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ion dynamics in a monolayer VOX/
a-Fe2O3 catalyst†

Z. Feng,*ab Q. Ma,c J. Lu,dg H. Feng,dh J. W. Elam,d P. C. Staire and M. J. Bedzyk*af

Catalytic reactions are associated with dynamical changes in the catalyst that include the oxidation state

and local structural variations. The understanding of such dynamics, particularly at the atomic-scale, is of

great importance for revealing the activity and selectivity of the catalyst in numerous reactions.

Combining in situ X-ray absorption spectroscopy with in situ diffuse reflectance infrared Fourier

transform spectroscopy, we studied the redox-induced dynamical changes for a VOX monolayer catalyst

supported on a a-Fe2O3 powder. The results show that several co-existing VOX species reversibly

change their V oxidation states between +5 and +4, in concurrence with a structural change from two-

dimensional chains to well connected V–O–V networks. These changes are also associated with the

breaking and formation of the V]O vanadyl group. This combined study provides new insight into how

VOX species change during catalytic reactions, which leads to proposed atomic-scale models for the

redox-induced dynamics of the catalyst.
1. Introduction

Heterogeneous catalysts, due to their high activity and selec-
tivity, are crucial for industrial, environmental and energy
applications1 such as petroleum rening,2 the selective catalytic
reduction of automotive and industrial NOX emissions,3 and
fuel cells.4–6 It has been known that catalysts go through
dynamical changes (i.e. geometric structure, chemical and
electronic structure) during chemical reactions, which,
however, are difficult to observe directly. The activity of a cata-
lyst is strongly linked to its structure and the strategic hosting
arrangements provided by the support.7,8 By proper choice of
key catalytic elements and their host structures, preferred
reaction pathways can be selected over less desired ones.
Therefore, it is important to understand the atomic-scale
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structures as well as the surface chemistry of catalysts, and
consequently the catalytic reaction mechanisms for tuning
catalytic properties.

Supported vanadium oxides (VOX) are of great interest
scientically and for industrial applications due to their rich
and diverse chemistry,9 and their potential for catalyzing
a number of oxidation reactions, e.g., the oxidation of methanol
to formaldehyde and the oxidative dehydrogenation of light
alkanes.10–13 Various parameters have been shown to affect the
catalytic properties of VOX catalysts, for example, vanadium
oxide loading, molecular structure, electronic structure and the
nature of the supporting oxide.14,15 Although many researchers
have investigated the activity and selectivity of VOX, little is
known about the details of their atomic structure and its
transformation during the catalytic cycle and how this
contributes to their catalytic action.16 In particular, hematite
(a-Fe2O3) supported VOX is a widely used catalyst.17 However,
the effect of the atomic structures of VOX on the catalytic
properties are unknown. A key aspect of these questions is
a knowledge of how the VOX is anchored to the surface of the
support materials under reaction conditions.18 Although the
structure of VOX in the oxidized form has been studied exten-
sively, there remains signicant debate. In contrast, the struc-
ture of the reduced VOX species is essentially unknown. This
absence of detailed structural information makes it difficult to
establish the relationships between the atomic structure,
composition, electronic properties, and the resulting catalytic
performance.19 In this regard, we chose X-ray absorption spec-
troscopy (XAS), which is capable of probing, in situ, the inu-
ence of the local environment on the properties of the
catalytically active species.20 The oxidation states and atomic-
This journal is © The Royal Society of Chemistry 2015
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structural information can be extracted from X-ray absorption
near edge structure (XANES) and extended X-ray absorption ne
structure (EXAFS), respectively. However, spectroscopic and
structural studies of oxidation catalysts under reaction condi-
tions only provide information on the most abundant surface
species, typically in the oxidized state. When the catalytic cycle
can be broken up into two half cycles corresponding to reduc-
tion and reoxidation, it is possible to trap the catalyst in its
reduced state and perform detailed structural and spectro-
scopic measurements. This strategy is employed in the present
paper.

