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ABSTRACT: Supported subnanometer clusters exhibit supe-
riority in catalytic performance compared to common
nanoparticles, due to their higher fraction of exposed surfaces
and larger number of active species at the metal—support
interface, responding to the size effect and the support effect in
heterogeneous catalysis. Here, we report the synthesis of
subnanometer iron oxide clusters anchored to the surfaces of
two types of ceria nanoshapes (nanorods and nanopolyhedra),
as well as the structure—activity relation investigation for
Fischer—Tropsch synthesis. On the basis of the comprehensive
structural characterizations including aberration-corrected
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scanning transmission electron microscopy (STEM) and X-ray absorption fine structure (XAFS), we demonstrated that the
subnanometer clusters of iron oxide are stable and catalytically active for the Fischer—Tropsch synthesis reaction. Furthermore, it
is identified that finely dispersed iron oxide clusters (Fe—O,—Fe ) consisted of partially reduced Fe®* (§ = 2.6—2.9) species in
ceria nanorods are active for Fischer—Tropsch synthesis; however, another type of iron oxide cluster (Fe—O,—Ce ) composed of
fully oxidized Fe*" ions strongly interacted with the ceria nanopolyhedra support but exhibits relatively poorer act1v1ty for the
reaction. These results have broad implications on the fundamental understanding of active site of supported metal catalysts at

the atomic level.
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1. INTRODUCTION

To develop an efficient heterogeneous catalyst with higher mass
specific activity and stability is challenging yet demanding
nowadays because of the limited resources available for energy
conversion, chemical production, and environmental protec-
tion. Among various solid catalysts, supported metal catalysts
are most widely studied because of their high activity and/or
selectivity for a large amount of important chemical reactions.
In such a system, the size and structure of the catalytically active
metal particles is always one important factor that determines
the performance of a catalyst." ™ Recent studies demonstrated
that clusters with diameters less than one nanometer exhibit
superiority in catalytic performance compared to common
particles with nanometer size.”°’ Because of the reduced size,
clusters have a very high ratio of surface-to-bulk atoms that are
coordinatively unsaturated and normally function as active sites.
Meanwhile, the deposition of clusters on a support material also
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allows the investigation of support effect and metal—support
interaction, which is very important in many catalytic processes.
Considering the high fraction of the atoms locating at the
cluster/support interface, metal—support interaction effect is
likely to be much more pronounced in cluster catalysts than
typical nanoparticle ones, leading to modification of their
structural and electronic features. Therefore, developing the
fabrication of a cluster catalyst and deepening the under-
standing of structure—function relations are of significant
interest in heterogeneous catalysis.

The initial investigations of cluster catalysts focused on mass-
selected ions produced by physical methods,'”"" which
provided fundamental insights into the reaction mechanisms
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of some reactions with clusters.'”~"* Although the deposition
of mass-selected clusters on a support matrix (clusters soft
landed on oxide supports) pushes the cluster catalysis from
fundamental gas-phase investigations to the conventional field
of heterogeneous catalysis, such a fabrication of mass selected
clusters is not suitable for practical applications. A more realistic
approach via wet chemical method is to be developed. Some
efforts have been made to develop the synthesis of
subnanometer clusters,”'® even single—atomls‘17 catalysts in
some systems for practical catalysis investigations. However,
most of the current systems of cluster or single-atom catalysts
are focused on noble metals>'*™'” and investigation of
inexpensive and resource-rich transition metal cluster catalysts
is rare."®'” Considering that transition metal catalysts have
wide and important applications in chemical industry,
fabrication of transition metal cluster catalysts, as well as the
corresponding structural characterizations and catalytic prop-
erty studies are of great significance.

In this work, we have applied a facile coprecipitation method
with the aid of hydrothermal treatment to prepare subnan-
ometer iron oxide clusters supported on ceria nanorods and
nanopolyhedra. Here, the Fischer—Tropsch synthesis (FTS) is
chosen as a model reaction to track the relationship between
catalytic performance and cluster structure. Unlike the previous
assignments on the important active sgecies of iron carbides
(Feny such as y-Fe,C,,”""** &-Fe,C,””*’ etc.), we have found
that the subnanometer clusters of iron oxide are stable and
catalytically active for FTS reaction. Furthermore, it is
demonstrated that finely dispersed iron oxide clusters with
Fe—O—Fe coordination structure which dominates in ceria
nanorods (NR) are identified as active sites for FTS. On the
other hand, the iron oxide clusters formed with strong
interaction between Fe atom and CeO, support (Fe—O—Ce)
in ceria nanopolyhedra (NP) are less active for FTS. The
synthesis and structure—function relationship investigation on
subnanometer iron oxide clusters provides an opportunity to
build a fundamental understanding of electronic and local
coordination structure over active site at the atomic level in
cluster catalytic systems, which could lead to significant
advances in many areas of heterogeneous catalysis.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The iron—ceria catalysts were
prepared via a coprecipitation method with the aids of
hydrothermal technique. In the initial step, 0.4 mol/L total
amounts of Fe(NO;);9H,0 (AR, Sinopharm Chemical
Reagent Factory) and Ce(NO;);-6H,O (AR, Sinopharm
Chemical Reagent Factory) with Fe/Ce molar ratios of 5/95,
15/85, and 25/75 were dissolved in § mL of deionized water
and stirred for 2 h at room temperature. A brown slurry formed
by mixing the above solution with 35 mL of aqueous NaOH of
appropriate concentration (Cy,oy = 6 or 0.2 mol/L for
nanorod or nanopolyhedron sample, respectively) in a 50 mL
Teflon bottle. After stirring for another 30 min, this bottle was
sealed in a stainless steel autoclave and held at 100 °C for 24 h.
After cooling to room temperature, the as-obtained precipitates
were filtered, washed with deionized water several times until
neutral pH value. The as-washed powders were dried in
vacuum at 60 °C for 24 h and then calcined at 400 °C for 4 h
(ramping rate: 2 °C/min). The iron—ceria catalysts were
designated as R and &P, where x is the molar percentage of Fe
in total metal ions, for nanorod (NR) and nanopolyhedron
(NP) samples, respectively. The pure ceria nanorod and
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nanopolyhedron samples were labeled as CeO,—R and CeO,—
P, respectively.

