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Abstract—The catalytic activity for dehydrogenation of C,H, and successive CO, activation was studied by using hier-
archically-structured bimetallic FeM/ZSM-5 (M=Ce, Ga, and Sn metal) to verify the redox property of the Fe nanopar-
ticles and metal promoters on the acidic ZSM-5. Based on the surface characteristics, the reducibility and oxygen
vacant sites of metal oxides on the ZSM-5 largely altered the reduction-oxidation nature and catalytic cracking behav-
ior. The metal-promoted Fe/ZSM-5, especially with CeO, promoter on the FeCe/ZSM-5, revealed excellent redox
cycles and higher steady-state dehydrogenation activity such as a comparable C,H,; conversion of 6.1% as well as C,H,
selectivity of 89.8% at 600 °C with a larger CO production with 9.7 mmol/g by CO, activation at 700 °C. This observa-
tion was attributed to the incorporated partially reducible CeO, species by enhancing their interaction with ZSM-5 as
well as by easily stabilizing the oxidation states of Ce and Fe metal oxides with its higher thermal stability during C,H;
dehydrogenation through an initial oxidative dehydrogenation followed by a steady-state catalytic cracking and subse-
quent CO, activation to CO.

Keywords: Dehydrogenation of C,H,, CO, Activation, Redox Cycles of Fe Nanoparticles, ZSM-5, Chemical Looping
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INTRODUCTION

Unsaturated hydrocarbons such as olefins and aromatics have
been the valuable and versatile chemical building blocks for the
subsequent production of polymers, solvents, fuel additives, and
chemical intermediates [1]. The increasing shale gas production
has caused tremendous changes by utilization of its abundant eth-
ane feedstock [2] with lower price and by competing with oil feed-
stock [3]. Steam cracking of ethane and naphtha is commercially
available industrial process to produce olefin and other hydrocar-
bons by less controllable radical reactions [4], where the highly
endothermic reaction still has many challenges [5] to reduce higher
energy demand (<16 GJ/ton ethylene) [6], environmental prob-
lems with both CO, and NO, emissions [7], and periodic reactor
shutdown due to its severe deactivation nature by coke deposi-
tions. Therefore, alternative oxidative dehydrogenation (ODH) of
ethane has been investigated often since it can overcome those dis-
advantages with a comparable ethylene yield on the various mixed
metal oxides; however, some practical drawbacks like larger CO,
formation with higher operating cost are still unsolved due to the
expensive air separation unit required [2a,8].

To solve those issues of the ODH reaction by co-feeding of eth-
ane with oxygen, we previously proposed a successive two-step
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chemical looping (CL)-based oxidative dehydrogenation (CL-ODH).
The CL-ODH process is composed of an oxidative dehydrogena-
tion of ethane (C,Hj) to ethylene (C,H,) by using active surface lat-
tice oxygens on various mixed metal oxides (reduction step) and
subsequently oxidation of the reduced metal oxides by CO, activa-
tion to CO (oxidation step) following the typical Mars-van Kreve-
len redox mechanism [9] to complete reduction-oxidation cycles
of mixed metal oxides. The utilization of CO, as an oxidizing agent
can be also helpful to minimize climate change, ocean acidifica-
tion, and coke formation [10]. The coke precursors generated by
the ODH reaction of C,H, can be eliminated by reverse Boudouard
reaction (CO,+C—2CO) [11] during the oxidation step with CO,.
The CL-ODH process offers much lower CO,/NO, emission with
reduction of ~87% compared to the steam cracking reaction [12].
Therefore, it seems to be important to design compatible catalysts
for the CL-ODH reaction and recent works have shown the solid
acid zeolite applications for the conversion of alkanes to alkenes.
Based on DFT calculation [13], the Fe-supported ZSM-5 appears
to be a promising catalyst for ethane dehydrogenation due to its
lower activation energy on the reduced iron oxide surfaces due to
stronger acidic sites of zeolites. The incorporation of metal cations
into zeolite frameworks has been proposed to create more active
sites for alkane transformation toward olefins [14]. The C-H bond
cleavages are more favorable due to its polarization induced between
exchanged metal cations and basic oxygen atoms of zeolite frame-
works [15] For example, the Fe sites isolated in the frameworks
over the Fe-substituted ZSM-5 were reported to be main active sites
for propane dehydrogenation over FeZSM-5 with its modest con-
version of ~3.6% and higher propylene selectivity of 78-85% [16].
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Furthermore, the basic Sn oxides on the PtSn/ZSM-5 enhanced
the transfer of coke precursors on the active sites to the ZSM-5
surfaces possessing 10-membered ring (10-MR) channels, which
eventually improved the catalytic stability for propane dehydroge-
nation [17].

Those characteristics of zeolites with proper transition metals
such as the reducible Fe and Ce, Ga oxides can be an alternative to
industrial alkane dehydrogenation catalysts (e.g., precious Pt or Cr
metal). In the present study, the roles of Fe and metal oxide pro-
moters on the FeM@ZSM-5 (M=Ce, Ga and Sn promoter) with
the hierarchically-structured ZSM-5 were explained in terms of its
reduction-oxidation natures with steady-state catalytic cracking activ-
ity for C,H, dehydrogenation and oxygen vacant sites with its con-
tributions for CO, activation to CO.

EXPERIMENTAL SECTION

1. Catalyst Preparation and Activity Measurement for Reduc-
tion-oxidation Reaction

An aqueous suspension of silica colloids (Ludox As-40) was first
dissolved in ethanol under vigorous stirring, and stoichiometric
amounts of Fe(NO;);-9H,0 and metal promoters (M) such as
Ga(NO,);-xH,0, Ce(NOs);-6H,O and SnCl;-2H,0 precursor at a
fixed Fe/M molar ratio of ~10 were separately added above the solu-
tion for 10h at room temperature slowly. As-prepared FeM-SiO,
composites were dried again at 120 °C and then calcined at 400 °C
for 4h at a controlled ramping rate of 1°C/min. The hierarchi-
cally-structured bimetallic FeM@ZSM-5 (M=Ga, Ce, and Sn) was
synthesized by mixing the sodium aluminate solution at a molar
ratio of ALO,/SiO,/TPAOH/Na,O/H,0=1/180/36/5/4280. For more
details, 0.06 g of NaAlO,, 14.01 g of 1 M aqueous TPAOH, 0.13 g
of NaOH, 4.67 g of FeM-SiO,, and 18.68 g of water were thor-
oughly mixed and stirred at room temperature for 5h. Then, the
mixture was placed in a Teflon tube-installed autoclave for hydro-
thermal synthesis at 180 °C for 48 h. Finally, as-synthesized white
powder was recovered by filtering and washing with deionized
water several times, and all samples were dried at 180 °C for 48 h
and calcined at 550°C for 5h. The as-prepared hierarchically-
structured bimetallic catalysts were denoted as FeM@Z, where M
stands for Ga, Ce, and Sn promoter and Z stands for ZSM-5 hav-
ing a Si/Al molar ratio of 90. The reference FeCe/Z catalyst was
prepared by using wet impregnation method by using same metal
precursors at the fixed Fe and Ce contents with 10 and 1.5 wt%,
respectively.

