within a quartz
capillary (O.D. = 2 mm). The measurements were performed under the flow of
5%CO/N2 (P = 1 bar) for activation and H2/CO2/N2 = 9/3/3, P = 6 bar) for the CO-
hydrogenation at temperatures ranging from ambient to 350 °C. After the measurements,

all data were processed by a ProQEXAFS software®!,

2.3. Catalytic performance tests

The catalytic performances in the CO2 hydrogenation reaction were measured in a
fixed-bed reactor with a 2 mm internal diameter and a length of 15 cm. The lower end
of the reactor tube was filled with inert SiC (size of 500 um), where ~110 mg of fresh
catalyst had been loaded into the reactor. The catalysts were activated in CO under
atmospheric pressure with a heating ramp of 2 °C/min until reaching the reaction
temperature of 350 °C and dwelling at that temperature for 10 h under the CO flow (10
mL/min). After the activation, the catalysts were cooled to 180 °C, a gas mixture
composed of Ho/CO2 = 3 was fed into the reactor. Nitrogen with a flow of 1 ml/min
was used as internal standard for the calculation of CO2 conversion. After the flow rates
and the pressure have been stabilized, the temperature was increased to 350 °C with a
heating ramp of 2 °C/min to start the reaction. For the analysis of reactant and reaction
products, a Varian CP-3800 chromatograph equipped with a TCD and an FID detector

was used. Two columns were used: the first is a packed CTR-1 column connected to
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the TCD detector, and the second is an Rt-Q-PLOT capillary column connected to the
FID detector. Iron time yields (FTY) were expressed as moles of CO2 converted per

gram of iron (determined from XRF analysis) per second.

3. Results and Discussion

3.1. CO; hydrogenation over iron-molybdenum catalysts

Before the catalytic performance tests, the catalysts were firstly activated with CO.
Then, they were exposed to the flow of CO, and hydrogen. The catalytic data of
different iron molybdates are shown in Figures 1, S1-2 and Table 1. The CO;
conversion over all the catalysts displays an induction period, which presents a rapid
increase in the CO; conversion. The CO; conversion then reaches a relative steady
value. The non-promoted FeMo catalyst shows a CO; conversion of 16.8 % and thus
corresponding to a FTY of 5.8%10° molco2/gres. The main product was CHs (88.5 %)
along with a very small amounts of light olefins (C2.4~, selectivity of 2.6 %). The
reaction rate expressed as FTY of FeMoX (X = Li, Na, K, Rb and Cs) was a function
of alkaline metal. The Li- and Na-modified catalysts showed higher catalytic activity
than the unpromoted FeMo. In contrast, under the same space velocity, iron catalysts
doped with other alkaline metals show similar CO> conversions of ~10 %, which are
lower than FeMo catalyst. Higher reaction rate was observed over the catalysts
promoted with high electronegative alkaline metals (Li and Na), while the reaction rate
drops as the electronegativity of the promoting metal decreases. The CO:

hydrogenation rate over iron catalysts promoted with alkaline metals is similar to the
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promoted CoCu/TiO; catalyst, where the activity of Li-CoCu/TiO. outperformed other
CoCu catalysts. The effect was attributed to the geometric effect of Li with a smaller
ion radius on the active sites and its strong polarization ability'®, compared to other
alkaline metals.

Figure S1b-d shows hydrocarbon selectivity over iron molybdates as a function of CO>
conversion. The C»+ product selectivity (light olefins and C5* products) at similar CO>
conversion of about 15 %, increases in the order of Li < Na < K <Rb < Cs (Figure 1d
and Figure S2). The increase in light olefin and Cs+ hydrocarbon selectivity occurs at
the expense of methane. Interestingly, compared to unpromoted FeMo, promotion with
alkaline metals (K, Rb and Cs) increases the selectivity to light olefins by a factor of ~
5.5. In particular, FeMoCs exhibits the lowest selectivity to CHs (45.3%) among the
catalysts and remarkably higher selectivity to light olefins (29.7 %) (Table 1). Since
FeMoCs produces more light olefins than other catalysts, it has been tested for a longer
time on stream (TOS) of 50 h (Figure 1e). After the stabilization for ~15 h, the CO-
conversion was constant at steady state with an average value of ~13 %. The selectivity
to light olefins over FeMoCs was constant after stabilization and reaches ~29.8%.
Based on the above catalytic results, we could conclude that the alkaline metals exert
significant promoting effects on both CO. conversion and product selectivity of iron