2.2. Characterization. The bulk Fe concentrations in the
fresh iron—ceria samples were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
with a PerkinElmer 3300DV emission spectrometer.

Transmission electron microscopy (TEM) was conducted on
a Philips Tecnai F20 instrument operating at 200 kV. The
aberration-corrected HRTEM images and STEM images with
the corresponding electron energy loss spectroscopy (EELS)
measurements were performed on JEOL ARM200F micro-
scope equipped with probe-forming spherical-aberration
corrector and Gatan image filter (Quantum 965). Elemental
mapping results were obtained from the Fe—L,,;, Ce—M,,5 and
O—K edges.

The ex situ X-ray diffraction (XRD) analysis was performed
on a Rigaku D/MAX 2550/PC Diffractometer with Ni filtered
Cu Ka radiation (4 = 1.5406 A) operated at 40 kV and 40 mA
with a scan step of 0.02°. The in situ XRD patterns were
obtained from the same diffractometer by using an Anton Parr
XRK-900 reaction chamber. About 100 mg of replicas were
loaded in a ceramic sample holder (10 mm in diameter and 1
mm in depth) and then heated from room temperature to 800
°C (interval: 100 °C) with a ramping rate of 30 °C/min in 5%
H,/Ar (30 mL-min™"). At each temperature, two scans (20 min
per scan) were measured to obtain the XRD patterns, among
which the XRD pattern collecting from the second scan was
used for the analysis of crystallinity.

The ex situ X-ray absorption fine structure (XAFS) spectra of
Fe K-edge (E, = 7112 eV) for fresh and used iron—ceria
samples were collected at BL14W1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF) operated at 3.5 GeV
under “top-up” mode with a constant current of 220 mA, or at
20-ID-B beamline of Advanced Photon Source (APS) of
Argonne National Laboratory (ANL) operated at 7.0 GeV
under “top-up” mode with a constant current of 100 mA. The
XAFS data were collected under fluorescence mode with a
Lytle ion chamber or a 4-channel Vortex silicon drift detector.
The energy was calibrated according to the absorption edge of
pure Fe foil. Athena and Artemis codes were used to extract the
data and fit the profiles.”"** For the X-ray absorption near edge
structure (XANES) part, the experimental absorption coef-
ficients as a function of energies y(E) were processed by
background subtraction and normalization procedures, and
reported as “normalized absorption”. On the basis of the
normalized XANES profiles, the molar fraction of Fe**/Fe®*/
Fe® can be determined by the linear combination fit, similar to
previous approaches.”®”” For the extended X-ray absorption
fine structure (EXAFS) part, the Fourier transformed (FT) data
in R space were analyzed by applying first-shell approximation
or metallic Fe model for the Fe—O/Fe—O—Fe/Fe—O—Ce or
Fe—Fe shell, respectively. The passive electron factors, Sy*, were
determined by fitting the experimental Fe foil data and fixing
the Fe—Fe coordination number (CN) to be 8 + 6, and then
fixed for further analysis of the measured samples. The
parameters describing the electronic properties (e.g., correction
to the photoelectron energy origin, E,) and local structure
environment including CN, bond distance (R), and Debye—
Waller (D.W.) factor around the absorbing atoms were allowed
to vary during the fit process.

X-ray photoelectron spectroscopy (XPS) analysis was
performed on an Axis Ultra XPS spectrometer (Kratos, U.K.)
with 225 W of Al Ka radiation. The C 1s line at 284.8 eV was
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Table 1. Fe Concentrations, Surface Ratio of Ce**/Ce*, Crystal Phases and Lattice Constants of CeO, (a), Morphology and

Averaged Grain Size (D) of Iron—ceria Samples

sample Fe (at.%)" Ce**/Cet? phase
CeO,—R — — fce CeO,
CeO,—P — — fcc CeO,
SR 4.8 — fcc CeO,
sp 5.8 — fcc CeO,
1SR 15.9 15/85 fcc CeO,
23/77°
15P 16.6 15/85 fcc CeO,
23/77°
25R 26.5 — fcc CeO,
25P 27.6 — fcc CeO,
a-Fe,0;3

a (A)? D (nm)® morphology
5.3996(9) 10.3 rod
5.4043(2) 9.5 polyhedron
5.4069(1) 8.4 rod
5.3908(3) 52 polyhedron
5.3984(2) 83 rod
5.4070(5)° 9.4
5.3790(6) 37 polyhedron
5.4077(2)° 45°
5.3635(5) 6.8 rod
5.3697(5) 34 polyhedron

“Determined by ICP-AES. “Determined by XPS. “For used samples after FTS. “Calculated from the XRD patterns by least-squares estimation.

“Calculated from the XRD patterns by Scherrer equation.
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Figure 1. XRD patterns of fresh iron—ceria samples: (a) NR; (b) NP.
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used to calibrate the binding energies. The fit on specific peaks
in each Ce 3d spectrum to obtain the relative ratio of Ce®*/
Ce*" was carried out according to this equation: Ce®"/Ce*" =
Sv'/(Sv"+S(1°,v)), where Sv’, Sv” and S(1°,v) stand for the peak
area of v/, v", and (+°v), respectively.”®

The temperature-programmed reduction by hydrogen (H,-
TPR) tests were carried out in a Builder PCSA-1000
instrument (Beijing, China) equipped with a thermal
conductivity detector (TCD) to detect H, consumption. The
fresh catalysts (ca. 30 mg, 20—40 mesh) were pretreated at 350
°C in air for 30 min and then cooled to room temperature in
the same atmosphere. After the measured powders were
stabilized in pure N, at room temperature for about 30 min,
they were switched to 10% H,/Ar and then heated from room
temperature to 900 °C with a ramping rate of 5 °C/min.