The catalytic cracking and reduction-oxidation activity of the
fresh FeM@Z was measured in a stainless steel fixed-bed tubular
reactor (inner diameter of 7 mm) at atmospheric pressure. For C,H,
dehydrogenation (reduction step by an initial oxidative dehydroge-
nation and steady-state catalytic cracking), the catalytic activity was
measured with 20 vol% C,H, balanced with N, at a space time (cat-
alyst weight/volume flow rate, W/F)=0.4 (g-sec)/cm’ at 600 °C for
~4 h. After the reduction step, N, was fed at the same temperature
to purge out the residual gases without exposing it to air environ-
ment, and the CO, activation to CO (oxidation step) was subse-
quently performed at a higher temperature of 700 °C for ~2h with
20vol% CO, balanced with N,. The products from the exit of reac-
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tor were monitored by using an online gas chromatograph (GC,
YoungLin 6500) connected to a flame ionization detector (FID)
with an HP-PLOT/Q capillary column to analyze hydrocarbons
formed, as well as a thermal conductivity detector (TCD) with a
Carboxen 1000 packed column to measure C,H,, C,H,, CH,, CO,
CO,, and H,. The intrinsic catalytic activity of turnover frequency
(TOF (h™")) was calculated by using the equation of [conversion
(C.H) x inlet moles of C,H,]/[CO uptake (mol/g,,) x catalyst weight
(8.1)]) and conversion of C,H, and product distributions were cal-
culated by using the following equations.

moles of C,H;’ —moles of C,H{"

— %100
moles of C,Hg

C,H; conversion (%) =

o moles of specific product””
Product distribution (%)=

moles of C,H,' — moles of C,H{"

2. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of the fresh FeM@Z
were recorded on an X’Pert PRO MPD instrument by using a Cu-
Ka radiation (4=0.15418 nm) as an X-ray source in the 26 range
of 5-50°. The specific surface area (Sg, m’/g) of the fresh FeM@Z
was determined by using a Tristar IT (Micromeritics) apparatus with
Brunauer-Emmett-Teller (BET) method after degassing the sam-
ple in a vacuum condition at 350 °C for 3 h. X-ray photoelectron
spectroscopy (XPS) was by using a VG Multilab 2000 instrument
and the XPS spectra were recorded by using a Mg Ko X-ray source
operating at 50 eV. Binding energy (BEs) of the XPS peaks was
further corrected by using the reference BE of C 1s (284.6 eV). The
outermost surface morphology of the FeM@Z was characterized
by using field emission scanning electron microscopy (FE-SEM,
JSM 6701f) operating at an accelerated voltage of 5kV. The sur-
face area of metallic Fe nanoparticles on the FeM@Z was meas-
ured by using CO chemisorption with an ASAP 2020 chemisorp-
tion analyzer (Micrometric). For more details, ~0.2 g of the fresh
FeM@Z catalyst was pretreated under a vacuum condition at 350 °C
for 4 h followed by reduction treatment at 600 °C for 4 h under an
H, flow and degassed for 4 h. Thermal gravimetric analysis (TGA,
TG50) was applied to verify the content of carbon formation by
measuring it up to 1,000 °C under air environment.

The surface property of the FeM@Z was analyzed by tempera-
ture-programmed reduction with H, (H,-TPR) analysis to mea-
sure the reduction behavior of metal oxides, and the surface cokes
were measured by temperature-programmed surface reaction with
H, (H,-TPSR) to elucidate the coke precursors and content depos-
ited after reduction-oxidation. In addition, temperature-programmed
desorption of O, (O,-TPD) was carried out to measure the oxy-
gen vacant sites on the fresh FeM@Z with a BETCAT-M (Bel
Japan) instrument equipped with TCD analyzer as well as con-
nected to mass spectrometer, separately. Prior to H,-TPR analysis,
the fresh FeM@Z sample with 0.03 g was pretreated under a flow
of Ar at 500 °C for 1h to eliminate the adsorbed water and impu-
rities and then cooled to 50 °C. After purging it with Ar, 10 vol%H,/
Ar gas was introduced to the sample cell and TPR patterns were
obtained up to 1,000 °C at a ramping rate of 10 °C/min. The amount
of coke precursors deposited on the used FeM@Z after reduction-
oxidation cycles was measured by H,-TPSR analysis through the
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Table 1. Bulk and surface properties of the fresh bimetallic FeM@ZSM-5 (Me=Ce, Ga and Sn) catalysts

N,-sorption” XRF XRD* NH,-TPD  H,-TPR XPS (eV)* Chemisorption®
Fe M . H, uptake
0,
Catalyst 5 M.olar Crystallinity (%) Acidity (mmol/g,,) BE of COuptake D O, uptake
S, (m’/g) ratio of  (fresh/reduced/ /1 0
(Wt%) . 1 (mmol/g) (fresh/reduced/ Fe 2p,, (umol/g,) (%) (umol/g.)
Si/Al oxidized) 1
oxidized)
Fe@Z 265.3 119 - 99.1 100.0/115.4/70.9 0.582 1.28/1.13/1.14 7121  0.07 16 43 38
FeCe@Z 263.2 92 15 91.5 100.7/105.7/59.2 0.588 1.19/1.03/1.08  711.8 0.05 37 12.0 70
FeGa@Z 330.5 85 0.8 95.3 115.9/125.1/56.3 0.548 1.35/129/095 7115 0.04 27 244 59

FeSn@Z 344.5 114 14 1016 128.9/129.5/58.5 0.577 1.19/1.03/1.20  711.0 0.10 17 26.2 42

°S, represents the specific surface area (m’/g) measured by N, adsorption-desorption analysis.

’Crystallinity of the FeMe@ZSM-5 (Me=Ce, Ga and Sn) was calculated by comparing an integrated area of the most intense peak corre-
spond to (011) and (200) based on the 100% of the fresh Fe@ZSM-5.

