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ABSTRACT: We explore how the atomic-scale structural and chemical
properties of an oxide-supported monolayer (ML) catalyst are related to
catalytic behavior. This case study is for vanadium oxide deposited on a
rutile α-TiO2(110) single-crystal surface by atomic layer deposition
(ALD) undergoing a redox reaction cycle in the oxidative dehydrogen-
ation (ODH) of cyclohexane. For measurements that require a greater
effective surface area, we include a comparative set of ALD-processed
rutile powder samples. In situ single-crystal X-ray standing wave (XSW)
analysis shows a reversible vanadium oxide structural change through the
redox cycle. Ex situ X-ray photoelectron spectroscopy (XPS) shows that V
cations are 5+ in the oxidized state and primarily 4+ in the reduced state
for both the (110) single-crystal surface and the multifaceted surfaces of
the powder sample. In situ diffuse reflectance infrared Fourier transform
spectroscopy, which could only achieve a measurable signal level from the
powder sample, indicates that these structural and chemical state changes are associated with the change of the VO vanadyl
group. Catalytic tests on the powder-supported VOx revealed benzene as the major product. This study not only provides atomic-
scale models for cyclohexane molecules interacting with V sites on the rutile surface but also demonstrates a general strategy for
linking the processing, structure, properties, and performance of oxide-supported catalysts.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

Heterogeneous catalysts are crucial for industrial and
environmental applications such as petroleum refining1

and the selective catalytic reduction of automotive and
industrial NOX emissions.2 A fundamental understanding of
the interactions between chemical species and catalytically
active surfaces is vital for advancing the science of
heterogeneous catalysis and developing industrial applications.
Supported vanadium oxide (VOx) is an important and
commonly used model catalytic system due to its rich and
diverse chemistry.3 Much work has focused on the atomic-scale
structural properties of VOx during chemical reactions.3−7

Furthermore, supported VOx has also been intensively
investigated for the oxidative dehydrogenation (ODH) of
ethanol, propane, and cyclohexane due to its high catalytic
reactivity and selectivity.8−11 During a catalytic turnover, the
vanadium cation undergoes reduction and reoxidation.
However, the atomic-scale structural and oxidation state
changes in the catalytic VOx surface species that are associated
with the catalytic cycle are poorly understood at best. Although
the structure of oxidized VOx is believed to have a four-
coordinate distorted tetrahedral geometry with a vanadium−
oxygen double bond,12 the atomic-scale structure can be
complicated under different conditions such as different V
coverages and supports.3,4,6,13,14 The structure of the reduced

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 catalytic performance.15

Spectroscopic and structural studies of oxidation catalysts
under reaction conditions only provide information on the
most abundant surface species, typically in the oxidized state.
However, when the catalytic cycle can be broken up into two
half-cycles corresponding to reduction and reoxidation, it is
possible to trap the catalyst in its reduced state and perform
detailed structure and spectroscopic measurements. This
strategy is employed in the present study.
Recently, we reported the surface structural changes of

monolayer4 (ML) and sub-ML13 VOx supported on rutile α-
TiO2(110) during reduction−oxidization (redox) reactions
using H2 and O2 gas. Our findings showed that different V
coverages led to different V structural and chemical state
changes. In this present study, to better understand these
structure−activity relationships, the molecular structure of VOx

species on both rutile TiO2(110) single-crystal surfaces and
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powders are explored under oxygen oxidative and cyclohexane
reducing environments by combining in situ X-ray standing
waves (XSW), in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), and ex situ X-ray photo-
electron spectroscopy (XPS). V atomic structural maps from
the XSW measurements are recorded for the oxidized (Ox),
reduced (Re), and reoxidized (Ox2) interfaces. The XSW-
observed structural changes are associated with changes in both
the chemical state and bonding of the interfacial V, as observed
by XPS and DRIFTS, respectively. Next, selectivity and
reactivity tests are performed. The structural and chemical
information provided by XSW, XPS, and DRIFTS are linked to
catalytic performance, demonstrating a general strategy for
understanding the structure−property relationship at the
atomic scale.
Polished α-TiO2(110) single-crystal substrates were cleaned

and oxygen-annealed to obtain atomically flat surfaces. (α refers
to the rutile phase of TiO2.) The substrates were then exposed
to two atomic layer deposition (ALD) growth cycles to grow
1.5 ML VOx. One ML is defined as the area density of Ti atoms
in the TiO(110) plane, or 10.4 atoms/nm2. These samples are
denoted as 2c-s, where “c” stands for the ALD cycle and “s”
stands for single crystal. Atomically flat terraces were observed
by atomic force microscopy (AFM) before and after the ALD
(see Figure S1 in the Supporting Information (SI)), indicating a
conformal film-like structure on the surface. VOx was also
deposited on rutile powders. The ALD precursor exposure and
purge times were increased to account for the larger surface
area and increased vapor transport time for the powder relative
to coating planar surfaces. Three and six ALD cycles of VOx

were deposited, denoted as 3c-p and 6c-p, where “p” stands for
powder.
Ex situ XPS was used to examine the chemical states of the

surface atoms supported on both single crystals and powders
after each step of the reaction process, namely, the as-deposited
(AD), Ox, Re, and Ox2 conditions. Figure 1a shows the XP
spectra of the 2c-s sample at the Ox and Re states.16 XPS of