2.3. Catalytic Tests. The Fischer—Tropsch synthesis
(FTS) reaction was conducted on a fixed-bed flow reactor
with a gas mixture of 32% CO, 64% H,, and 4% N,. Catalyst
powders (0.5 g) were diluted with 0.5 g of SiO, particles (20—
40 mesh) before the test. The FTS measurements at multiple
temperatures (230—250 °C) were carried out under a high
pressure of 2 MPa with a pretreatment at 350 °C for 3 h in 10%
H,/Ar. The gas hourly space velocity (GHSV) of the reaction
was set at 720 cm® h™' g, ™" For the test at fixed temperature,
the iron—ceria catalysts were subjected to the same pretreat-
ment and then kept at 2 MPa and 230 °C for 0, 2, 10, or 48 h.

The product and reactant in the gas phase were detected
online using a gas chromatograph (GC-9160, Shanghai, China).
C,—C, ranged hydrocarbons were analyzed using a Plot Al,O;
capillary column with a flame ionization detector (FID);
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however, CO, CO,, CH,, and N, were analyzed by using a
Porapak Q_ and SA molecular sieve-packed column with a
thermal conductivity detector (TCD). To calculate the CO
conversion, the 4% N, in syngas was used as an internal
standard. All hydrocarbons were analyzed using a GC-9160
with a PONA capillary column and a flame ionization detector
(FID). The selectivity of the products was based on carbon. For
CO,, the selectivity of which is calculated on the basis of all
used CO, whereas the selectivity of CH,, C,—C,, and Cg, is
calculated on the basis of all hydrocarbons produced.

To minimize the possible reoxidation of used catalysts for
structural characterization (XRD, XAFS, XPS and HRTEM-
EELS), the iron—ceria samples after FTS were quickly
transferred to vials filled with N, gas, and the vials were
opened just before the additional measurements.

3. RESULTS

3.1. Morphology and Structure of Fresh Iron-Ceria
Samples. Table 1 shows that the Fe contents determined by
ICP-AES for all the NR and NP samples are in good agreement
with those designed, revealing the successful precipitation of
both iron and cerium nitrates during synthesis. The XRD
patterns in Figure 1 determine a pure fcc fluorite-type CeO,
(JCPDS card no: 34-394) crystal structure for the fresh iron—
ceria samples, except a minor hematite a-Fe,O; (JCPDS card
no: 33-664) phase for 25P. Table 1 exhibits that the calculated
lattice constants (a) of CeQ, varies with Fe concentration. For
the NR samples, cell dimension of SR (54069 A) or 15R
(5.3984 A) is slightly larger than or nearly identical to that of
CeO,-R (5.3996 A), respectively, although a of 25R (5.3635 A)
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is significantly smaller. However, a monotonic decrease in the
lattice constants with Fe concentrations appears for NP: CeO,-
P (54043 A) > SP (5.3908 A) > 15P (53790 A) > 25P
(5.3697 A).

According to Vegard’s law, if a Ce* ion (97 pm, 8-fold
coordinated) is substituted by a Fe’ ion (78 pm, 8-fold
coordinated) but the adjacent O* ions (138 pm, 4-fold
coordinated) are unchanged, then the calculated cell
dimensions for Ce—Fe—O solid solutions are distinctly lower
than those measured in XRD, except for a of SP, which is
almost equal to the estimated value, as displayed in Figure 2.

5.424
= .
<540
b
£ 5.384
g .
8 536 ® NR, fresh L4
b4 O NR, used
é 5.34 Vegard's law for NR
5 ® NP, fresh
" O NP, used
532 Vegard's law for NP
0 5 10 15 20 25

Fe concentration (at.%)

Figure 2. Lattice constants (a) of CeO, as a function of Fe
concentrations for iron—ceria samples.

Here, the unusual increase of CeQ, lattice constants for SR
than CeO,—R is due to the size effect,”” which can be verified
by its smaller grain size (8.4 nm in Table 1) than that of pure
ceria nanorods (10.3 nm in Table 1). The TEM images confirm
the shapes of nanorod and nanopolyhedron for different iron—
ceria samples. With the increasing Fe concentrations, NR
shows more fraction of shorter nanorods (see Figure S1),
whereas NP becomes more congregated between nanocrystals
(see Figure S2). Thus, according to the XRD and TEM results,
we focused on 1SR and 15P, which are single-phase with
appropriate morphologies (shape and/or aggregation), and
selected them as typical NR and NP samples for further
investigations on the structure—function relation. The HRTEM
and aberration-corrected STEM combining with EELS were
performed to obtain the spatial distribution of Fe in the fresh
iron—ceria samples at atomic scale (resolution: ~1 A). The
HRTEM images in Figure 3a,c exhibit that the nanorods and
nanopolyhedra in 15R and 1SP were highly crystallized with
clear lattice fringes. By the aids of STEM-EELS (see Figure 3b,d
and Figure S3), we can see that Ce and O elements were
uniformly distributed over the field of view, whereas the Fe-rich
microdomains with 0.5—1.2 nm in size were detected for 1SR/
15P. These microdomains could be originated from the
ultrafine iron oxide clusters on the surface of ceria.

The conventional characterizations give the general structural
information for the Fe—Ce—O catalysts. However, the specific
structure around the measured iron atoms, which is crucial for
the identification of the active site, was missing. Therefore, the
XAFS technique was used to investigate the iron—ceria
samples, which is elementally sensitive and very powerful to
determine both electronic and local structures. The XANES
region in XAFS responds to the electronic structure of tested
metals. The edge energy, the white line intensity, and the pre-
edge features are related to the oxidation state of Fe3*/Fe?t/
Fe’. Compared to XPS, it takes advantage of milder testing
conditions under ambient circumstances. Moreover, the Fe 2P
peak is overlapped with the Ce MNN peak in XPS, and the Fe
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Figure 3. HRTEM images (a,c) and aberration-corrected STEM-EELS
results (b,d) of fresh iron—ceria samples: (a,b) 15R; (c,d) 15P.