‘Hydrogen uptake on the fresh, reduced by C,H, dehydrogenation and oxidized bimetallic iron based ZSM-5 by CO, activation were calcu-
lated by using total consumed amount of hydrogen during TPR experiment.

dBinding energy (BE) of Fe 2p,;, and intensity ratio of Fe to Si (denoted as I/I;) on the fresh bimetallic iron based ZSM-5 were calculated by
using the integrated and deconvoluted areas of the Fe 2p;;, peak from XPS analysis.

‘CO chemisorption was performed on the reduced FeMe@ZSM-5 by using a Micromeritics ASAP 2020C instrument after the reduction of
FeMe@ZSM-5 under H, flow at 600 °C for 2 h and subsequent CO adsorption at 35 °C. The CO uptakes (umol/g,,,) and dispersion (D, %) of
the metallic Fe species on the catalyst were further calculated with a CO/Fe stoichiometry ratio of 0.5. The dispersion of Fe species was cor-
rected by considering the degree of reduction (D) obtained from an O, titration and the O, uptake on the reduced Fe/TiO, was calculated
under the same chemisorption conditions using the O, oxidant instead of CO molecule.

same procedures as described by H,-TPR experiment with TCD I isotherm based on its obvious uptake at low pressure (P/Py<
analyzer. In addition, CH, and C,H, species formed by H,-TPSR 0.01). On the FeM/Z, the specific surface areas were found to be
were analyzed by measuring their separate fragments assigned to 263.2-344.5 m’/g with its largest area of 344.5 m’/g on the FeSn@Z
m/z=15 and 28 by using a quadrupole mass spectrometer (QMS and smallest one of 263.2 m’/g on the FeCe@Z as summarized in
200 M2). O,-TPD analysis was also carried out by using a BET- Table 1. Compared with the hierarchically-structured spherical
CAT-M (Bel Japan) instrument with a TCD analyzer, which was morphology of the Fe@Z with larger aggregated particles com-
to measure oxygen vacant sites after pretreatment at 600 °C for 1 h posed of smaller cubic plates (typical morphology of MFI-type
under a flow of 1vol%O,/He. After cooling to room temperature ZSM-5) [18], the smaller ZSM-5 plate sizes with the typical cubic
under an He flow to remove physisorbed surface oxygen, O,-TPD ZSM-5 structures in the much smaller spherical granules on the
was carried out up to 1,000 °C at a ramping rate of 10 °C/min and FeGa@Z and FeSn@Z were mainly responsible for the increased
the effluent gases were analyzed by using a quadrupole mass spec- surface areas by generating dominant inter-particular mesopores.
trometer (QMS200 M2) as well. Temperature-programmed desorp- As shown in Fig. 1(A), 1(B) and supplementary Fig. S2, the spher-
tion of methanol (CH,OH-TPD) involved using a gas chromato- ical granule sizes of the fresh FeM@Z were found to be 2-4 um
graph as well as mass spectrometer (GC/MS) to determine the with their different submicron-sized ZSM-5 plates (200-500x500-
adsorption characteristics of methanol on the active sites of the 1,000 nm), where the smaller stacked ZSM-5 plates were observed
FeM@Z. For the CH,OH-TPD analysis, 0.1 g of sample was pre- on the FeGa@Z, FeCe@Z and pristine Fe@Z and larger ones on
treated under a flow of 1 vol% O,/He at 700 °C for 0.5 h and cooled the FeSn@Z by the possible recrystallization of nano-crystallites to
to room temperature. For the adsorption of methanol, it was fed form the plate-like ZSM-5polycrystallites [19] with the help of small
to the reactor under an He flow through a liquid pump for 1 h with amount of Ga or Ce oxides (Fig. S2). Those different plate sizes of
a liquid methanol flow rate 0.02 ml/min, and the temperature was ZSM-5 on the spherical FeM@Z particles appear to be responsible
kept under a flow of pure He at 100 °C for 2 h to remove the phys- for different specific surface areas, which were aftected by the prepa-
ically adsorbed methanol molecules. All effluent components during ration step of Fe(M)-SiO, composites. It could be also attributed
CH;OH-TPD were monitored by using a gas chromatograph as by their different jonic radius of the metal ions compared to those
well as mass spectrometry (GC/MS, Yonglin 6900) by increasing of Si and Al atoms, for example, similar ironic radius between Al

the temperature to 700 °C at a ramping rate of 10 °C/min. and Ga atoms compared to that of Al and Ce or Sn atoms [20].
The XRD patterns of the FeM@Z with different metal oxides pro-

RESULTS AND DISCUSSION moters are displayed in Fig. 2(c) and all catalysts show the typical

MEFI structure with their higher crystallinity by showing the intense

1. Bulk and Surface Properties of FeM@ZSM-5 Catalysts characteristic diffraction peaks for the ZSM-5 facets such as the

N, adsorption-desorption isotherms of the fresh FeM@Z (sup- larger (101), (020), and (501) plane peak intensity [21]. However,
plementary Fig. S1) revealed the formation of micropores with type the diffraction peaks for metal oxides such as Fe oxides are not

Korean J. Chem. Eng.(Vol. 38, No. 6)
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Fig. 1. Bulk and surface properties of the fresh bimetallic FeM@Z (M=Ce, Ga, and Sn) catalysts; (A) SEM image of Fe@Z and (B) SEM
image of FeCe@Z with (1) larger scale of particles and (2) its magnified images, (C) XRD patterns, (D) FT-IR spectra, (E) NH,-TPD
profiles, (F) H,-TPR profiles of the fresh (solid line with black color), reduced (after C,H, conversion with dashed line with red color)
and oxidized (after CO, activation with short dash dot line with blue color) catalysts.

