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ABSTRACT: We have stabilized the iron oxide nanoparticles
(NPs) of various sizes on layered carbon materials (Fe-oxide/
C) that show excellent catalytic performance. From the
characterization of X-ray absorption spectroscopy (XAS), X-
ray emission spectroscopy (XES), scanning transmission X-ray
microscopy (STXM) and X-ray magnetic circular dichroism
spectroscopy (XMCD), a strong interfacial interaction in the
Fe-oxide/C hybrids has been observed between the small iron
oxide NPs and layered carbon in contrast to the weak
interaction in the large iron oxide NPs. The interfacial
interaction between the NPs and layered carbon is found to
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link with the improved catalytic performance. In addition, the Fe L-edge XMCD spectra show that the large iron oxide NPs are
mainly y-Fe,O; with a strong ferromagnetic property, whereas the small iron oxide NPs with strong interfacial interaction are
mainly a-Fe,O; or amorphous Fe,0; with a nonmagnetic property. The results strongly suggest that the interfacial interaction
plays a key role for the catalytic performance, and the experimental findings may provide guidance toward rational design of high-

performance catalysts.
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1. INTRODUCTION

Layered carbon materials based on one or a few graphene layers
have been widely reported for applications of catalysis, energy
conversion and energy storage owing to their unique
structure.' > Recently, layered carbon materials were reported
to be good supporting materials for the nanoparticles (NPs) in
energy-related applications." "' For example, the hybrids of
nanostructured LiMn,Fe, PO, and graphene as a cathode
material significantly enhanced the performance of the Li-ion
battery.”¥'® The combination of Co;0, nanocrystals and N-
doped graphene oxide also showed unexpected high oxygen
reduction reaction (ORR) activity.’ Although many hybrid
materials with high efficiency have been investigated,é’10_12 the
key question of why the combination of layered carbon and the
NPs exhibits such an unique enhancement of the performance
still remains to be answered. Due to the complexity of carbon-
based materials such as the existence of amorphous carbon,
defects sites, surface modification or contaminations, catalyst
residues or the aggregated NPs, the effective factors responsible
for the improved performance are still under debate.
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Here we investigate the electronic structure of the layered-
carbon-stabilized iron oxide nanostructures (Fe-oxide/C) to
understand the enhanced performance in these hybrids. The
Fe-oxide/C hybrids presented high catalytic activity in the
oxidation reactions.” By tuning the annealing temperature, the
NP size and structure in the hybrids could be readily selected.
The catalytic performance of the selectivity and conversion rate
was strongly size-dependent in catalyzing the oxidation of
cyclohexanol.” Thus, it is a good choice of the modeling system
to evaluate how the electronic structure affects the catalytic
performance.

Soft X-ray spectroscopic methods such as X-ray absorption
spectroscopy (XAS), X-ray emission spectroscopy (XES),
scanning transmission X-ray microscopy (STXM) and X-ray
magnetic circular dichroism spectroscopy (XMCD) were used
to systematically investigate the electronic structure of Fe-
oxide/C hybrids. X-ray spectroscopies are element-specific
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techniques, which are unique to characterize the complex
systems.'®> XAS probes the unoccupied density of states (DOS)
whereas XES probes the occupied DOS.'>'* Both XAS and
XES have been frequently used for the electronic structure
study of nanomaterials.”> STXM provides the chemical
information through the XAS and microscopic imaging with a
spatial resolution of typically 25 nm.">">~"” XMCD reveals the
spin dependence in the XAS spectra, which offers abundant
magnetic information.'®