3P peak is too weak to provide any reliable information on
chemical valence. It can be easily identified from Figure 4a that
the pure Fe’* (a-Fe,0;) component, without any fraction of
Fe®* (Fe;0,) or Fe’ (Fe foil), appears for 15R and 15P. Thus,
we used XANES combined with the linear combination fit to
determine the oxidation state of Fe for the iron—ceria samples.
The corresponding linear combination fitting results in Table 2
also confirm the fully oxidized Fe** ions in the fresh samples.

The EXAFS part with the profile fitting in R space was
carried out to determine the short-range local structure
including distances (R) and coordination number (CN) around
the studied iron atoms. From Figure 4b, we can verify a strong
peak at 1.96—1.98 A with a CN of 5.1—5.6 (see Table 2) for the
fresh 1SR and 15P samples, contributed by the first shell of
Fe—O. The fitted R values are different from the Fe—O
distances in a-Fe,05 (1.49 and 2.92 A) but very close to those
of other metal-oxide catalysts such as Au,*® Pt,"S and Cu”’
Furthermore, the CNs of Fe—O for 15R and 15P are obviously
lower than that of Ce—O (CN = 8) in fcc fluorite-type CeO,. It
indicates that Fe>" ion does not fully replace Ce*" ion and
occupy the 8-fold cation site in ceria, which is in good
agreement with the XRD results. On the other hand, there is
the second coordination shell with much lower intensity than
Fe—O for 15R and 15P, which can be assigned to the Fe—M
(M = Fe or Ce) shell in the R space EXAFS spectra (see Figure
4b). We noticed that this can be fitted to a major Fe—Fe path at
2.96 A with CN of 1.3 and a minor Fe—Ce path at 3.44 A with
CN of 0.6 for 15R and a single Fe—Ce path at 3.50 A with CN
of 1.6 for 15P. Especially, these Fe—Fe and Fe—Ce paths are
obviously not the same as the metallic bonds in Fe metal and
Fe—Ce bimetals, which have distinctly different R values of 2.46
or 2.84 A for Fe® and 3.09, 3.23, or 3.27 A for Ce,Fe,,. The
second shells of Fe—Fe are contributed from finely dispersed
iron oxide (Fe—O—Fe), and Fe—Ce from the metal—support
interaction of Fe—O—Ce, as identified previously for Au—O—
Fe’” and Au—O—Ce.*’

3.2. Catalytic Reactivity of Iron-Ceria Samples for
Fischer—Tropsch Synthesis. Figure 5 and Table 3
summarize the catalytic performance of the iron—ceria samples
at 230 and 250 °C in FTS after S h. 15R exhibits obviously
higher CO conversions (22—31%) and activities (1.0—1.4 X
1075 molco/gp/s) than 15P (6.6—8.4% and 0.3—0.4 x 107°
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Figure 4. XANES profiles (a,b) and EXAFS spectra in R space (c,d) of the iron—ceria samples at different stages: (a,c) 1SR; (b,d) 1SP..

Table 2. XANES and EXAFS Results (R: Distance; CN: Coordination Number) of Iron—Ceria Samples

sample

15R (fresh)
15R (H,)

15R (used, 2 h)
15R (used, 10 h)
15R (used, 48 h)
15P (fresh)

15P (H,)

15P (used, 2 h)
15P (used, 10 h)
15P (used, 48 h)

Fe—O Fe—Fe Fe—Ce
8¢ R (A) CN R (A) CN R (A) CN
3.0 1.98 + 0.01 5.6 +0.3 2.96 + 0.04 1.3 +03 3.44 + 0.05 0.6 + 0.6
2.6 1.97 + 0.01 4.6 + 0.2 2.50 + 0.01 1.8 £ 0.3 — —
4.12 + 0.04 09 + 0.6
4.84 + 0.02 59 +14
2.9 1.97 + 0.01 53 +02 298 + 0.03 09 + 0.3 — —
2.8 1.96 + 0.01 52 +02 297 + 0.04 0.8 + 0.3 — —
2.5 1.96 + 0.01 4.6 + 03 2.97 + 0.03 09 + 0.3 — —
3.0 1.96 + 0.01 51 +02 — — 3.50 + 0.01 1.6 + 0.4
3.0 1.95 + 0.01 49 £ 0.2 — — 3.47 £ 0.02 1.0+ 03
3.0 1.96 + 0.01 53 +02 —_ — 3.49 + 0.03 1.1+ 04
3.0 1.96 + 0.01 52 +02 — — 3.50 + 0.03 1.2 + 0.5
2.9 1.95 + 0.01 4.8 £ 0.2 — — 3.44 + 0.03 1.0+ 03

“Determined by linear combination analysis on the XANES profiles with the references of bulk Fe foil (§ = 0), Fe;0, (§ = 2.67), and a-Fe,0; (6 =

3).
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Figure 5. Catalytic reactivity of iron—ceria samples for FTS at 230 and 250 °C: (a) CO conversion; (b) Selectivity of CO,, CH,, C,—C, and Cs,
products. Reaction condition: 0.5 g catalyst, H,/CO = 2/1, 2.0 MPa, 6 mL-min~}, time on stream of 5 h.
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Table 3. Catalytic Reactivity of Iron-Ceria Samples for FTS

selectivity (%) J

sample T (°C) activity (107 molco/gp./s) CO conversion (%) CO, CH, C,—C, Cs, olefin®
1SR 230 1.0 22 23 21 39 40 56
250 1.4 31 23 19 41 40 48
15P 230 0.3 6.6 22 26 46 29 61
250 0.4 8.4 28 28 48 25 53

“Based on carbon calculations under the following reaction conditions: 0.5 g catalyst, H,/CO = 2/1, 2.0 MPa, 6 mL-min~

! time on stream of 5 h.