molybdate catalysts.
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Table 1. CO; hydrogenation over iron molybdate catalysts (110 mg catalyst,
H2/CO2/N2 at 12/4/1, 9300 ml Qeatalyst - hour?, 10 bar, 350 °C, TOS = 22 h).

Xcoz Sco CO-free product selectivity (%)
Catalyst
(%) (%) Scha Sc24° Sco 4" Scs+
FeMo 16.8 52.9 88.5 8.5 2.6 0.3
FeMoLi 22.9 38.4 86.6 6.2 5.7 1.4
FeMoNa 22.2 47.8 79.7 6.4 11.9 2.0
FeMoK 13.9 53.8 58.1 4.5 31.1 6.3
FeMoRDb 10.2 36.7 56.8 3.2 28.2 11.9
FeMoCs 12.1 41.0 45.3 11.5 29.7 13.6

3.2. Catalyst characterization

A wide range of characterization techniques were used to investigate the
physicochemical properties of iron catalysts. All the samples contain (Table S1) similar
amounts of iron (7.3-8.9 %) and molybdenum (13.3-15.5 %). The XRD patterns of
calcined, activated and spent iron molybdate catalysts are shown in Figure 2. The XRD
patterns of calcined FeMo non-promoted and alkaline metal promoted FeMoX catalysts
(X = Li, Na, K, Rb and Cs) display diffraction peaks at 26 13.8°, 15.3°, 19.4°, 20.4°,
22.9°, 25.1°, 25.7°, 27.5°, 30.1°, 31.4° and 34°, which correspond to the Fe2(M0QO4)3
phase (JCPDS 04-007-2787), while the peaks at 12.9° and 23.3° are attributed to
orthorhombic a-M0oO3 (JCPDS 01-080-3491). No peaks attributed to iron oxides were
detected in the calcined iron molybdates, probably because of their high dispersion. In
addition, no diffraction peaks associated with the alkali metals are observed for all

FeMoX samples, which may be due to their low concentrations.
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The catalyst activation under carbon monoxide results in the modification of XRD

patterns. In addition to the Fe2(M0Oz)s and MoOgz peaks, new diffraction peaks are

observed at 13.1°, 26.3°, and 33.7°, which correspond FeMoO4 (JCPDS 00-022-0628).

This new phase could be formed by reduction of Fe®* to Fe?* species during the CO

activation. The XRD patterns for catalysts after the CO> hydrogenation were also

recorded. Most of the diffraction peaks related to Fe2(M00Oz3)s and FeMoO4 weaken or

disappear after the reaction, while the spent catalysts exhibit diffraction peaks at 26

angles around 42.9° that could be attributed!® to iron carbides formed during the

reaction.
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Figure 2. XRD of as-prepared, CO activated, and used iron molybdate catalysts.

High-resolution STEM and EDX elemental mapping were used to characterize FeMo

and FeMoCs catalysts at different stages of preparation, activation and reaction. The
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calcined FeMo are composed of oxide particles of around 15 nm (Figures 3a and
Figure S3). Interestingly, after the CO activation, the iron and molybdenum species
became spatially separated. The segregation was caused by CO reduction and
carbidisation. However, these two components merge again during the CO:
hydrogenation. In addition, carbon deposition was observed over the spent FeMo
sample (Figure S4). Remarkably, calcined FeMoCs showed domains with different
composition (Figure 4 and Figure S5), which are iron molybdates (marked as yellow
circle), iron oxides (green square) and molybdenum oxides (blue square). This suggests
that the alkaline metal promotes the phase separation during the calcination. The
followed CO activation and reaction condition did not significant change the

morphology and phase composition of FeMoCs catalyst.