By combining all these soft X-ray spectroscopic techniques, a
good description of the electronic structure of the Fe-oxide/C
hybrids can be obtained. Especially, a strong interfacial
interaction was observed between the small iron oxide NPs
and layered carbon in contrast to the weak interaction in the
large iron oxide NPs. The strong interfacial interaction led to
better catalytic performance. XMCD results also showed that
the large NPs were mainly y-Fe,O; with a strong ferromagnetic
property, whereas the small NPs with strong interfacial
interaction were mainly a-Fe,O; with a nonmagnetic property.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. The layered-carbon-stabilized iron
oxide nanostructures, called Fe-oxide/C hybridized materials, were
synthesized from the self-assembled ferrocene and the oxide form of
layered carbon, followed by annealing to high temperatures.” A
detailed description of the synthesis process was published in ref 9. In
brief, the graphene oxide (GO) was prepared by a modified Hummer’s
method, and the GO—ferrocenium powder was obtained from the self-
assembled ferrocene and the GO in the nitric acid solution. The GO—
ferrocenium powder was then quickly heated to a designed
temperature (T;) under H, flow for 1 min. When Ty was higher
than 673 K, the iron oxide NPs was obtained on layered carbon
(labeled as Fe-oxide/C-673), and a series of samples with different T
values (labeled as Fe-oxide/C-673, Fe-oxide/C-773, Fe-oxide/C-973
and Fe-oxide/C-1173) were prepared.

2.2. Characterization. C K-edge XAS and XES measurements
were performed on BL8.0.1 (wet-RIXS endstation) of the Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory.'* The
spot size is set to about 0.5 X 0.5 mm. The energy resolution is 0.2 eV
for C K-edge XAS and it is 0.3 eV for XES measurements. For XAS
measurements, the incident angle is about 45° to the sample surface.
The XES spectrometer is orthogonal to incoming photon beam. The
C K-edge XAS analysis was recorded in total-electron-yield (TEY)
mode and energy calibration was by aligning the 7* peak at 285.5 eV
for the reference samples: highly oriented pyrolitic graphite. The C K-
edge XES analysis recorded by using a Nordgren-type spectrometer.'”
Fe L-edge XAS and XMCD experiments were performed on BL6.3.1
of the ALS. The XMCD is the difference signal between the XAS
spectra with circular polarization of the X-rays parallel (o1) and
antiparallel (6]) to the applied magnetic field, oxycp = ol — ot.1®
XMCD spectra were measured at room temperature and 2T magnetic
fields parallel to incoming X-ray beam. The Fe-oxide/C powders were
pressed on a Cu tape for XAS and XMCD experiments.

The Fe-oxide/C powders were sonically dispersed on the TEM grid
(Cu grid with lacey carbon) for STXM experiments."> The STXM
experiments were performed on the SM beamline of the Canaidan
Light Source (CLS). A circularly polarized X-ray beam perpendicular
to the sample surface was used. The focused X-ray beam was about 25
nm and the photon flux was about 2 X 10 photons/s. The data were
analyzed by aXis2000 software (http://unicorn.mcmaster.ca/
aXis2000.html).'¢

3. RESULTS AND DISCUSSION

Figure 1 shows the TEM images of Fe-oxide/C samples treated
at 673, 773 and 1173 K, respectively. The morphology of Fe-
oxide/C samples shows a strong dependence on the annealing
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Figure 1. TEM images of Fe-oxide/C samples synthesized at different
temperatures. (a and b) Fe-oxide/C-673; (c and d) Fe-oxide/C-773;
(e and f) Fe-oxide/C-1173. The scale bars in panels a, c and e are all
50 nm. The scale bars in panels b, d and f are 10, 20 and S5 nm,
respectively.

temperature T, At the lower temperature such as 673 K, the
formed iron oxide NPs are very small. The average size of the
NPs is around 2 nm in Fe-oxide/C-673 with a narrow size
distribution. The average size of the NPs in Fe-oxide/C-673 is
also around 2 nm, but some large NPs (about 5 nm) can also
be observed. When the temperature increases, the size of NPs
also increases significantly. Especially, when the temperature
reaches 1173 K, the NPs grow to be about 20 nm. The large
NPs treated at 1173 K also show different morphology such as
core-void-shell and hollow structures (Figure 1f) due to the
Kirkendall effect.” The average size of the hollow NPs is around
10 nm whereas the core-void-shell NPs have a size distribution
of around 14—25 nm. More details about the NPs can be found
in ref 9. We have not shown the samples treated at below 673 K
because there was no significant NPs observed in those
samples.’