“Based on carbon calculations for all hydrocarbons (exclude CO,). “Olefin selectivity is calculated by C,™~C,~/C,—C,.
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Figure 6. Catalytic reactivity of iron—ceria samples for FTS at 230 °C as a function of time on stream up to 48 h: (a) CO conversion; (b) CH,

selectivity; (c) C,—C, selectivity; (d) Cs, selectivity. Reaction condition: 0.5 g catalyst, H,/CO = 2/1, 2.0 MPa, 6 mL-min™".

1

molco/gre/s). Furthermore, the selectivity of desired Cs,
products for 1SR (40%) is higher than that of 1SP (25—
29%), and the selectivity of undesired C, products (CO, +
CH,) for 1SR (42—44%) is slightly lower than that of 15P
(48—56%). Fixing the CO conversion of 15R at roughly 10%,
which is almost same to that of 15P, even higher selectivity Cs,
products (53%) was obtained (see Figure S2), further
confirming the superiority in catalytic performance for 15R.
Additionally, the chain-growth probability (@) obtained from
the Anderson—Schulz—Flory (ASF) model®* of 1SR was 0.64
(Figure S4), which was higher than that of 15P (a = 0.57). In
general, all the above results demonstrate that iron on ceria NR
is more catalytically active and selective than iron on NP for the
FTS reaction. In addition, the as-prepared ceria supported iron
oxide clusters (1SR) also showed a comparable reactivity with
other reported Fe-based catalysts (see Table S1).

Besides that, we also ran the catalytic tests at 230 °C with
various reaction times on the iron—ceria samples. Figure 6
presents the overall FTS reactivity for 1SR and 15P as a
function of reaction time to 48 h. The CO conversion of 1SR
underwent a rapid drop from 31% to 21% in the initial 10 h and
then reached a steady stage with a constant number of ca. 20%;
however, for 15P, the CO conversions were almost identical
(ca. 10%) throughout the whole test. On the other hand, the
changes of selectivity are not significant for the iron—ceria
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samples, except for the decrease of CH, and increase of Cs, for
15P at the beginning of FTS process. Due to the presence of
structure—activity relation in heterogeneous catalysis, these
differences on catalytic reactivity should be correlated to the
related structural evolutions on the active species in Fe—Ce—O
system. The fast deactivation of 15R in the initial 10 h during
the test is possibly caused by the carbon deposition on the
catalyst surface under the high CO conversions.””** However,
the lower CO conversions for 1SP result in the lack of
deactivation in FTS.

3.3. Morphology and Structure of Used Iron-Ceria
Samples. The XRD patterns in Figure SS exhibit that the
crystal structure of fcc fluorite-type CeO, was maintained for
both 15R and 1SP after the transient FTS tests, revealing that
no iron-containing phases were generated. Table 1 and Figure 2
identify an increase of ceria lattice constants for the used
catalysts (15R: 5.4070 A; 15P: 5.4077 A), compared to those
for the fresh samples. It reveals that the doped Fe®* ions inside
CeO, were extracted onto the surface during the H,-
pretreatment and the following FTS process. Meanwhile, it
can be seen from Table 1 that there was the crystal growth
during the FTS process, and the average grain size of CeO,
slightly increased from 8.3 nm (1SR, fresh) and 3.7 nm (15P,
fresh) to 9.4 nm (15R, used) and 4.5 nm (15P, used). The
HRTEM images and aberration-corrected STEM-EELS results
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in Figure 7, S4 and S5 confirm that ultrafine iron species less
than 1 nm were still dominant for the iron—ceria samples after

Figure 7. HRTEM images (a,c) and aberration-corrected STEM-EELS
results (b,d) of the used iron—ceria samples: (a,b) 15R; (c,d) 15P.

the H,-pretreatment (Figure S6), temperature-changing tests
(230 and 250 °C, see Figure 7) and temperature-fixed (230 °C,
48 h, see Figure S7) FTS tests. All the above results
demonstrate the good stability for 15R and 1SP in FTS.

XANES was used to monitor the evolution on electronic
structure of Fe®* (8 = 0—3) for iron—ceria samples during the
long-term stability tests of FTS. The experimental data after
different steps of H, pretreatment or FTS (2, 10, and 48 h)
were obtained by terminating the reaction and measuring the
catalyst powders. Figure 4a,b display that no distinct changes
for the XANES profiles can be verified for either 15R or 15P in
the FTS process. Thus, linear combination fit is required to
estimate the averaged oxidation state of iron. Table 2 exhibits
that for 15R, the fully oxidized Fe®* ions were reduced to Fe***
species (close to Fe;O,) in 10%H,/Ar at 350 °C for 3 h,
consistent with the previous reports on the reducibility of a-
Fe,05.7°7** This partially reduced iron was quickly reoxidized
to Fe*® by 2 h on-stream reaction, possibly due to the
oxidation by relatively abundant H,O and CO, in the initial
highly active reaction stage. During the sequential FTS process,
iron in 15R was gradually reduced and finally transformed to
Fe>**, probably caused by the continuous reduction of syngas
under condition of the stable but inferior CO conversion.
However, for 15P, all the tested XANES data confirm that the
fully oxidized Fe®* species were almost kept the same
throughout all the measurements including H, pretreatment
and FTS reaction (see Table 2).