clearly observed due to their amorphous nature or smaller con-
tent (concentration of M=0.8-1.5wt% and that of Fe=8.5-11.9
wt%). The observations were also attributed to the possible inter-
stitial substitutions of metal ions into the ZSM-5 framework with
its different amounts. For example, the different Fe content of the
respective values of 8.5 and 9.2 wt% on the FeGa@Z and FeCe@Z
and the relatively smaller Si/Al ratios on the FeCe@Z and FeGa@Z
in the range of 91.5-95.3 compared to that of 101.6 on the FeSn@Z
also suggest the partial substitutions of the Si or Al sites of the
ZSM-5 frameworks by second metals such as Ce and Ga atoms
with their different dispersion and content. As summarized in
Table 1, the relative crystallinity of the fresh FeM@Z (based on the
100% on the Fe@Z) was calculated by comparing the peak inten-
sities appearing at 260=7.97 and 8.83°, and much lower relative
crystallinity on the FeCe@Z with 100.7% was observed compared
to the FeGa@Z and FeSn@Z with the respective values of 1159 and
128.9%. The differences of the crystallinity on the fresh FeM@Z
suggest that the promoters such as Ga and Sn metals on the FeM-
SiO, composites are formed with its larger sizes on the ZSM-5 sur-
faces compared to that of Ce metal, where those Ga and Sn metal
oxides play important roles as oxygen vacant sites by simultane-
ously altering the crystallinity as well as dispersion of iron oxides
with their smaller substitution nature into the ZSM-5 frameworks.
Therefore, the observed relatively lower crystallinity on the FeCe@Z
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(Fig. 1(C)) compared to other FeM@Z could be attributed to its
possible substitution into ZSM-5 frameworks and the selective for-
mation of newly formed intra-particular larger pores originating
from the stacking of smaller aggregated plate-like ZSM-5 particles
as confirmed by SEM images in Fig. 1 and supplementary Fig. S2.
The FT-IR analysis was carried out on the fresh FeM@Z (Fig.
1(D)), and the absorption peaks in the range of 400-1,600 cm™
revealed the characteristic peaks of the skeleton vibrations of ZSM-
5 frameworks with an insignificant contribution of the incorpo-
rated Fe and metal oxide promoters. In general, the absorption
bands at ~1,100 and 455 cm ™" are attributed to the internal asym-
metric stretching vibration modes of tetrahedral Al and Si sites,
and the bands at ~1,227 and 550 cm ™ are assigned to the vibra-
tion modes of 5-membered ring (5-MR) channels in the Pentasil
framework [22]. The characteristic absorption bands at 1,400 and
3,150 cm™" as displayed in supplementary Fig. S3 were assigned to
the N-H groups originating from residual ammonium ions, and
the absorption band at ~800 cm™" was induced from the external
symmetric stretching mode of Si-O-Si structures as well as those
at ~650, 860 and 976 cm™ for the asymmetric stretching vibration
modes of Si-O-T sites, where T is for other substituted metals.
Therefore, the relatively larger peak intensities of the peaks at ~650
and 976 cm™" with smaller one at ~800 cm™" on the FeCe@Z com-
pared to other FeM@Z suggest larger metal incorporation in the
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Fig. 2. XPS spectra of the fresh FeM@Z (M=Ce, Ga, and Sn) catalysts; (a) Fe 2p, (b) O 1s, (c) Si 2p, and (d) Fe 2p spectra of the fresh,

reduced, and oxidized FeCe@Z.

ZSM-5 framework by causing higher local distortions and defects,
which further leads to significantly different surface morphology
of the FeM@Z. In addition, the similar peak intensity of weak ab-
sorption band at 3,667 cm™" on all the FeM@Z suggests the exis-
tence of surface hydroxyl groups related to surface acidic sites orig-
inating from both silanol and bridging hydroxyl groups [23]. The
bulk property of the FeM@Z seems to further change the surface
property by altering the number of acidic sites and by changing
the active oxygen vacant sites due to the incorporated metal ions
or clusters as well.

Therefore, the surface acidic sites on the FeM@Z were mea-
sured by NH,-TPD analysis and the desorption pattens are dis-
played in Fig. 1(E) and summarized in Table 1. On all FeM@Z,
one broad desorption peak was observed with maximum desorp-
tion peak positions (T,,,,,) at ~250 °C (assigned to weak acidic sites).
The desorption peaks shifted to lower temperature on the bime-
tallic FeM@Z compared to the Fe@Z, especially on the FeSn@Z,
which was attributed to the basic nature of SnO, nanoparticles with
their preferential deposition on the outer surface in the form of
Sn(OH), species [24]. The amount of acidic sites on the FeM@Z
was found to be in the range of 0.548-0.588 mmol/g with a maxi-
mum value of 0.588 mmol/g on the FeCe@Z. The strong acidic
sites assigned to the desorption peak at ~700 °C were found to be
larger on the Fe@Z and FeGa@Z compared to the FeCe@Z and
FeSn@Z. This observation suggests the proper modification of the
much stronger acidic sites with the Ce species, where the stronger
acidic sites are generally responsible for coke deposition and fast

catalyst deactivation [25]. The modified surface property of the hier-
archically-structured ZSM-5 with the monometallic Fe or bimetal-
lic Fe-Ce oxides is beneficial to obtain a higher activity through
selective blockage of stronger acidic sites with enhanced metal dis-
persion.
2. Active Surface Oxygens on FeM@ZSM-5 Catalysts with their
Redox Properties

The extent of surface and lattice oxygens with the redox proper-
ties and moderate acidity of the reducible metal oxides on zeolites
is well related with oxidative dehydrogenation (ODH) and cata-
Iytic thermal cracking activity, mainly explained by Mars van Kreve-
len mechanism [26]. Therefore, the surface oxygens were measured
by O,-TPD analysis and the desorption patterns on the FeM@Z
are displayed in supplementary Fig. S4. The desorption peaks ap-
pearing below 300 °C are ascribed to the chemically adsorbed oxy-
gen species on the surface (assigned to & oxygen) and those peaks
appearing above 800 °C are attributed to the oxygen species in the
lattices (y oxygen) of metal oxides [27]. The a-oxygens desorbed
at 200-400 °C, which can be originating from excess non-stoichio-
metrically adsorbed electrophilic oxygens on the metal oxides or
zeolite surfaces, are generally responsible for the preferential CO,
formation by the possible deep oxidation of C,H, [28]. Interest-
ingly, the introduction of Ce oxides induced the increase of the
electrophilic surface O™ species due to the presence of cationic
vacant sites [28], which resulted in increasing CO selectivity with
7.1% and suppressing deep ethane oxidation to CO, with its selec-
tivity of 0.4% over the FeCe@Z. The peaks evolving at 800-950 °C