The C K-edge XAS spectra of Fe-oxide/C samples treated at
673, 773, 973 and 1173 K are shown in Figure 2a (the spectra
have been normalized to the pre-edge and the postedge at
about 310 eV). The XAS spectra with a long energy scale are
also shown in Figure 2c. All the spectra of Fe-oxide/C samples
show similar spectral profile with three main absorption peaks
labeled as A, B and D in Figure 2a. The three peaks have been
widely studied in carbon materials.'*">* Peak A at about 285.5
€V can be assigned to the z* (C=C) feature from aromatic
ring structure of layered carbon whereas peak D at about 291.7
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Figure 2. (a) C K-edge XAS spectra of layered carbon, Fe-oxide/C-
673, Fe-oxide/C-773, Fe-oxide/C-973 and Fe-oxide/C-1173 (normal-
ized at around 310 eV). The dash line shows the evolution of feature
Al at various annealing temperatures. (b) Magnified C K-edge XAS
spectra of layered carbon, Fe-oxide/C-673, Fe-oxide/C-773, Fe-oxide/
C-973 and Fe-oxide/C-1173 (normalized at the feature A around
285.5 eV). (c) C K-edge XAS spectra of layered carbon, Fe-oxide/C-
673, Fe-oxide/C-773, Fe-oxide/C-973 and Fe-oxide/C-1173 with a
long energy scale.

eV can be assigned to the o* feature of layered carbon.”"**

Peak B at about 288 eV is attributed to the oxidized groups
such as C=0 or COOH.>"** The XAS spectra suggest that the
Fe-oxide/C hybrids have aromatic carbon ring structure and
have been heavily oxidized during the synthesis process or after
thermal treatment when exposed to air. Although all samples
show the similar spectral shape, one subtle difference can be
seen as guided by the dotted line: a reduced absorption
intensity as indicated by Al when annealing temperature
increases to 1173 K. We also show the magnified spectra in
Figure 2b to reveal the evolution of feature Al (normalized at
the feature A). In previous reports, the feature Al in C K-edge
XAS spectrum was reported and attributed to the interaction
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between the NPs and carbon nanotubes (Sn—O—C bonds).>
Fe-catalyzed carbon nanotubes also showed a similar XAS
feature, indicating a strong hybridization between C and Fe.”*
Nanomaterials may have great potential to interact with the
surrounding materials. For example, recently the nanodiamonds
dispersed in water were reported to show interfacial charge
transfer to the surrounding water molecules, which resulted in
valence holes in the nanodiamonds.*® In this study, the
evolution of feature Al with the temperature points to the
interfacial interaction between the iron oxide NPs and layered
carbon. When the annealing temperature is low, the NPs are
very small and they are chemically active to form the chemical
bonds such as Fe—O—C. The energy position of the feature
Al shifts slightly from the 7* feature, indicating the chemical
interaction is not very strong. When the annealing temperature
increases, the iron oxide NPs grow and aggregate to be large
particles of lower chemical activity (similar to bulk materials),
thus the interaction between the NPs and layered carbon is
further reduced. The evolution of feature Al in Figure 2 shows
the strong chemical dependence on the annealing temperature,
which provides the evidence of interfacial interaction between
the small iron oxide NPs and layered carbon.