Our previous studies21–24 for monolayer (ML) vanadium
oxides supported on oxide single crystal surfaces have shown
the structural dynamics of vanadium cations as the oxidation
state cycles between V3+/V4+ and V5+. Observations of chemical
and structural transformations and coherence of supported
catalyst under redox cycling can provide information on the
structure of active sites and the reversibility of the reaction.
Typically there is a materials gap between the model single
crystal and real catalytic systems. Therefore, the current work is
focused on polycrystalline materials, as they are real catalysts
used in practical chemical transformations.25 Although the
impregnation method is the most common way to prepare
catalysts, to simplify the study we chose atomic-layer deposition
(ALD) and used H2 and O2 for the reduction and oxidization of
VOX, respectively, to mimic the real reactions. The obtained
insights will have a direct and practical impact on the devel-
opment of many industrial processes.

Herein, we study anML VOX catalyst on a-Fe2O3 powder. ALD
is chosen compared to other conventional methods such as sol–
gel because catalyst can be coated homogenously on the irreg-
ular surfaces of powder materials. During reduction–oxidation
(redox) reaction cycles, in situ XAS is used to gain information
on the oxidation states of VOX species and their atomic-
structures. With the combination of in situ diffuse reectance
infrared Fourier transform spectroscopy (DRIFTS), we observed
the corresponding changes of VOX molecular structure. This
rst combined study on VOX/a-Fe2O3 provides insights of how
vanadium oxides transform chemically and structurally in redox
reactions and their role in the reaction mechanism.

2. Experiment
2.1 Sample preparation

Commercial high purity (99%) a-Fe2O3 (hematite) powders
were purchased from Alfa Aesar as substrates. ALD was carried
out at 200 �C in a viscous ow reactor26 and ultra high purity
nitrogen (Airgas, 99.999%) was used as the purge gas. For the
growth of VOX, the substrates were exposed rst to vanadium
oxytriisopropoxide (VOTP, Sigma Aldrich), at a partial pressure
of 0.05 Torr for 200 s, followed by a nitrogen purge for 100 s.
The substrates were then exposed to hydrogen peroxide at
a partial pressure of 0.2 Torr for 200 s, followed by a nitrogen
purge for 100 s (200–100–200–100 s). This process is dened as
one ALD cycle. 5 ALD cycles of vanadium oxide were used to
coat the hematite substrates. The substrate surface area was
measured to be 6 m2 g�1 by the Brunauer, Emmett and Teller
This journal is © The Royal Society of Chemistry 2015
method, and the sample weight gain aer ALD was �0.7%.
Therefore the VOx coverage can be estimated to be 1.4 ML,
where 1 ML is dened as 10 V atoms per nm2 (see eqn (S1) in
ESI† for details).
2.2 In situ XAS measurements

In situ XAS experiments were carried out at beamline 5BM-D of
the DuPont-Northwestern-Dow Collaborative Access Team
(DND-CAT) at the Advanced Photon Source (APS) of Argonne
National Laboratory (ANL). 10 mg of VOX/a-Fe2O3 powder was
mixed evenly with 190 mg boron nitride (BN) powder, and the
mixture was pressed as a wafer. The pellet was mounted into
a custom in situ XAS cell.27,28 The cell consisted of two concentric
cylinders with Kapton windows at the ends and a thermocouple
port for internal temperature measurement just downstream of
the sample. Gas entered via the outer cylinder, swept through
the region between the cylinders, and exited from the inner
cylinder aer passing through the self-supporting wafer, which
was mounted at the gas inlet of the inner cylinder. All data were
collected in uorescence mode under controlled temperature
and gas environment. A 13-element solid state Ge detector was
used to collect the vanadium(V) and iron (Fe) K uorescence
signals while the Si(111) monochromator scanned the incident
X-ray photon energy through the V and Fe K absorption edges.
The monochromator was detuned to 65% of the maximum
intensity at the V K-edge (5465 eV) and Fe K edge (7112 eV) to
minimize higher harmonics. XAS measurements were per-
formed at each step of the redox reaction process; namely as-
deposited (AD), oxidized (OX), reduced (RE) and re-oxidized
(OX2) conditions. The oxidized and reduced samples were
prepared by annealing at 270 �C for 30 min in pure O2 and
350 �C for 30 min in 3% H2 balanced with helium gas, respec-
tively. The re-oxidized surfaces were prepared by annealing at
350 �C for 30 min in O2 condition to ensure complete oxidation
of the VOX. All spectra were collected aer cooling to room
temperature in ultrahigh purity (99.999%) helium with a ow
rate of 100 sccm. Reference samples of V2O5 and VO2 from
Sigma-Aldrich were measured in transmission mode. The V and
Fe edge energies were calibrated using the V and Fe metal foils,
respectively.