Korean J. Chem. Eng.(Vol. 38, No. 6)
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originated from the desorption of lattice oxygens on the metal oxides
or zeolite surfaces, which are generally known to be active sites for
the reduction-oxidation reactions assisted by the surface interme-
diates formed by the selective adsorption of reactants [28,29]. The
desorbed amount of the lattice oxygens on the FeM@Z was found
to be in the order of FeCe@Z>FeGa@Z>Fe@Z~FeSn@Z as sum-
marized in Table 1 and displayed in supplementary Fig. S4, which
are well related with the conversion of C,H,. The larger oxygen
vacant sites can be preferentially regenerated by redox cycles on
the FeCe@Z by showing a lower C,H, selectivity with slightly larger
amount of CO on the active FeCe@Z and FeGa@Z. Based on the
different reducibility of metal oxides on the FeM@Z, their crystal-
linity was increased after reduction step (C,H, dehydrogenation)
compared to the fresh FeM@Z in the range of 100.5-129.5% due
to the reductive thermal treatment condition at 600 °C as summa-
rized in Table 1. However, the crystallinity on the used FeM@Z
was dramatically decreased after the oxidation step (CO, activa-
tion) at 700 °C in the range of 56.3-70.9 due to the possible degra-
dation of the ZSM-5 structure by the phase transformation of metal
oxides, which was found to be more significant on the FeGa@Z
with the value of 56.3% and less impacted on the Fe@Z with 70.9%.
Therefore, the adsorbed oxygen and its facile recovering nature of
the lattice oxygen vacant sites of the metal oxides and comparable
acidic sites, which acted as the active sites for catalytic cracking
reaction during the present high temperature redox cycles, play the
key roles for an enhanced C,H, yield with much smaller coke depo-
sition even under the structural disintegration conditions of the
ZSM-5.

The reduction behavior of the fresh, reduced (after C,H, dehy-
drogenation, reduction step) and oxidized (CO, activation, oxida-
tion step) FeM@Z were measured by H,-TPR analysis and the
reduction patterns are displayed in Fig. 1(F) and summarized in
Table 1. According to the previously reported results [29], three char-
acteristic peaks are generally related to stepwise successive reduc-
tion of iron oxides such as the partial reduction of isolated and
oligomeric clusters or nanoparticles from Fe™* (Fe,O;) to surface
Fe™* (FeO) species below 500 °C [30], successive reduction of Fe**
into metallic Fe’ from the bulk phases of FeO or Fe;O, at 500-
750°C and full reduction of isolated Fe** to metallic Fe’ with the
possible structural collapse of zeolites above 750 °C [31]. All H,-
TPR patterns on the fresh FeM@Z were found to be similar with
their slightly different reduction peak intensity; however the FeSn@Z
showed one larger broad reduction peak at ~650 °C and no other
apparent peaks were observed at >750 °C. These observations pos-
sibly suggest the larger Fe-Sn bimetallic particles were preferentially
formed on the external surface of the hierarchically-structured spher-
ical ZSM-5 with their weaker interaction and smaller amount of
the reducible oxygen vacant sites resulting in showing a lower cat-
alytic activity. After the reduction step by C,H, dehydrogenation
on the FeM@Z, all iron oxides were partially reduced by showing
new main reduction peaks at ~450 °C with the presence of much
strongly interacting Fe nanoparticles on the ZSM-5 surfaces con-
firmed by the observed larger peaks at ~800 °C. Interestingly, the
first reduction peaks after the reduction step were found to be
much lower at 453-458 °C on the reduced FeCe@Z and FeGa@Z
compared to those of the Fe@Z and FeSn@Z at 471-479 °C, which
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suggests more facile redox nature of the supported nanoparticles
such as iron oxides and metal promoters on the FeCe@Z and
FeGa@Z corresponding to an increased catalytic activity. After the
oxidation step (CO, activation), the original reduction patterns were
almost recovered on all the FeM@Z with little larger peak inten-
sity at ~800 °C, except for the FeGa@Z due to its significant struc-
tural collapse of the ZSM-5 (lowest crystallinity of 56.3% as shown
in supplementary Fig. S5 and Table 1) or heterogeneous size distri-
bution of iron nanoparticles. In addition, total hydrogen consump-
tion on the fresh, reduced and oxidized FeM@Z as summarized in
Table 1 were slightly altered by showing invariant H, uptake in the
range of 1.03-1.28 mmol/g, except for the FeGa@Z in the range of
0.95-1.35 mmol/g with their gradual decreasing patterns during
reduction-oxidation steps. Therefore, the stable preservation of the
reducible Fe and Ce nanoparticles on the FeCe@Z seems to be
responsible for an increased catalytic activity by preserving active
oxygen vacant sites with less structural disintegration of the ZSM-
5 with the help of second metal promoter of CeO,. To further ver-
ify the surface acidity and redox nature of the FeM@Z, methanol-
TPD analysis was performed with a mass spectrometer to analyze
the products [5,32] such as CO, (m/z=44), dimethyl ether (m/z=
46), and formaldehyde (m/z=29), and the TPD patterns are shown
in supplementary Fig. S6. The desorption peaks at ~200 and ~350 °C
were assigned to formaldehyde (CH,O) species, which was mainly
attributed to methanol adsorption and its subsequent dehydration
to dimethyl ether on the acidic sites selectively. The desorption peak
at ~350 °C shifted to lower temperature regions on the FeCe@Z
and FeGa@Z compared to that of the Fe@Z, and the fully oxi-
dized CO, peak was also observed on the FeCe@Z and FeGa@Z,
which have large amounts of surface oxygens due to the dispersed
iron nanoparticles as well as acidic sites as confirmed by O,-TPD
analysis. The results of methanol-TPD revealed the significant change
of acidic sites on the ZSM-5 surfaces during the incorporation of
iron oxides and promoters, and the variations were found to be
insignificant on the FeCe@Z by showing the clear desorption peaks
of dimethyl ether on the acidic sites (Fig. S6 and Table 1).