—
()
-

FeMo CO activated § FeMo as-prepared

—
O
~

FeMo used

—————20nm 0K C————20nm Fe K " Mot

Figure 3. STEM-ADF (Annular Dark Field) and elemental mapping images of the
calcined, activated and spent FeMo (a, b and c).
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Previous reports suggest® * that the surface basicity of catalysts may play an important
role in the CO2 hydrogenation process. CO2-TPD was used to investigate the surface
basic properties of iron molybdate catalysts. Figure 5 and Table S1 show very low
amount of adsorbed CO- (2.8 umol/g) over unpromoted FeMo. The CO,-TPD profile
of FeMo displays only a broad peak located at 550-700 °C, which corresponds to the
CO2 desorption from the strong basic sites. Promotion with alkali metals leads to the
appearance of weaker basic sites with TPD peaks at 300-500 °C, along with high
temperature peaks. The catalysts promoted with alkaline metals exhibit a higher
quantity of desorbed CO- (3.4-6.1 vs. 2.8 umol/g for the unpromoted counterpart). The
total amount of basic sites increases in the following order of FeMoLi < FeMo <
FeMoNa < FeMoK ~ FeMoCs < FeMoRb. Interestingly, a fraction of weak acid sites

(Table S1, SI) was higher in the catalysts promoted with Li* and Na*.
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The catalyst reducibility was evaluated by H>-TPR (Figure 6 and Table S1). No
hydrogen consumption below 400 °C was observed for all the catalysts. Non-promoted
FeMo showed three broad TPR peaks at 657, 800 and 962 °C. These peaks are
associated with reduction of iron (111) molybdate: Fe2(M0QO4)s — FeEM00Os + M04O11
— FezMo30s + FesOs — Fe-Mo alloy!” 3, This interpretation of Ho-TPR profiles is
consistent with previous report!’ for bimetallic Fe-Mo/Al;Os catalyst. The H.-TPD
profile of FeMoLi only slightly changes compared with that of FeMo. This suggests
that Li has a weak effect on the reducibility of iron molybdate. In contrast, the
promotion of iron molybdates with K, Rb and Cs shifts the dominant reduction peak to
lower temperature compared to FeMo (739 ~ 766 °C vs. 800 °C). This suggests that K,
Rb and Cs enhance the catalyst reducibility. Interestingly, in the CO2 hydrogenation,
higher Co+ hydrocarbon selectivity was reached over the catalysts with better
reducibility. Iron carbides are usually considered active species for CO hydrogenation
over iron-based catalysts®* *°. The increased reducibility of iron molybdates would
allow more iron carbides to be produced during the catalyst activation and reaction.
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Figure 6. Ho-TPR profiles of iron molybdate catalysts.

3.3. Evolution of the catalyst structure during activation and reaction

The evolution of catalyst structure of iron catalysts was investigated using in-situ
Maossbauer spectrometry and operando XAS. The Mdssbauer spectra were measured
after the catalyst exposure to reacting gas (CO during activation or H2/CO2 during the
reaction) and then after rapid cooling to -153 °C (Figure 7). The conditions used in the
treatment of catalyst with gas during the in-situ Méssbauer spectrometric measurements
were similar to those in the catalytic tests. The Mdssbauer spectra are displayed in
Figure 7. The Mdssbauer fit parameters of calcined catalysts and catalyst exposed to
CO and CO2 + H; are given in Table 2.

The spectra of calcined samples reveal the presence of both hematite and Fe2(M0QOa4)3
iron (I111) molybdate phases (Table 2). The Mossbauer results are consistent with the
XRD data that also showed Fe2(M00O4)s as the main phase in the calcined catalysts. The

weight ratio between hematite and ferric molybdate is different in FeMo and FeMoCs.
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Introduction of alkaline metals increases the fraction of Fe2(Mo030)4 phase. In addition,
the hematite hyperfine field is slightly smaller in FeMoCs compared to the FeMo
sample, indicating Cs incorporation in the crystalline structure or better dispersion of
the Fe species in FeMoCs.