To identify clearly the interfacial interaction between the iron
oxide NPs and layered carbon, STXM experiments are
performed in accordance to the TEM images. TEM reveals
the detailed structure with high spatial resolution. The
combination of STXM and TEM probes the NPs and layered
carbon in the detected region and distinguishes the
contribution of impurities such as amorphous carbon or the
aggregation of NPs."” In Figure 3, we show side-by-side the
TEM and STXM images of Fe-oxide/C-673 and Fe-oxide/C-
1173. Figure 3a,b shows the TEM image and the corresponding
STXM map of Fe-oxide/C-673, whereas Figure 3d,e shows the
TEM image and the corresponding STXM map of Fe-oxide/C-
1173. Figure 3cf shows the magnified TEM images of Fe-
oxide/C-673 and Fe-oxide/C-1173 marked by gray ellipse in
Figure 3a,d to confirm the composition in the corresponding
detected region. It is clear that the detected region consists of
the NPs and layered carbon with no obvious impurities such as
amorphous carbon or the aggregation of NPs. Figure 3g shows
the STXM C K-edge XAS spectra of Fe-oxide/C-673 and Fe-
oxide/C-1173 obtained from the marked areas in Figure 3b,d,
respectively. The STXM XAS spectra of both samples show a
similar spectral shape with three main features A, B and D, as
shown in Figure 2. There are some differences in the XAS
spectral shapes between Figure 2 and Figure 3 such as the
different intensity ratios of feature A and feature D. Because in
STXM experiments, the incident X-ray is perpendicular to the
sample surface whereas in the classic XAS experiments, the X-
ray has an incident angle of about 45° to the sample surface, the
different incident angles might be responsible for the different
spectral shapes between Figure 2 and Figure 3.** The spectrum
of Fe-oxide/C-673 in Figure 3g shows a prominent feature Al,
indicating the existence of interfacial interaction between the
NPs and layered carbon. The feature Al in the spectrum of Fe-
oxide/C-1173 also decreases sharply indicating the weak
interaction for the large NPs.

The interfacial interaction could be related to the excellent
catalytic performance. Actually, although all the Fe-oxide/C
hybrids show good selectivity and conversion rate in catalyzing
the oxidation of secondary alcohols, Fe-oxide/C-673 has the
highest activity.” Our results show that Fe-oxide/C-673 is also
the sample with the strongest interfacial interaction, thus the
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Figure 3. (a and b) TEM image and the corresponding STXM image
of Fe-oxide/C-673, respectively. (c) Magnified TEM image marked as
a gray ellipse in panel a. (d and e) TEM image and the corresponding
STXM image of Fe-oxide/C-1173, respectively. (f) Magnified TEM
image marked as a gray ellipse in panel d. (g) STXM C K-edge XAS
spectra of Fe-oxide/C-673 and Fe-oxide/C-1173 from the correspond-
ing regions in panels b and e labeled as red circles. The scale bar in
panels b and e is 200 nm.

synergetic effects between the NPs and C in Fe-oxide/C-673
can be expected to be related to the excellent catalytic
performance.

XES measurements are also performed to obtain the
information on occupied DOS of Fe-oxide/C hybrids. Non-
resonant XES spectra of Fe-oxide/C-673 and Fe-oxide/C-1173
are shown in Figure 4. The nonresonantly excited XES spectra
are collected with an excitation energy of 305 eV and the
spectra of both samples show a wide emission band centered at
276 eV and a high-energy peak centered at 281 eV, which result
from ¢ and 7 states, respectively.'>* The nonresonantly
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Figure 4. XES spectra of Fe-oxide/C-673 and Fe-oxide/C-1173
excited at 305 eV.

excited spectra of Fe-oxide/C-673 and Fe-oxide/C-1173 are
nearly identical to each other, indicating that no obvious band
structure change between the two samples under the present
energy resolution. The resonant XES spectra are also recorded
and shown in the Supporting Information, Figure S1.'%'#2¢%7
The resonant XES spectra of Fe-oxide/C-673 and Fe-oxide/C-
1173 are very similar to each other, except for the small
difference around 282 eV in the XES spectra with an excitation
energy of 285.5 eV. According to the reference, the control over
excitation energy allows one to select the crystal momentum of
the photoelectron’s final state in the conduction band.*® Since
the excitation energy of 285.5 eV is just above Fermi level, the
observed difference in the XES spectra can be attributed to the
slightly different band structure near K point between the two
samples.”

The magnetic properties of Fe-oxide/C hybrids are also
investigated by XMCD. Figure 5a,)b displays the Fe L,;-edge
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Figure S. (a) Fe L,;-edge XAS and (b) the corresponding XMCD
spectra of Fe-oxide/C samples synthesized at different temperatures.