Figure 4c,d display the EXAFS spectra in R space for the
used iron—ceria samples, and the corresponding fitting results
are included in Table 2. Besides the first shell of Fe—O at 1.97
A (CN: 4.6), new Fe—Fe shells at distances of 2.50, 4.12, and
4.84 A appeared for 15R after the H, pretreatment, which are
attributed to metallic bonds in Fe metal. It reveals the
formation of Fe® species in 10%H,/Ar, accounting for the
decrease of the average iron oxidation state from 3.0 to 2.6 for
15R. However, these Fe—Fe metallic bonds are not present in
the EXAFS spectra of H,-pretreated 1SP (see Figure 4d), and
the Fe—O—Ce interaction (Fe—Ce shell at 3.47 A) was mainly
maintained with the lower CN of 1.0 than that of the fresh 15P
sample (CN = 1.6).
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For the iron—ceria samples with different reaction time, their
EXAFS spectra exhibit a strong first shell of Fe—O at 1.96—1.97
A with a CN of 4.6—5.3. However, the profiles of the second
shell in the range of 2.5—4 A show significant differences
between 1SR and 1SP (see Figure 4c,d). After only a 2 h
reaction, the metallic Fe—Fe bonds in 15R were totally replaced
by the Fe—O-—Fe interaction (Fe—Fe shell at 2.98 A),
accompanied by the recovery on the averaged oxidation state
of iron from 2.6 to 2.9 (see Table 2). During the sequential
reaction until 48 h, the Fe—O—Fe structure was kept the same
for 1SR (R: 1.95-1.96 A; CN: 0.8—0.9), but the averaged
oxidation state of iron dropped to Fe>** at the end of reaction
(see Table 2), revealing the formation of Fe*" ions, instead of
Fe’ + Fe’*. As for 15P, the second shell was almost identical
between H,-pretreated and FTS-used for 2, 10, and 48 h (i.e,
Fe—Ce at 3.44—3.50 A with a CN of 1.0—1.2; see Table 2), in
good agreement with the constant average oxidation state of
Fe®* in XANES.

4. DISCUSSION

4.1. Structural Evolution of Iron on Ceria Nanorods
and Nanopolyhedra. Due to the combination between the
diverse oxidation states (Fe®/Fe?*/Fe’* and Ce**/Ce*"), the
complex crystal phases (CeO, and a-Fe,0;/y-Fe,0,/Fe,0,/
FeO/Fe), the various iron species (single atoms, clusters, and
nanocrystals) at atomic—nanometer scales and the different
metal—support interactions (strong and weak), it is very
difficult to give a full view on the structural evolution of iron on
ceria with several limited characterization techniques. There-
fore, in this work, multiple advanced instruments, including
aberration-corrected STEM-EELS and XAFS (XANES and
EXAFS), have been carried out on the typical iron supported
on ceria nanoshapes (nanorod and nanopolyhedron). Scheme 1
presents the structural evolution on iron supported on ceria
nanorods (15R) and nanopolyhedra (15P).

Scheme 1. Schematic Description of Structural Evolutions
on Iron—Ceria Catalysts

Fe-O-Fe H, Fe-O-Fe FTS Fe-O-Fe
NR . . .
Fe-0-Ce Fe-Fe
Fe-O-Ce H, Fe-O-Ce FTS Fe-O-Ce
NP
Fe-O-Ce
—— Fe-Fe — Fe-O-Ce (Surface)
W FeOFe ¢0°¢

Fe-O-Ce (Bulk)

First, we need to identify whether the iron species are inside
the ceria lattice or on the surface of the oxide support. For the
current Fe—Ce—O system, STEM-EELS cannot distinguish
between the bulk and the surface of ceria nanorods/
nanopolyhedra; EXAFS only works for the local structure
around iron atoms; XPS is not useful because of the unavailable
Fe 2p spectra (see Figure 8a,b for details). So we estimated the
Fe fraction in the CeO, lattice by the changes of cell
dimensions (see Figure 2 and Table 1) in XRD for different
conditions (fresh and FTS-used). Because the a value of 15R
(5.4070 A) or 15P (5.4077 A) after FTS is higher than or close
to that of fresh CeO,—R (5.3996 A) or CeO,—P (5.4070 A),
respectively, we assumed that the iron species are totally
transferred onto the ceria surface after the reaction, and thus,
0% of Fe is doped into CeO, in the used samples. According to
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Figure 8. XPS spectra of iron—ceria samples: (a,b) full scale; (c,d) Ce 3d; (ef) C Is for 15R (a,c,e) and 1SP (b,d,f).

the calculation based on Vegard’s law, we hypothesized that
100% substitution of Ce* ion by Fe* ion leads to the
decreased lattice constants of 5.3555 and 5.3558 A for 15R and
15P, respectively. Therefore, the estimated Fe fraction, which is
fully doped into ceria, is 17% (15R) and 55% (15P). It reveals
that for the fresh iron—ceria samples, iron species are dominant
on the surface of CeO, nanorods, whereas nearly half of them
are in the core of CeO, nanopolyhedra.

Second, we need to identify the local structure of Fe for the
iron—ceria catalysts. Although STEM-EELS can provide the
direct observations on iron distribution in the Fe—Ce—O
system at the atomic scale (~1 A), EXAFS is required to
determine the coordinated circumstances of Fe for 1SR and
15P for the first and/or second shells up to 4 A. For all the
measured samples (fresh, H,-pretreated and FTS-used with
different reaction time), the strong Fe—O first shell located at
ca. 2 A was determined for both 15R and 15P (see Table 2).
Thus, the iron structure can be generally described as FeO,, (x
is CN of Fe—O), originated from either Fe—O cation—anion
bond in doped ceria lattice or ultrafine (<1 nm) Fe—O clusters
on surface of oxide support. The second shell of Fe—Fe at ca. 3
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A in EXAFS can be assigned to Fe—O,~Fe, (y is CN of Fe—
Fe) structure in FeO, clusters, whereas the second shell of Fe—
Ce at ca. 3.5 A in EXAFS can be attributed to Fe—0,—Ce, (yis
CN of Fe—Ce) strong interaction or the chemical bond to
FeO, clusters or inside Fe-doped CeO,. Besides, the Fe—Fe
metallic bonds with various distances of 2.5, 4.1, and 4.8 A are
determined for the H,-pretreated 1SR only. In this work, the
origin of two types of iron oxide clusters is the synthetic
parameters we applied during the catalyst preparation. High
concentration (6 mol/L) of NaOH leads to Fe—0O,~Fe,, while
low concentration (0.2 mol/L) favors Fe—0O,—Ce, The
morphology of iron—ceria (nanorod and nanopolyhedron) is
also governed by the different nucleation and growth processes,
due to the concentration of NaOH.