Then, both FeMo and FeMoCs catalysts were in-situ activated in the CO flow (350 °C,
1 bar) and exposed to the reaction gas mixture (H2/CO> = 3) at 350 °C and 10 bar. Note
that the Mdssbauer spectra of the catalysts during the activation and reaction are rather
different from the calcined catalysts. After the CO activation, iron carbides and
FeMoO4 species were observed in both samples. These results indicate partial reduction
of Fe2(Mo00Os)3 and carbidisation of iron oxide. Note that the total amount of iron
carbides is comparable in FeMo and FeMoCs (23% vs. 19%).

After the activation in CO, the catalysts were exposed to H2/CO> reacting mixture.
Figure 7 also shows the in-situ Mdssbauer spectra of catalysts measured during the
reaction. In both catalysts, all the remaining Fe2(Mo00O4)s species were fully reduced to
FeMoO4 under the reaction gas atmosphere. In addition, Fe-Mo alloy-like phase was
formed. Remarkably, FeMoCs contains a larger amount of Fe-Mo alloy than FeMo after
the CO> hydrogenation (32% vs. 24%) (Table 2). Besides, the fraction of iron carbide
slightly increases during the reaction. The Mdssbauer results are therefore indicative of
reduction of both molybdenum and iron during the catalyst activation and partial
carbidisation of iron. The reduction processes seem to be enhanced in the presence of
Cs and produces a higher fraction of Fe-Mo alloy. The in-situ Mdssbauer results are

consistent with the TPR profiles of FeMo and FeMoCs catalysts.
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Table 2. The Mossbauer fitted parameters of the iron catalysts, obtained at -153 °C".

Sample/ IS QS Hyperfin r Phase Spectral
Treatment | (mm-s© (mm-s= e field (mm-s’ contribution
D) D, (M D, (%)
FeMo 0.37 -0.17 51.5 0.59 a-Fex0s 34
As-prepared | 0.40 0.19 - 0.41 Fe2(MoO4)3 66
0.26 - 23.7 0.46 x-FesCa (1) 8
0.18 - 19.3 0.46 x-FesCoa (I1) 11
FeMo 0.19 - 11.0 0.46 x-FesCa (111) 4
CO, 350C 0.43 0.19 - 0.35 Fe2(Mo0a)3 40
1.12 2.79 - 0.34 B-FeMoO4 17
0.96 1.53 - 0.50 a-FeMoO4 20
FeMo 0.27 - 24.2 0.46 x-FesCa (1) 9
Hy/CO,=3 0.22 - 19.7 0.46 x-FesCoa (I1) 9
350C. 10 0.24 - 115 0.46 x-FesCa (111) 4
bar1 -0.17 - - 0.56 Fe-Mo 24
1.24 1.62 - 1.00 a-FeMoO4 54
FeMoCs 0.36 -0.20 50.7 0.59 a-Fe203 25
As-prepared | 0.40 0.15 - 0.45 Fe2(MoQs)3 75
0.25 - 25.3 0.47 x-FesCa (1) 6
0.20 - 19.7 0.47 x-FesCoz (I1) 9
FeMoCs 0.16 - 12.2 0.47 x-FesCa (111) 4
CO, 350°C 0.40 0.15 - 0.50 Fe2(Mo0a)3 53
1.11 2.81 - 0.37 B-FeMoO. 16
1.20 1.46 - 0.34 a-FeMoO4 12
0.26 - 25.6 0.47 x-FesCa (1) 9
HFZ‘;“?:/'SZC:SB 0.21 - 193 047  y-FesCa(ll) 9
350°C. 10 0.20 - 12.7 0.47 x-FesCa (111) 5
bar1 -0.15 - - 0.72 Fe-Mo 32
1.24 1.44 - 0.98 o-FeMoOq4 45

“Experimental uncertainties: Isomer shift: I.S. +0.02 mm s; Quadrupole splitting: Q.S.
+ 0.02 mm s?; Line width: ' £ 0.03 mm s*; Hyperfine field: + 0.1 T; Spectral
contribution: £ 3%.