XAS and XMCD spectra, respectively. The Fe L-edge XAS
spectra show two regions due to the orbital splitting. The XAS
spectral shapes for all Fe-oxide/C hybrids are very similar. In
the L, region, the main peak is at around 709 eV (labeled as A”)
with a shoulder peak at around 708 eV (labeled as A). The
spectral shape is similar to that for Fe,O; or Fe;0,."**® Here
the energy resolution is not very high due to the equipment or
the small particle size and the integrated peak A can not be
used to identify Fe;O, or Fe,0;.

The XMCD spectra in Figure 5b exhibit significant
differences in spectral profile depending on the annealing
temperature. XMCD has been widely used to investigate the
magnetic property and applied to distinguish various
ferromagnetic phases that contribute to different dichroic
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signals in iron systems.'®**7>° The dichroic signal of Fe-oxide/

C-673 is insignificant, suggesting weak magnetic property of the
sample. The NPs in Fe-oxide/C-673 could be mainly a-Fe,0;
or amorphous Fe,O; with nonmagnetic property, as Fe;O, or
7-Fe,0; will show strong ferromagnetic property.'® For the
sample of Fe-oxide/C-773, the dichroic signal is still weak and
may suggest that the NPs have no change to the a-Fe,O; or
amorphous Fe,O; phases. When the temperature increases to
973 K, a significant dichroic signal is observed, indicating there
is a change to the crystalline phase in the sample. We used
three peaks labeled as A, B and C to identify the XMCD
features. According to the references, the peaks B and C can be
related to the oxidation state of Fe’" while the peak A is
typically related to the oxidation state of Fe?*.'®*' Here peak A
is lower than peak C, suggesting mainly Fe** components in the
sample. Thus, the results suggest that the NPs in Fe-oxide/C-
973 are mainly y-Fe,O; with both Fe’" and strong
ferromagnetic property. An important phase transition from
a-Fe,0; or amorphous Fe,O; to y-Fe,O; occurs when the
annealing temperature increases to 973 K or above. Looking at
the A/C ratios, the Fe-oxide/C samples at lower temperatures
such as 673 and 773 K have a ratio of about 1 (though the
peaks are weak) whereas the samples at 973 and 1173 K have a
ratio obviously less than 1, indicating that the samples at lower
temperatures may have some Fe’* contents. Also, the slight
shift of peak A’ in Figure Sa for the Fe-oxide/C-1173 sample
supports the hypothesis. The presence of some Fe®* contents
can be related to the interfacial interaction with charge
redistribution. When the NPs grow with further increased
temperature, core-void-shell structures due to the Kirkendall
effect are observed from the hard X-ray XAS spectra.” The
inside core can be Fe species with low oxidation state such as
Fe;0,. Our results from soft X-ray spectroscopy reveal mainly
the surface property and the interface structure of the NPs. For
the sample treated at 1173 K with large NPs, a strong dichroic
signal is observed with a similar spectral shape as that of Fe-
oxide/C-973, pointing to the existence of y-Fe,O;. When the
annealing temperature increases, the size of the NPs in Fe-
oxide/C hybrids increases and the magnetic property also
becomes strong. The interfacial interaction between the NPs
and layered carbon decreases with the growth of the NPs. The
a-Fe,O; or amorphous Fe,O; phases of small NPs may favor
the interfacial interaction and improve the catalytic perform-
ance.

4. SUMMARY

In summary, we have investigated the electronic structure of
Fe-oxide/C hybrids by using soft X-ray techniques such as XAS,
STXM, XES and XMCD. An interfacial interaction between the
iron oxide NPs and layered carbon was clearly identified by
XAS and STXM with a prominent feature Al in the C K-edge
XAS spectra. Results showed that the small NPs led to the
strong interfacial interaction whereas the large NPs resulted in
the weak interaction. Moreover, the strong interfacial
interaction could be related to the improved catalytic
performance. XMCD results at the Fe L-edge also revealed
that the large NPs were mainly y-Fe,O; whereas the small NPs
were mainly a-Fe,O; or amorphous Fe,O; with a nonmagnetic

property.
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