Data reduction and analysis were performed with the
Athena, Artemis and IFEFFIT soware packages.29 Standard
procedures were used to extract the EXAFS data from the
measured absorption spectra. The pre-edge was linearly tted
and subtracted. The post-edge background was determined by
using a cubic-spline-t procedure and then subtracted. The data
were normalized by the height of the absorption edge. For
quantitative analyses, phase shis and back-scattering ampli-
tudes were generated by the FEFF calculations based on crys-
talline structures, namely, V2O5 and VO2, and were then
calibrated through performing the FEFFIT of reference samples'
EXAFS data, mainly to obtain the amplitude reduction factor
S0

2. With the known S0
2, the EXAFS data of the samples were

tted with such generated phase shis and amplitudes. Accu-
racies of obtained results presented here are: N (�10%),
R (�1%), Ds2 (�10%) and DE0 (�10%).30,31
RSC Adv., 2015, 5, 103834–103840 | 103835
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2.3 In situ DRIFT measurements

In situ DRIFTS measurements were performed at room
temperature aer each redox reaction process using a Thermo
Nicolet Nexus 870 instrument with a Mercury-Cadmium-
Telluride detector (Keck II facility at Northwestern University).
The background spectra were taken on the hematite powder
aer calcination at 200 �C for 20 min in 10% oxygen in helium,
and cooling back to room temperature in ultrahigh purity
(99.999%) helium at a ow rate of 100 sccm. The ALD VOX/
hematite sample was then loaded into the DRIFTS cell to
perform the redox reactions and collect spectra. The oxidation
was carried out in 10% oxygen in helium at a ow rate of
100 sccm at 350 �C for 20 min. The reduction was performed at
in 5%H2 balanced with nitrogen at 350 �C for 10min. Except for
the spectrum that was collected in the H2 owing gas aer
�5 minute purging, all the other spectra were collected aer
cooling to room temperature in helium (512 scans, a resolution
of 4 cm�1). Although the oxygen and hydrogen percentages were
not exactly the same as those used for XAS measurements, the
oxidation and reduction time is long enough to ensure that VOX

species were fully oxidized or reduced.
3. Results and discussion

The normalized XANES spectra of VOX/hematite at the AD, OX,
RE and OX2 conditions are plotted in Fig. 1a. Comparison to the
spectra from the V2O5 and VO2 references clearly shows that
hematite supported vanadium oxides go reversibly from V5+ in
the oxidized state to V4+ in the reduced state. Careful exami-
nation shows that the OX pre-peak width is larger than that of
bulk V2O5, and its rising edge has a �0.7 eV shi towards lower
energy compared to that of V2O5, but with the same slope as that
of either RE or VO2. This suggests that the OX sample may
Fig. 1 (a) Normalized V K-edge XANES spectra for VOX/a-Fe2O3 in as-
deposited (AD, purple), oxidized (OX, red), reduced (RE, violet) and re-
oxidized (OX2, blue) conditions and comparisons with V2O5 (black) and
VO2 (green) powder references. Clearly OX and OX2 spectra are
overlapped, suggesting the reversible changes on VOX catalyst. (b) The
comparison of pre-edge peak intensities of VOX/a-Fe2O3 reduced at
different temperatures. RE300, RE320, RE350, and RE375 denote the
reduction temperatures of 300 �C, 320 �C, 350 �C, and 375 �C,
respectively.
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contain some fraction of V4+. A t of the OX XANES using
a linear combination of VO2 and V2O5 reference spectra gives an
estimated 10% V4+ in the OX, while the line shape analysis of
the OX XANES gives an estimate of 6% V4+ in the sample (see
Fig. S1 in ESI† for details). In addition, the XANES of VOX/
hematite are rather different from those of the references,
suggesting that the local structures around V may deviate from
those of bulk V2O5 and VO2. The change of the pre-peak
intensity (Fig. 1a) is indicative of the changes in the local
symmetry around V, namely the lower the symmetry, the higher
the pre-peak intensity.32 For bulk V2O5 that forms an ortho-
rhombic (Pmmn) layer crystal,33 each vanadium atom and its ve
nearest oxygen neighbors create an edge- and corner-share
distorted VO5-pyramid with one short V]O bond of 1.58 Å
and four V–O bonds of 1.83 Å.14 In contrast, for bulk VO2 (either
rutile or monoclinic), each vanadium atom is surrounded by six
oxygen atoms to form a distorted VO6 octahedral structure with
V–O distances in the range 1.76–1.87 and 2.01–2.05 Å.9,34