The oxidation state and surface chemical composition on the
FeM@Z are displayed in Fig. 2 and supplementary Fig. S7. The
deconvoluted Fe 2p spectra can be assigned to the iron oxides of
Fe’* (BE=~708eV), Fe"* (BE=~711¢V) and Fe hydroxide (BE=
~712eV). The BEs of Fe 2p on the fresh FeM@Z were shifted
from 712.1eV on the Fe@Z to 711.0-711.8V on the bimetallic
FeM@Z (Table 1), which strongly suggests the decreased oxida-
tion state of Fe nanoparticles [33] due to the possible contribution
of second metals through partial reduction of Fe nanoparticles by
forming relatively larger sizes during the calcination and hydro-
thermal synthesis step. The copresence of Fe’* and Fe™ species
such as Fe,O; (or FeOOH) and Fe;O, (or FeO) phases assigned to
the BEs of 711-712eV on the fresh FeM@Z suggests the redox
properties of the iron oxides, where the lower BEs of the Fe 2p
assigned to the partially reduced Fe** species were more obvious
on the FeCe@Z and FeGa@Z compared to the Fe@Z (Fig. 2(a)).
However, the fully oxidized Fe,O; phases seem to be dominant on
the FeSn@ZSM-5 as supported by one broad peak with a spin-
coupled doublet for Fe 2p;, and Fe2p,,, at BEs of 711 and 724 eV,
respectively [34]. As summarized in Table 1, the outermost sur-
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face ratio of I/I; was found to be smaller on the FeCe@Z and
FeGa@Z with 0.04-0.05 compared to the Fe@Z and FeSn@Z with
0.07-0.10, which also suggests the more homogeneous distribution
of Fe nanoparticles on the active FeCe@Z and the larger aggre-
gated particles were possibly formed in the order of FeCe@Z<
FeGa@Z<Fe@Z<FeSn@Z. As shown in Fig. 2(b), the BEs of O 1s
at 532.1-532.5eV on the fresh FeM@Z also revealed the surface
oxygen species assigned to the electrophilic O, O3, or O™ spe-
cies and those at 530.1-530.6 eV were assigned to the lattice oxy-
gen species. In general, the higher ratio of the adsorbed surface
oxygens to lattice oxygens on the FeM@Z seems to be responsible
for the deeper oxidation of ethane to CO, product, which was much
smaller on the bimetallic FeM@Z (smaller deconvoluted peak inten-
sity) compared to the Fe@Z. In addition, the slightly higher BEs of
Fe 2p and O 1s on the Fe@Z were responsible for its lower cata-
Iytic activity due to the stronger interactions of Fe-O bonds on the
ZSM-5 surfaces. These observations were found to be similar with
Si 2p spectra (Fig. 2(c)). On the most active FeCe@Z, the BE of Fe
2ps), at 710.1 eV assigned to Fe** phases was decreased to 709.8 eV
after C,Hy dehydrogenation (reduction) and the outermost sur-
face Fe oxidation states were further reduced after CO, activation
by showing its lower BE at 709.1 eV (Fig. 2(d)). However, the robust
preservation of bulk Fe,O; phases was observed on the FeCe@Z
as supported by the observed same BEs of 711.7 eV during reduc-
tion-oxidation steps. High-resolution XPS spectra of Ce 3d (sup-
plementary Fig. S7(a)) also suggest the presence of mixed oxidation
states of Ce species (Ce’*/Ce*") [35] on the reduced and oxidized
FeCe@Z, and the ratio of Ce’*/Ce"" was found to be ~0.54, which
also indicates the facile redox nature of Ce oxides between Ce’™*
and Ce" phases during reduction-oxidation cycles. The Ga 2p;,
spectra on the FeGa@Z are displayed in Fig. S7(b) at reduction-
oxidation steps. The BE of Ga 2p;;, on the FeGa@Z was found to
be ~1,117.9 €V, assigned to the Ga™ species such as Ga,O, phase
[36], which were not largely altered during the reduction-oxida-
tion steps due to its irreducible nature. In addition, the Sn 3d spec-

tra on the FeSn@Z as displayed in Fig. S7(c) are assigned to the
Sn*" species with SnO, phase, and the BEs of the Sn 3d were not
varied significantly according to reduction-oxidation steps due to
its stronger interaction on the ZSM-5 surface. Those different oxi-
dation states of the promoters on the FeM@Z during reduction-
oxidation steps can alter the catalytic activity, and Ce oxides seem
to be proper by possessing a facile reduction-oxidation nature with
their proper Ce”*/Ce*" ratios. Those active oxygen vacant sites act-
ing as an active sites for catalytic cracking reaction were further
measured by CO and O, chemisorption by using the fresh FeM@Z
(Table 1), and the larger CO uptake with 37 pmol/g and larger O,
uptake with 70 pmol/g were observed on the FeCe@Z with the
higher metal dispersion of active iron nanoparticles as well as pro-
moter (12%) compared to other FeM@Z (For example, CO uptake
with 16 pmol/g and O, uptake with 38 umol/g with dispersion of
4.3%. on the Fe@Z). Those findings suggest the preferential for-
mation of the smaller Fe nanoparticles on the stable acidic FeCe@Z
surface via a partial substitution of Fe and Ce metal ions into
ZSM-5 framework. The Fe nanoparticles on the FeCe@Z also
revealed the higher redox property between Fe* and Fe* phases
with the help of the reducible Ce oxides [28], which was found to
be similar on the FeGa@Z by showing a larger O, uptake (59
pmol/g). However, the observed smaller CO and O, uptake on
the Fe@Z and FeSn@Z was attributed to the strongly interacting
larger Fe nanoparticles aggregated on the outer surface of the hier-
archically-structured spherical ZSM-5.
3. Catalytic Activity for Reduction-oxidation Reaction and
Resistance to Coke Formation

The catalytic activity and product distribution on the FeM@Z
were successively measured by C,H, dehydrogenation (reduction
step including catalytic thermal cracking) and subsequent CO,
activation (oxidation step) and the results are summarized in Table
2 and displayed in Fig. 3. The higher conversion of C,H; (6.1%)
and lower selectivity to C,H, (89.8%) were observed on the FeCe@Z
with a little higher CO, selectivity (~7.4%) due to an excess amount

Table 2. Catalytic activity and product distribution for C,H, dehydrogenation and subsequent CO, activation on the bimetallic FeM@ZSM-5

(Me=Ce, Ga and Sn) catalysts

C,H, dehydrogenation’ CO, activation”

Catalyst TOF C,H; conv. Product distribution C,H, yield CO formed

(h™ (%) (CO/CO,/CH,/C,H,) (%) (mmol/g,,,)
Fe@Z 20 0.7 0.4/1.0/1.1/97.5 0.7 1.9
FeCe@Z 83 6.1 7.0/0.4/2.8/89.8 5.5 9.7
FeGa@Z 59 32 2.3/0.9/8.2/88.6 2.8 7.9
FeSn@Z 57 2.0 0.6/1.3/7.2/90.9 1.8 2.3
FeCe/Z 57 4.3 0.5/2.1/4.2/93.2 4.0 59

“C,Hg dehydrogenation (conversion of C,Hg, X, mol%) was carried out on the fresh Fe@ZSM-5 and pristine Fe@ZSM-5 for its reduction
reaction at the reaction conditions of T=600 °C, P=0.1 MPa, space time (catalyst weight/volume flow rate, W/F)=0.4 (g-sec)/cm’ by using a
feed gas ratio of C,H¢/N,=0.25. Turnover frequency (TOF, h™') was obtained based on the conversion of C,H, dehydrogenation with the
measured surface area of Fe nanoparticles on the fresh Fe@ZSM-5 and pristine Fe@ZSM-5 using the equation of (TOF (h™')=[conversion
(C,Hy) x inlet moles of C,H]/[CO uptake (mol/g,,) x catalyst weight (g,,)]).