The evolution of the structure of FeMo and FeMoRb catalysts under the reaction

conditions was further characterized by operando XAS. FeMoRb was chosen because

of the possibility to measure in the same experiments the absorption edges of Fe, Mo,

and Rb.36
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First, we measured the Mo, Fe and Rb K absorption edges of FeMo, FeMoRb and
FeMoCs catalysts after calcination along with the spectra of several reference
compounds (Figure S6 a, ¢, Figure S7). The XANES spectra (Figure S6a) of calcined
catalysts at the Mo K-edge exhibit a pre-edge peak at around 19 995 eV, which is
attributed to the dipole-forbidden/quadrupole-allowed 1s—4d transition and is primarily
associated to tetrahedral geometry of Mo. Another peak at 20 015 eV is assigned to the
dipole-allowed 1s-5p transition, which is considered as characteristic feature of Mo
species with a octahedral/distorted octahedral geometry *’. Three iron samples show
spectra similar to those of reference MoOz and Fe2(Mo00Qa4)s3, indicating that Mo in the
catalysts possesses both tetrahedral and octahedral geometry. Their corresponding
Fourier transform (FT) EXAFS moduli are shown in Figure S6b. In agreement with
the literature, an intensive peak at 1.35 A is assigned to the first shell Mo-O1
coordination®’, which suggests the presence of tetrahedral Mo-O species in Fe2(M0Q4)s.
In addition, the Fe K-edge XANES and FT EXAFS moduli of the calcined FeMo,
FeMoRDb and FeMoCs catalysts show similarity with reference Fe2(Mo0O4)s and Fe2Og.
This suggests that the Fe in the calcined catalysts mainly presents as Fe2(MoOa)3 and
Fe20O3 phases. This observation agrees with the Mdssbauer results. The XANES spectra
of FeMoRD catalyst at the Rb K-absorption edge are displayed in Figure S7. In the
fresh calcined catalyst, rubidium is present as a mixture of rubidium hydroxide and
carbonate. After conducting the CO. hydrogenation, Ru tends to agglomerate in

rubidium oxide.
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Figure 8a shows that operando Mo K-edge XANES spectra of FeMoCs during CO
activation and CO» hydrogenation show a gradual shift of the edge position to lower
energies, from around 20 008 to 20 002 eV. This shift indicates continuous reduction
of Mo in the presence of CO. Besides, the intensity of pre-edge peaks decreased and a
peak around 20 015 eV increases simultaneously with the time. The spectrum evolution
suggests reduction of Fe2(Mo0Oas)3 and MoOs to FeMoO4 and MoO». After the CO-
hydrogenation, the pre-edge peak completely disappears and the XANES spectra get
very similar to that of reference MoO». The Mo (VI) species seem to be completely
reduced to Mo(lV) during the reaction. The corresponding Fourier transform Mo K-
EXAFS moduli during the CO activation and COz hydrogenation are shown in Figure
8b. During the CO activation and CO, hydrogenation, the intensity of the peak at 1.6 A
attributed to Mo-O1 tetrahedral coordination gradually decreases and completely
disappears after the CO hydrogenation.

Figure 8 c and d shows the operando Fe K-edge XANES and EXAFS spectra measured
during CO activation and CO> hydrogenation. Initially, the Fe K-edge absorption edge
was observed at 7132 eV. After the CO activation and CO> hydrogenation, the spectra
exhibit a gradual shift towards lower energy indicating a change in the average
oxidation state of Fe to lower oxidation state, mainly corresponding to the formation of

FeMoO.%" and iron carbides.
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Figure 8. (a, d) procedures for in-situ XAS experiments. (b, €) In-situ Mo and Fe K-
edge XANES spectra and (c, f) k>-weighted Fourier transformed EXAFS spectra of
FeMoRDb catalyst during CO activation and CO2 hydrogenation reaction.