Therefore, V2O5 that has lower local symmetry around V shows
more pronounced pre-peak intensity. It is also noted that the
oxidized VOX/hematite has higher pre-peak intensity compared
to that in RE (Fig. 1b) and VO2, thus a lower local symmetry
around V is expected. The ratio of the pre-peak height (H) to the
edge-jump height (S) can be used to determine the local
symmetry. For a perfect tetrahedron this value is 0.8–1.0.30 In
our case, the H/S ratio of the OX is �0.55, suggesting a possible
distorted tetrahedral local structure, while the H/S ratio in RE is
reduced to �0.3 in RE, suggesting an octahedrally coordinated
geometry, which is supported by the nearly identical pre-peaks
of VO2 and VOX in RE (Fig. 1a).

Further experiments also indicate that the complete reduc-
tion of V5+ to V4+ can only be realized above 350 �C, and
temperatures below that only lead to the partial reduction of
V5+, as shown in Fig. 1b. Similarly, the oxidation from V4+ to
V5+ also has to be performed above 350 �C. Note that the
temperature-dependent XANESmeasurements were done in the
H2 or O2 condition. Thermodynamically there is no equilibrium
between oxidized and reduced VOX. Furthermore, the XANES
pre-edges of the OX and OX2 do not exactly overlap with that of
V2O5 (Fig. 1a). These results imply the existence of various VOX

species that have different energy barriers for redox reactions
and these VOX species could be a mixture of V4+ and V5+, instead
of gradual reduction or oxidization of the same VOX species.
This hypothesis is further supported by previous Raman and
theoretical studies of q-Al2O3 supported VOX,35,36 which sug-
gested that the co-existence of several VOX species can lead to
different catalytic reduction temperatures. As these VOX species
have similar local atomic structures, they are hard to distin-
guish by XAS.

The change between V4+ and V5+ for the reduced and
oxidized VOX, respectively, has been observed in our previous
model system studies on VOX/a-TiO2(110), which suggests that
V alters its oxidation state between 4+ and 5+ if V coverage is
more than 1 ML, while between 3+ and 5+ if the coverage is less
than 1 ML.13,22,24 This study on powder VOX is consistent with
our studies on model system. This may be due to the high
This journal is © The Royal Society of Chemistry 2015



Table 1 Summary of EXAFS fitting results for the oxidized (OX) and
reduced (RE) samples. The detailed bond assignments for a VO4

tetrahedral unit in OX and a VO6 octahedral unit in RE are descripted in
Fig. S5 of ESI

Condition Scattering pair N R (Å) s2 (Å2)

OX V–O(1) 2.2 1.62 0.0007
V–O(2) 1.7 1.82 0.0009
V/Fe 2.0 3.03 0.0090

RE V–O(1) 2.0 1.66 0.0057
V–O(2) 5.4 1.96 0.0075
V/Fe 2.7 3.02 0.0070
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energy barrier for high coverage VOX to be reduced to V3+, which
needs future theoretical investigation.

The Fe K edge XANES and EXAFS for AD, OX, RE and OX2
were measured correspondingly (Fig. S2†). However, no change
for Fe was found during the redox. This could also be due to
bulk-sensitive XAS that cannot detect the surface changes of
Fe2O3, in our case, where only�3% of the Fe is surface Fe in the
Fe2O3 particles with average size of 5 mm. At 350 �C, surface Fe3+

cations are possibly reduced due to low V coverage and/or well
dispersed V species to assist the reduction of V, as observed in
our previous studies of VOX on single crystal a-Fe2O3(0001).23

Future experiments can be designed to work with a-Fe2O3

nanoparticles (i.e., <10 nm), for which signals from surface Fe
dominate.