’CO, activation was carried out just after the reduction reaction by C,Hy dehydrogenation on the fresh Fe@ZSM-5 and pristine Fe@ZSM-5
after its previous purging treatment under N, flow at the reaction conditions of T=700 °C, P=0.1 MPa, space time (catalyst weight/volume
flow rate, W/F)=0.4 (g-sec)/cm’ by using a feed gas ratio of CO,/N,=0.25.
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Fig. 3. Catalytic activity for the reduction-oxidation reaction on the bimetallic FeM@Z (M=Ce, Ga, and Sn) catalysts with the reference
impregnated FeCe/Z catalyst at the reaction conditions for C,H; dehydrogenation step (T=600 °C, W/F=0.4 (g-s)/cm’ and C,H¢/N,
molar ratio=2/8) such as (a-1) C,H, conversion, (a-2) C,H, selectivity, (a-3) C,H, yield with time on stream (h), and (b) CO, conver-
sion at the reaction conditions for successive oxidation step (T=700 °C, W/F=2 (g-s)/cm’ and CO,/N, molar ratio=2/8).

of surface hydrophilic oxygens, which are comparable to a lower
conversion of C,H of 0.7% with higher selectivity to C,H, (97.5%)
on the Fe@Z. Moderate conversion of C,H, with 2.0-3.2% with
higher selectivity to C,H, with 88.6-90.9% was observed on the
FeGa@Z and FeSn@Z. Therefore, the yield of C,H, decreased in
the order of FeCe@Z (5.5%)>FeGa@Z (2.8%)>FeSn@Z (1.8%)>
Fe@Z (0.7%). On the bimetallic FeCe@Z, the higher yield of C,H,
was mainly attributed to larger active surface oxygen vacant sites
and comparable acidic sites as well as its higher redox property
with relatively homogeneous size distribution of the Fe nanoparti-
cles compared to the monometallic Fe@Z. As shown in Fig. 3, sta-
ble conversion of C,H, for ~4h on stream (reduction step) was
observed on the FeCe@Z through an initial oxidative dehydroge-
nation reaction of C,H, (C,Hs+MO,—C,H,+MO,_,+H,0) with
its fast decreasing nature of C,H, conversion and subsequent cata-
Iytic thermal cracking reaction of C,Hg with a relatively longer
steady-state activity. This observation was confirmed by a mass
spectrometer with the observation of water formation at an initial
reaction period instead of hydrogen formed by thermal catalytic
cracking reaction (C,H,—C,H,+H,) on the acidic sites from our
previous work [28]. However, C,H, conversion slightly decreased
from the very beginning of reaction for ~1h on stream on the
other FeM@Z due to the fast consumption of the smaller amount
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of active sites (oxygen vacant and acidic sites) and due to the pos-
sible surface coke deposition. By using CO chemisorption results
(measurements of all oxygen vacant sites on the FeM@Z), turnover
frequencies (TOE h™") for C,H, dehydrogenation on the FeM@Z
are summarized in Table 2 and the intrinsic TOFs were found to
be highest on the FeCe@Z with 83 h™ and lowest on the Fe@Z and
FeSn@Z with 20-57 h™'. The FeCe@Z was found to be superior to
Fe-impregnated reference FeCe/Z (TOF of 57 h™"), which showed
C,H; conversion of 4.3% and C,H, yield of 4.0% due to the less
homogeneous distribution of the active Fe and Ce oxides possibly.
The surface nature of the most active FeCe@Z was mainly related
to the redox property of oxygen vacant sites of the highly-dispersed
metal oxides and comparable surface acidity for robust reduction-
oxidation cycles as well as its stable catalytic cracking behavior.
The incorporated and partially reducible Ce oxide promoter in the
ZSM-5 structure can effectively increase O* diffusion to active Fe
nanoparticles, which caused to increase C,H, conversion as con-
firmed by O,-TPD, chemisorption and XPS analysis. The reduc-
tions of iron oxides during reduction step with the help of Ce oxides
having larger lattice oxygen mobility [35,37] can form active oxy-
gen vacant sites even at lower temperature of 550 °C, which can be
active sites for the subsequent CO, activation on the reduced FeCe@Z
at a higher temperature of 700 °C. The dissociated CO, molecules
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on the oxygen vacant sites can be converted to CO, and total
amount of CO generated by CO, activation step was found to be
in the range of 1.9-9.7 mmol/g with its highest value of 9.7 mmol/g
on the most active FeCe@Z. Generally, the introduction of the par-
tially reducible Ce or Ga metal oxides is capable of increasing oxy-
gen vacant sites, which accelerate oxygen transfer rate into Fe nano-
particles [28,37]. In addition, the reverse Boudouard reaction [12a,
38] (C+CO,<>2CO) of the surface cokes formed during dehydro-
genation (reduction step) can also increase CO formation rate,
which was responsible for the structural instability of the FeM@Z.
We believe that the larger vacant sites with the help of Ce oxide
promoter can enhance the rate of dehydrogenation reaction and
CO formation. The longer production period of C,H, formed by
oxidative dehydrogenation of C,Hj as well as CO formed by suc-
cessive CO, activation than those of the estimated stoichiometric
amount of active oxygen sites on the FeM@Z was attributed to the
contribution of thermal catalytic cracking reaction of C,Hy and
reverse Boudouard reaction with surface carbons, respectively.

To respectively check the coke deposition on the used FeM@Z
after C,H, dehydrogenation and CO, activation, H,-TPSR experi-
ment by using a mass spectrometer and TGA analysis was carried
out separately. H,-TPSR patterns on the used FeM@Z just after
C,H, dehydrogenation (supplementary Fig. S8(a-1) and S8(b-1))
showed insignificant coke formation without showing any appar-
ent CH, peak (m/z=15), which indicates the smaller coke forma-
tion even under the present harsh dehydrogenation condition at
600 °C due to the selective consumption of active surface oxygen
species. In addition, TGA profiles on the used FeM@2Z after C,H;
dehydrogenation also revealed smaller weight loss of ~3% below
200 °C only, which can originate from the desorption of surface
hydroxy groups of the ZSM-5. The observations suggest smaller
coke deposition owing to the usage of the surface and lattice oxy-
gen species for an initial C,H, dehydrogenation step and insignifi-
cant coke formation after CO, activation (supplementary Fig. S8(a-2)
and S8(b-2)), The phenomena were attributed to the possible reoxi-
dation of surface cokes by reverse Boudouard reaction as well as
regeneration of oxygen vacant sites by CO, dissociation without
forming iron carbides.