The contributions of the different phases obtained from liner combination fitting (LCF)
analysis of the XANES spectra at the Mo and Fe K-edge during CO activation and CO>
hydrogenation reaction are shown in Figure 9 and Figure S8. LCF was performed

using standard spectra of Fe2(M0QO4)3, M0O3, M0O2, Fe203, Fez04, FeO, FesC and FeC.
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Figure 9a shows that the Mo species started to reduce when the temperature increased
to 350 °C under CO, the fractions of MoOs and MoO: increase at the expense of
Fe2(MoOQas)s. During the CO activation, the fraction of MoOs reaches a maximum and
then decreases while the quantifiMoO- kept increasing. The amount of these three Mo
phases did not have significant variation during the CO2 hydrogenation stage. Finally,
after reaction, contributions from MoO3s and MoO. were observed to be 23% and 77%
respectively. LCF analysis (Figure 9b) showed that the initial composition of the
calcined FeMoRDb was 68.8% Fe>(Mo00a)3 and 31.2% Fe>O3z which is similar to the Fe
phases composition of the Mdssbauer results obtained from FeMoCs (75% Fe2(M00O4)s,
25% Fe203). During the CO activation, both Fez(Mo00Oa4)z and Fe2Oz contents decreased.
FesOs and FesC phases were intermediates and their contributions were found to

decrease, while the fractions of FeO and FeC increase.

CO activation €0, hydrogeantion COactivation  CO, hydrogeantion H, activation  Reaction

60 -
80

60 4 40 4
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Figure 9. Evolution of Mo (a) and Fe (b) phase compositions during the CO activation
and CO> hydrogenation reaction.
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Table 3. Catalytic data of FeMoRb catalysts in in-situ XAS experiment (10 mg catalyst,
H2/CO./N; at 9/3/3, 6 bar, 350°C).

TOS  Xcoz  Sco CO-free product selectivity (%)
(min) (%) (%) Scha Sc24®  Sco4” Scs”
46 80 976 78.7 8.2 7.4 5.8
Mo K-edge
230 85 983 76.5 7.2 10.3 6.0
47 6.4 97.0 83.1 5.1 7.0 4.7
Fe K-edge
235 7.1 979 78.2 5.9 8.4 7.5

The operando XAS were measured simultaneously with chemical analysis of the
reaction products (Table S3). The CO2 conversion in the in-situ XAS cell leads to the
production of CO and hydrocarbons. Different from the catalytic results obtained from
the conventional fixed-bed set up, lower CO2 conversion was observed in the in-situ
XAS experiments with a much higher selectivity to CO. This discrepancy may be due
to the lower reaction pressure and shorter activation time of the catalyst in CO due to
technical limitations in in-situ synchrotron experiments compared to traditional
catalysis tests.

Kondratenko®? et.al proposed that in the CO, hydrogenation over iron catalysts, the CO-
activation ability expressed by effective CO2 adsorption and dissociation rate constants
directly influences the CO- conversion activity and product selectivity. They also
pointed out that too strong CO> adsorption is unfavourable for the catalyst activity.
Following the trends between CO> transformation activity and surface basic properties
of iron molybdate catalysts, we may conclude that the alkali metals resulted in lower
surface basicity of iron molybdate catalysts would more facilize the COz activation and

further the CO> hydrogenation activity.
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4. Conclusion

A series of iron-molybdenum catalysts promoted with alkaline metals was prepared for
CO2 hydrogenation. The calcined catalysts contain iron (I11) molybdate, MoOs and iron
oxide species. Introduction of alkaline metals results in a greater amount of basic sites.
Higher fraction of weak basic sites was observed with Li and Na promoters. The
presence of Cs and RDb increases the catalyst reducibility. Electronegativity of alkaline
metals seems to be a principal descriptor of the catalytic properties. The presence of
high electronegative alkaline promoters favours CO> conversion rate, while the low
electronegative alkaline metals such as Cs and Rb exhibit low reaction rate but show
higher light olefin selectivity. The in-situ techniques employed in this work showed
gradual reduction of molybdenum and iron to FeMoO4 and MoO> and respectively FeO.
The presence of Fe-Mo ally was also detected. A part of iron is carbidised to a mixture

of iron carbides under catalyst activation and during catalytic reaction.
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