The change in the local atomic structure around V cations is
extracted from the V K edge EXAFS data collected at each redox-
processing step. Fig. 2 shows the Fourier transforms of the
EXAFS spectra collected for one redox cycle (OX-RE-OX2), and
are compared to those of bulk VO2 and V2O5. The OX2 EXAFS is
similar to that of the OX indicating reversibility, which is in
agreement with the XANES measurements (also see Fig. S3† for
comparison of data in k space). The distinct spectra for RE and
OX suggest that these supported vanadium oxides have
different atomic structures, and differ markedly from their
corresponding bulk references. Using the amplitude reduction
factor, S0

2 ¼ 0.65, obtained from the t of the V2O5 reference
(Fig. S4†), the rst neighbor structure around V in the OX
sample is best reproduced by 2.2 V–O bonds of 1.62 Å and 1.7
V–O bonds of 1.82 Å (Table 1), suggesting a total coordination
number N ¼ 4. The small Debye–Waller factor, s2 (<10�3 Å2

compared to 5.7 � 10�3 from V2O5 analysis), may be indicative
of somewhat underestimated value of N, given the strong
correlation between s2 and N. However, the large H/S ratio of
Fig. 2 (a) Fourier transforms (FT) of vanadium K-edge EXAFS spectra
(open circles) for V2O5 (black) and VO2 (green) reference powders, and
VOX/a-Fe2O3 in oxidized (OX, red), reduced (RE, wine) and re-oxidized
(OX2, blue) conditions. The lighter-colored lines are fits to the EXAFS
data for VOX/a-Fe2O3 in OX and RE conditions. Data are offset verti-
cally for clarity. (b) EXAFS FT for OX, RE and OX2 show big differences
between the oxidized and reduced state for VOX, but similarity in peak
positions and amplitudes between OX and OX2, suggesting the
reversibility of this redox reaction.

This journal is © The Royal Society of Chemistry 2015
�0.55 for the OX VOX indicates a dominant low symmetry
coordination conguration around V.

Previous studies14,37–40 have suggested that oxide-supported
VOX in a V5+ oxidation state has a VO4 tetrahedral structure
with one V]O bond, one V–O–Msupport bond (M represents the
support metal cation) and two V–O–V bonds. Although EXAFS
studies30,41–44 of vanadium oxides on different supports sug-
gested that the VO4 unit has one V]O bond �1.6 Å and
multiple V–O bonds �1.8 Å, our study shows that the OX
contains VO4 tetrahedral units with two short V–O bonds. To the
best of our knowledge, this is the rst structural study of VOX

anchored on polycrystalline Fe2O3. The different VOX atomic
structures compared to previous studies of VOX on other
supports (e.g., SiO2, TiO2, ZrO2) could be due to the interaction
between VOX and Fe2O3 surface to minimize the surface energy.
It is interesting to note that the VO4 unit in bulk Fe2V4O13 also
has two short vanadium–oxygen bonds (�1.6 Å) and two long
vanadium–oxygen bonds (�1.8 Å).45 One of the short bonds is
V–O in either V–O–V or V–O–Fe geometry. Therefore, the 1.62 Å
bonds from our EXAFS analysis are assigned to a V]O bond
and a V–O bond in either V–O–V or V–O–Fe geometry, while
accordingly the larger bond of 1.82 Å is assigned to V–O bonds
in either V–O–V or V–O–Fe, respectively (see Fig. S5†).