Third, we need to identify the structural evolutions on Fe for
the iron—ceria catalysts. Combining the EXAFS analysis with
the related XANES linear combination fit, we can deduce the
structural evolution of Fe for the iron—ceria catalysts under the
different conditions. For all the tested samples, Table 2 reveals
that FeO, (x is about S) species are the single contribution to
the first shell of an iron center, and the average oxidation state
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of Fe’* fluctuates from Fe** to Fe*". All the above demonstrate
that there were no significant transformations on the first shell
of iron oxide clusters and FeOy structure is very stabilized in
Fe—Ce—O system for both 15R and 15P, whichever freshly
synthesized, H,-pretreated, or FTS-used. Considering the
contribution by the second shell of Fe—Fe or Fe—Ce in
EXAFS, we found that the structural models are not the same
for iron supported on different ceria nanoshapes. Specifically,
Fe—O;—Fe, ; (major) and Fe—O;—Ce4 (minor) are the iron
oxide species for fresh 1SR, although Fe—Os—Ce, ¢ is the sole
iron structure for fresh 15P. This is consistent with the related
XRD analysis (i.e, more Fe*" ions inside the CeO, lattice to
form Fe—O—Ce strong interaction for 15P). Upon H,
treatment, the iron oxide clusters are converted to FeOg plus
Fe—Fe 3 metallic bond with the average oxidation state of
Fe?** (mixture of Fe’ and Fe*") for 15R. During the sequential
FTS process characterized from 2 to 48 h, the above partially
reduced iron species are converted to Fe—O;—Fe, indicating
the strong interaction of Fe—O—Fe within the FeO, clusters.
However, for 15P, the Fe—O;—Ce species are maintained
throughout the whole H, pretreatment and FTS reaction. This
responds to the strong interaction of Fe—O—Ce in the FeO,
clusters, instead of doped Fe®' ions inside the CeO, lattice
(XRD results exclude it).

4.2. Modification of Ceria Nanorods and Nano-
polyhedra by Iron. As discussed above, we know that the
type of ceria support, either nanorod or nanopolyhedron, is
directly correlated to the structure of different iron species. On
the other hand, the introduction of Fe also modifies the crystal
structure of ceria nanoshapes, which has been confirmed by the
changes of CeO, lattice constants in XRD (refer to section 4.1
and Figure 2). However, FTS happens only on the surface of
iron-modified ceria support, and thus, the related surface
properties play crucial roles on the catalytic reactivity of Fe—
Ce—0. The XPS Ce 3d spectra in Figure 8c,d, together with
the peak-deconvolution results in Table 1 show that higher
surface Ce**/Ce*" ratios appeared for the used samples (23/
77) than the fresh iron—ceria catalysts (15/85) in both 1SR
and 15P. It reveals that the ceria surface was partially reduced
after the H, pretreatment (350 °C, 10%H,/Ar) and the
sequential FTS process (230—250 °C, 2 MPa, 32%CO/64%
H,/N,).

In order to further investigate the reducibility of iron
supported on different ceria nanoshapes, we applied the H,-
TPR experiments (Figure 9), accompanied by the in situ XRD

TCD Signal (a. u.)

.
400
Temperature ‘C

600

Figure 9. H,-TPR profiles of 15R and 15P with pure CeO, and Fe,0;
as referenced materials.
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measurements (Figure 10) in S%H,/Ar. Figure 9 exhibits that
the oxide supports of CeO,—R and CeO,—P have two
reduction ranges of 350—550 °C and 650—900 °C, which are
attributed to the surface and bulk transformations from Ce*" to
Ce™, respectively.”” However, the a-Fe,05 reference materials
show three peaks centered at ca. 390, 600, and 780 °C for the
stepwise reductions of a-Fe,O;— Fe;O,, Fe;0, — FeO (Fe
+Fe;0,, disproportionating reaction), and FeO — Fe,38‘40
respectively. The assignments on different surface oxygen
species in H,-TPR are very complicated for the iron—ceria
samples. In total, there are five and four reduction peaks (A to
E in Figure 9) for 1SR and 15P, respectively. Peak A shows a
reduction temperature starting from 220 °C, much lower than
that for reduction of surface oxygen in CeO, (>350 °C) or
transformation of a-Fe,0; to Fe;0, (>300 °C). This can be
assigned to the oxygen species strongly interacting with iron on
surface of ceria species, which is due to the weakened Ce—O
surface bonds by the addition of Fe. Because a greater fraction
of Fe—O—Ce is determined, the starting temperature of peak A
for 15P is lower than that for 15R. Peak B is very similar to that
of a-Fe,O;— Fe;O, but the corresponding in situ XRD
patterns in Figure 10a,b reveal that no crystallized Fe;O, was
generated below 600 °C. Thus, the reduced iron species should
be ultrafine FeO,, clusters with the average oxidation state of Fe
close to Fe;O,. The end of peak B is around 450 °C, much
higher than the temperature of H,-pretreatment (350 °C).
However, a small fraction of Fe—Fe metallic bond appears for
H,-pretreated 1SR (EXAFS fitting results in Table 2),
indicating that the long-time (3 h) reduction at 350 °C can
effectively transfer part of reduced FeO, cluster into Fe(0)
species on the surface of ceria nanorods. Peak C at ca. 500 °C is
due to the surface reduction of CeO,, which is missing for 15P
because all the surface oxygen species on ceria nanopolyhedra
have been activated by the iron addition and reduced at lower
temperatures (see peak A). Peaks D and E are located at high
temperatures (>550 °C) and not connected to the structural
evolutions on the iron—ceria catalysts in FTS: the former can
be ascribed to the bulk reduction from Fe;O, to Fe, which was
confirmed by the diffraction peaks on the in situ XRD patterns
at 600 °C (Figure 10); however, the latter is originated from
the reduction of bulk CeO,.