In summary, the bimetallic FeCe@Z with an insignificant coke
formation during reduction step (dehydrogenation of C,Hy) with
its superior stability for a successive CO, activation to CO seems
to be one of the alternative catalytic systems for the further appli-
cation to chemical looping (CL) process as well as catalytic thermal
cracking reaction. The CL-based successive C,H dehydrogena-
tion and activation of CO, can prevent undesired CO, formation
by direct oxidative dehydrogenation of paraffins to olefins as well
as to simultaneously activate CO, to value-added CO intermediate.
The superior performance on the FeCe@Z was mainly attributed
to its facile cyclic redox nature of the well-dispersed Fe nanoparti-
cles with the help of the partially reduced CeO, and FeOx species
as well as comparable amount of surface acidic sites, which were
found to be active for a long-term catalytic cracking reaction as well.

CONCLUSIONS

The dehydrogenation of C,H, to C,H, and subsequent CO,

activation to CO were investigated by reduction-oxidation reaction
steps on hierarchically-structured bimetallic FeM@ZSM-5 (M=Ce,
Ga and Sn), which can be possibly applied for conceptual design
of chemical looping (CL) process through stable catalytic cracking
of paraffins and successive oxidation of surface cokes. The higher
redox nature of the well-dispersed Fe nanoparticles (partially reduced
phases such as Fe,O; and Fe;O,) with the help of second metal pro-
moter such as the partially reducible CeO, on the hierarchically-
structured acidic ZSM-5 surfaces was responsible for an enhanced
catalytic activity (higher TOF value of 83h™ and CO, formation of
9.7 mmol/g,,) without any coke formation. The enhanced catalytic
activity on the FeCe@Z under the harsh reduction-oxidation steps
was also largely affected by the acidic ZSM-5 surfaces through the
preferential generation of larger amount of oxygen vacant sites. The
superior activity and stability of the hierarchically-structured FeCe@Z
were mainly attributed to the incorporated CeO, by stabilizing the
oxidation states of Ce and Fe nanoparticles with their higher ther-
mal stability of the FeCe@ZSM-5. The proper selection of second
metal promoter (CeO,) on the Fe@ZSM-5 seems to be a crucial
factor to design the efficient redox catalytic system for C,Hy dehy-
drogenation with stable catalytic thermal cracking activity and subse-
quent CO, activation.
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Fig. S1. N, adsorption-desorption isotherms of the fresh bimetallic FeM@Z (M=Ce, Ga, and Sn) catalysts.

Fig. S2. Representative (field emission) SEM images of the fresh bimetallic (A-1) Fe@Z, (B-1) FeCe@Z, (C-1) FeGa@Z, and (D-1) FeSn@Z
catalyst with their magnified images for the (A-2) Fe@Z, (B-2) FeCe@Z, (C-2) FeGa@Z, and (D-2) FeSn@Z catalyst.
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Fig. S5. XRD patterns of the bimetallic FeM@Z (M=Ce, Ga, and Sn) catalysts; (a) fresh FeM@Z, (b) reduced FeM@Z after C,H dehydroge-
nation (reduction step), (c) oxidized FeM@Z after subsequent CO, activation (oxidation step).
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Fig. S6. Methanol-TPD profiles on the bimetallic FeM@Z catalysts; (a) Fe@Z, (b) FeCe@Z, (c) FeGa@Z, and (d) FeSn@Z.
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Fig. S7. XPS spectra of the fresh, reduced (after C,H, dehydrogenation), and oxidized (after CO, activation) bimetallic FeM@Z catalysts; (a)
Ce 2p on the FeCe@Z; (b) Ga 2p on the FeGa@Z; (c) Sn 3d on the FeSn@Z.



reoz m/z=15 (CH,) (a-1)
e
et el S
3 |Fece@z |
B ) S s R L U L L
o
"] "
D [ pistastaph ol W Mooy
FeSn@Z . Liati ks
\"'ﬂ" ‘wh\, (4,,“1,'5! :ﬂj,w._I.t.";"'r|'vﬂ'~,}ly".ﬂ\'!’~ ""'l?("'\‘/ ‘\k\\«,l‘ ""l‘f’ il 'J‘\l‘ s 1
200 400 600 800 1000
Temperature (°C)
Nl ()
96 {Fe@Z
100 4—
g el - S
= %4{FeCe@Z
20— o
S 984
% FeGa@Z
1004
05 - o
96 JFeSN@Z

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Weight (%)

—_— m/z=15 (CH,) (3_2)

i W
Wttt b LT ——

FeCe@Z ‘“T
”N}‘dﬁ%ﬁ‘ ﬁ"""l‘v""'*‘i"( \AII“]MM‘,\; T »(V. p’.}q}.‘,i,'l&;‘“i.&w"#ﬂ‘f'iNﬁ

Intensity (a.u.)

U ey R TSR

FeSn@Z 1 e i Na AR Anant )
on — e e TR
L ARG Bl

200 400 600 800 1000
Temperature (°C)

100
93-\ (b-2)
%4 Fe@Z

1004—

g —
9% 1 Fece@z

100 4
98-\

% {FeGa@Z

98 4
96 4 FeSn@Z

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. S8. TPSR profiles of the used FeM@Z (Me=Ce, Ga, and Sn) catalysts measured by GC-MASS (methane fragment assigned to m/z=15);
(a-1) after C,H; dehydrogenation step (reduction step) at the reaction conditions of T=600°C, W/F=0.4 (g-s)/cm’ and C,H¢/N,
molar ratio=2/8, (a-2) after CO, activation step (oxidation step) at the reaction conditions of T=700°C, W/F=2 (g-s)/cm’ and CO,/
N, molar ratio=2/8, (b-1) TGA profiles on the reduced catalysts after C,H, dehydrogenation step, and (b-2) TGA profiles on the oxi-

dized catalysts after subsequent CO, activation step.

(Additional explanation) In Fig. S7(a), the XPS peaks labelled
with ‘U’ are assigned to Ce 3d,, spin-orbit states and those labelled
with v’ correspond to Ce 3ds), states [S1]. The peaks at the BEs of
885.8, 893.6, 897.9, 900.5, 907.0 and 916.3 eV are attributed to the
Ce", while the peaks at the BEs of 880.5, 884.9, 898.9 and 903.3
eV are associated with Ce™. The copresence of these characteris-
tic peaks on the FeCe@Z suggests the coexistence of Ce** and Ce’™*

ions over the catalyst surfaces. And the Ce"" phases were reduced
to the Ce’* phases after C,H dehydrogenation (reduction step).
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