Similarly, the analysis of the RE sample gives ca. 2 V–O bonds
of 1.66 Å and ca. 5 V–O bonds of 1.96 Å, with s2¼ 5.7� 10�3 and
s2 ¼ 7.5 � 10�3 Å2, respectively. The short V–O bond is
considerably shorter than the shortest bond (1.76 Å) in bulk
VO2, while the long V–O bond is close to the weight-averaged
bond length (1.93 Å) in VO2. Given the large error in the coor-
dination number and the excellent overlap of the V XANES
spectra for RE and the VO2 reference, a distorted octahedral
coordination geometry around V is proposed. Such a VO6 local
structure forms V–O–V networks, which were also found in our
pervious study of ML VOX supported on a-TiO2(110) single
crystal.13 As there are two different cases for VOX in OX, there
can be three different bonding structures with 1.66 Å for either
V–O bonds from V–O–Fe and/or 1.96 Å to the long V–O bonds
from V–O–V (see Fig. S5†).

Analysis of the second shell at �3 Å in Fig. 2 is complicated,
but the results show that 3.03 Å and 3.02 Å can be assigned to
V/Fe bonds in V–O–Fe for OX and RE, respectively, where the
symbol “/” implies that the V and Fe are next-nearest-
neighbors (see Fig. S6 and S7, and ESI† for details). This is
RSC Adv., 2015, 5, 103834–103840 | 103837
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consistent with V/Msupport distances for VOX supported on
various substrates, e.g. SiO2, ZrO2 and Nb2O5.30,46 Since the Fe–O
bond in bulk a-Fe2O3 is 1.91 Å, in the triangle that is made of V,
O, and Fe, the V–O–Fe bond angle can be calculated to be 118�

(V–O bond 1.62 Å) or 111� (V–O bond 1.82 Å), which is slightly
larger than 101� of V–O–Sisupport46 but smaller thanmost V–O–M
bond angles in vanadium compounds that range from 128� to
155� (ref. 47) (see Fig. S5 in ESI† for detailed bond assignments).

To further understand the reversible structural and chemical
transformation of V cations during redox reactions, in situ
DRIFTS was performed. Fig. 3 shows the in situ background-
subtracted DRIFTS measurements on VOX/hematite powder at
different redox processing steps. Changes in the V bonding
conguration are clearly seen when comparing AD, OX, RE, and
OX2. Additional differences appeared when the measurements
were performed in owing H2 and aer reduction/oxidation at
different temperatures. The peaks around 1030 cm�1 are
assigned to the V]O stretch.39,48–50 For the AD sample, there are
3 V]O related peaks that can be attributed to different V]O
bond types inuenced by varying degrees of hydration. Aer the
rst oxidation, there is only one dominant V]O stretching
band at 1034 cm�1, which is a consequence of dehydra-
tion.39,49,51 The V]O feature is also evidence for V5+. During the
ow of 5% H2 balanced with nitrogen at room temperature, the
V]O peak intensity was reduced and the position shied
slightly to lower wavenumbers. This is likely due to partial
hydration of the V]O bonds by residual moisture in the H2 line,
because an increase in the water background was clearly
observed in the difference spectrum between the spectra of OX
and H2 ow (not shown here). Upon heating to 300 �C in 5% H2

in N2, the V]O peak intensity was diminished, which indicates
Fig. 3 In situ DRIFTS measurements of VOX supported on hematite
a-Fe2O3 powder after sequential oxidation and reduction using O2 and
H2, respectively. The wavenumber regions, shown on the left- and
right-hand sides, are from the same individual infrared spectra
collected after each treatment step but with different offsets for clarity.
RE300 and OX2300 denote the reduction and re-oxidation tempera-
tures at 300 �C, respectively. The OX2 data at the very top is for re-
oxidation performed at 350 �C.
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V reduction. Meanwhile, new peaks appeared at 890 cm�1 and
1100 cm�1, which can be assigned to the V–O–V stretching
mode in polymeric VOX species48,50 and the overtone of V–O–V
bonds at 550 cm�1,52 respectively. However, reduction of V
cations was incomplete until the reduction temperature was
increased to 350 �C, at which point the peaks at 890 cm�1 and
1103 cm�1 became more pronounced and the V]O peak at
1030 cm�1 completely disappeared. This behavior is consistent
with the XAS measurements that 350 �C is the temperature
required for complete VOX/hematite reduction. H2 reduction
eliminates the V]O stretch band, indicating a dramatic change
in the VOX structure and oxidation state. The increase of the
V–O–V absorbance peak suggests an aggregation of polymeric
VOX species. This is also consistent with XAS measurements.
Similarly, complete oxidation (OX2) requires temperatures
above 350 �C. The reappearance of the V]O stretching mode
and the disappearance of the V–O–V stretching mode agree with
the oxidation of V4+ to V5+ as well as the structural reversibility
found in XANES and EXAFS measurements. The observation
here of vanadyl bond reduction by a reducing gas such as H2 at
high temperature is consistent with that in previous studies,10,53