From the XRD (lattice constants), EXAFS (fits for Fe—Ce
shell), and H,-TPR (peaks A and C) results, we can identify
that the effect of iron on ceria is correlated to the formation of
Fe—O—Ce interaction, which significantly activates the surface
oxygen species and shifts their reduction temperature from
450—-550 °C down to ca. 220 °C.

4.3. Active Species of Iron-Ceria Catalyst for Fischer—
Tropsch Synthesis. In our work, the iron oxide species
supported on different ceria nanoshapes (nanorods and
nanopolyhedra) show various structural properties, which
determine their distinct catalytic performance. So these unique
iron—ceria catalysts are good structural models for us to build
the structure—activity relation in the Fe—Ce—O system. For
the oxide support, the fcc fluorite CeO, crystal structure is
unchanged, while only the doped iron is transferred from lattice
to surface of ceria support during the FTS reaction (see XRD
patterns in Figure 1 and SS; cell dimensions in Figure 2 and
Table 1). In addition, pure ceria nanoshapes (CeO,—R and
Ce0,—P) did not show any reaction activity (data not given).
So, the active sites of iron—ceria catalysts for FTS should be
solely related to the Fe-containing phases.
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Figure 10. In situ XRD patterns of 15R (a) and 15P (b) samples under similar conditions of H,-TPR.

Previous findings determined iron carbides (FexC}, such as, y-
Fe,C,, "> &-Fe,C,*** etc.) originated from iron oxide or
metallic iron precursors during the FTS process as the
catalytically active phase for Fe-based catalysts. Recent
investigations on directly using iron carbides as catalysts for
FTS also confirmed this conclusion.”””**> However, in our work,
we have not detected any iron carbides for subnanometer iron
oxide cluster supported on ceria nanoshapes during the
different experimental steps (fresh, H,-pretreatment, and
FTS-reaction). Besides the absence of deeply reduced Fe®* (6
< 2.5) species, as confirmed by the XANES analysis, we also
identified the carbon species from the C 1s XPS spectra. Figure
8e,f show identical profiles between fresh and used samples for
both 15R and 15P (ie. the peak at 284.8 eV corresponds to
adventitious carbon, and the peak at 2889 is due to the
carbonates by the CO, adsorption on surface of catalysts).""**
Distinctly, no contributions by carbides can be verified in C 1s
XPS spectra. The importance of iron oxide clusters can also be
demonstrated by the following discussions.

From section 3.2, we can identify that 15R exhibits higher
CO conversion, higher C;, selectivity, and lower CH,
selectivity than 15P (see Figure S and 6, Table 3). However,
the aberration-corrected STEM-EELS results show very similar
Fe-distribution at atomic scale over the fresh, H,-pretreated,
and used samples for 15R and 1SP (i.e., FeO, clusters less than
1 nm). Therefore, the electronic structure and local
coordination structure at the atomic level are key factors to
govern the reactivity of iron—ceria catalysts in the FTS process.

According to the above discussion, the Fe’ (6 = 2.6-2.9)
ions in 15R display better catalytic performance than the Fe**
ions in 15P (see linear combination fits on XANES in Table 2).
On the contrary, Ce*™ ions were partially reduced to Ce** ions
in FTS, but the ratios of Ce>*/Ce*" are identical between 1SR
and 1SP (see XPS results in Figure 8c,d and Table 1). Thus,
the partially reduced iron species contribute more to the FTS
reaction than the fully oxidized Fe** in Fe—Ce—O. The
discrepancy on oxidation state is accompanied by different
types of metal—support interaction. The FeO, clusters in 1SR
were converted to Fe—Fe metallic bonds in part, while the
FeO, clusters in 1SP were unchanged under the same H,
pretreatment conditions (see EXAFS fitting results in Table 2).
The strongly bound Fe—O—Ce structure on ceria activates the
surface oxygen species on ceria nanopolyhedra (see H,-TPR
profiles in Figure 9) but does not benefit the FTS reaction. On
the other hand, the Fe—O—Fe structure, which weakly interacts
with the surface of ceria nanorods, promotes the FTS process.
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In summary, we found that partially reduced Fe®* (5 = 2.6—
2.9) ions in ultrafine (<1 nm) iron oxide clusters, which are in
the form of Fe—O—Fe interaction and weakly bound to ceria
nanorods, are active species for the FTS reaction. A too strong
Fe—O—Ce interaction on ceria nanopolyhedra impairs the
reactivity.

5. CONCLUSIONS

In this work, we successfully synthesized subnanometer iron
oxide clusters anchored to ceria nanocrystals. The as-
synthesized 15 at. % Fe supported on CeO, nanorods and
nanopolyhedra were used as catalysts in FTS reaction. The
results demonstrated that the nanorod sample possesses much
higher catalytic activity than the nanopolyhedron one. Insight
into the active structure on the iron oxide cluster status in the
catalysts for FTS reaction has been provided on the basis of the
XANES/EXAFS characterization. By comparing the samples
with different reaction time, the conjoint Fe—O,—Fe, structure
with partially reduced Fe® (§ = 2.6—2.9) species were
identified as the precise atomic architecture for the high
activity; meanwhile, Fe—O,—Ce, clusters with unreduced Fe’*
exhibit lower CO conversion and higher selectivity of undesired
light hydrocarbons. Generally, this study not only provides a
facile method for the synthesis of ultrasmall iron oxide cluster
catalysts at subnanometer scale but also reveals that the activity
was closely associated with the local coordination structure
around the atoms of active site.
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