which have shown that the reactivity of VOX catalysts in redox
reactions is closely correlated with the reducibility of the
vanadyl group. However, the present work demonstrates that
signicant structural changes accompany the oxidation state
change, in addition to a simple breaking and formation of the
vandyl oxygen bond. Although the FTIR results are similar to
what was observed previously for cyclohexane oxidative dehy-
drogenation on single crystal a-TiO2(110) supported VOX, the
present work provides the chemical, atomic, and bonding
structures of VOX in both the OX and RE conditions on a poly-
crystalline support with sufficient surface area for catalytic
activity tests and possible practical applications.

Based on information gained from in situ XAS and in situ
FTIR, we propose the schematic models depicted in Fig. 4 to
explain the transformations of VOX/hematite during H2/O2

redox reactions. This models shows how surface VOX alters its
Fig. 4 Perspective view of models for redox reaction on hematite
(a-Fe2O3) supported ML VOX. In the oxidized (OX) condition, V5+ with
tetrahedral VO4 structure is bonded to the a-Fe2O3 surface with one
V]O, one V–O–Fe, and two V–O–V bonds in each unit. In the
reduced (RE) state, V4+ in an octahedral VO6 network are formed.
During H2 reduction, V]Obonds are broken and converted to V–O–V
and V–O–Fe linkages.

This journal is © The Royal Society of Chemistry 2015
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oxidation state, bonding, and atomic structure. Oxidation
results in tetrahedral VO4 structures, which are bound to
hematite surfaces with one V–O–Fe for each VO4 unit, forming
two-dimensional chains similar to the polymeric vanadium
oxides anchored on oxide surfaces described by Weckhuysen
et al.14 H2 molecules interact with the V]O bonds from V5+ in
the OX state, reducing the vanadium oxides. This reduction not
only changes V5+ to V4+, but also causes the transformation from
a corner-shared tetrahedral VO4 structure to a highly interactive
edge-shared VO6 network. More V–O–V and V–O–Fe linkages are
created. Our studies also found that temperature is critical for
catalysts to become activated, i.e. to achieve complete oxi-
dization or reduction during redox reactions. Compared to our
previous study of VOX on both single crystals21–24 and powdered
rutile,13 VOX supported on hematite powder shows better
reversibility in both oxidation state and atomic structure. This
could be due to a stronger interaction between VOX and the
hematite substrate, which assists the VOX in catalytic oxidation
reactions.

4. Conclusion

In summary, we have combined in situ XAS and DRIFTS to study
the transformation of ML VOX on hematite powder surfaces in
redox reactions. Using in situ XAS, we directly witnessed the
catalysts' surface dynamics during reaction, and observed the
temperature-dependent changes associated with the reaction
energy barrier. In situ DRIFTS shows that upon reduction, the
V]O bond is broken and the V–O–V network is strengthened.
Our measurements not only demonstrate that the vanadyl bond
is the critical participant, but also revealed that the V oxidation
state changes together with local atomic structural rearrange-
ments. This can be explained by the Mars-van Krevelen reaction
mechanism and in our case V cations change from V5+ to V4+,
concurrent with the transformation of VO4 tetrahedra to VO6

octahedra between the oxidized and reduced states. All changes
are reversible, suggesting a good reversibility of V catalysts. This
combined-technique strategy has important implications for
understanding a range of catalytic reactions on powder catalysts
that are widely used commercially. Our next step is to further
implement catalytic tests into our experiments to associate
structural changes with catalysts' activity and selectivity.
Knowledge of the structural and oxidation state trans-
formations under real catalytic conditions will provide both
atomic-scale and macroscopic views of the structure–activity
relationships.
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