Ox2 (not shown) was virtually identical to the XPS of Ox,
indicating reversibility of the VOx chemical states. We used data
processing and assignment methods described elsewhere for
fitting the XPS peaks.5,17,18 As seen in Figure 1a for the Ox
state, the V 2p3/2 binding energy (BE) is 517.2 eV, and the
binding energy difference (BED) between the O 1s and V 2p3/2
is 12.8 eV. This indicates that V is V5+ for the Ox state.
However, in the Re state, the V 2p3/2 peak became broader,
indicating the coexistence of multiple chemical states. Detailed
analysis shows that these V’s were composed of 61% V4+ (BED:
14.0 eV) and 39% V5+. This 61% transformation of V5+ → V4+

after cyclohexane reduction is similar to that of our previous
study of 2 ML VOx/α-TiO2(110), for which H2 was used as the
reductant and where we saw 100% transformation.4 It is not
surprising to observe this partial reduction of V5+ to V4+ in an
ambient condition because of the coexistence of multiple
chemical states of V. This has similarly been reported for V on
silica, alumina, and zirconia,19,20 which, like titania, are also
difficult to reduce.
In situ XSW analysis21−23 was used to measure the V atomic

density map relative to the rutile substrate lattice. XSW
combines single-crystal X-ray diffraction with X-ray fluores-
cence (XRF). Unlike conventional diffraction methods, the
XSW method is element-specific (via XRF) and does not suffer
from the so-called “phase problem”. Therefore, it is
straightforward to produce a model-independent 3D map,
ρ(r), for the XRF-selected atomic species by the summa-
tion24−27

∑ρ π= + − ·
≠− ≠

f Pr H r( ) 1 cos[2 ( )]H H
H H H, 0 (1)

which uses the XSW-measured Fourier amplitudes f H and
phases PH from each H = hkl substrate reflection examined.
Figure 1b shows the XSW data and fit for the TiO2(110) Bragg
peak. The V Kβ fluorescence yield was analyzed for each redox
processing step.28 The different shapes of these yields in the Ox
and Re states indicate that there are different V structures under
these two different conditions. An extremely low value for the
110 Fourier amplitude, f110 = 0.07, was found for the Ox
condition, indicating that V atoms are uncorrelated with the
substrate lattice. This was also found in our previous study of
the Ox 2 ML VOx/α-TiO2(110)

4 but not for our recent sub-
ML case.13 In the Re state, the very asymmetric V Kβ yield
(Figure 1b) gives a relatively high Fourier amplitude, f110 =
0.61, indicating that the surface V cations are highly correlated
with the substrate lattice in a direction normal to the 110
planes. Therefore, more XSW measurements (Figure S3, SI) in
the Re state were made for other hkl diffraction planes. The
results are shown in Table 1. Interestingly, the Fourier
amplitudes for all of these measured planes had high values,

Figure 1. (a) Ex situ X-ray photoelectron spectra and (b) in situ (110)
XSW analysis for the same 1.5 ML VOx/α-TiO2(110) surface after the
O2 oxidation (Ox) and cyclohexane reduction (Re) processing steps.
(a) V changes from 100% V5+ for the Ox to a mixture of 61% V4+−
39% V5+ for the Re surface. (b) The V atomic distribution changes
from uncorrelated (Ox) to 60% correlated (Re) and reversibly back to
uncorrelated (Ox2).

Table 1. Summary of the XSW Experimental Results (meas)
and Model-Dependent Fitting Results (calc) from the Re
Surface of the 1.5 ML VOX/α-TiO2 (110)

a

hkl fmeas fcalc Pmeas Pcalc

110 0.61(3) 0.60 0.02(1) 0.04
101 0.65(6) 0.60 −0.05(2) 0.02
200 0.50(9) 0.60 −0.03(4) 0.04
211 0.60(9) 0.60 0.03(4) 0.06

af and P are the Fourier amplitude and phase, respectively, for the V
atomic distribution.
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indicating a strong 3D correlation for the V atom distribution
relative to the substrate lattice in the Re state. For the Ox2
state, f110 = 0.12 is a reasonably good match for f110 = 0.07 in
the Ox state. This structural information is consistent with the
reversibility of VOx during the redox reaction, as observed
chemically by the XPS results. These findings are consistent
with our earlier study.4 In both cases, redox causes V cations to
undergo a reversible correlated−uncorrelated transformation
concurrent with an XPS-observed oxidation state trans-
formation from V4+ to V5+, respectively.
By inserting all XSW-measured Fourier components (and

their symmetry equivalents) into eq 1, a V atomic density map
was created, as shown in Figure 2. This density map is

superimposed onto the substrate TiO2 unit cell, which is
outlined in black in Figure 2a. Figure 2a also shows adsorption
sites, in which the atop (AT or A) and bridge (BR or B) sites
are the two symmetry-inequivalent bulk-like Ti sites.29,30

Analysis (Figure S4 and Table S1, SI) of the 3D map (Figure
2) shows that V atoms equally occupy these two sites and that
the spatial positions of the density maxima for both are
displaced 0.05 Å slightly higher than the ideal Ti bulk-like
positions. This XSW finding, together with the XPS finding of
V4+ for the Re surface, is consistent with the formation of a
rutile VO2 structure having pseudo-morphic epitaxy with the
underlying rutile TiO2 crystal. This is not surprising because
bulk VO2 has a rutile crystal structure, and the formation of
highly coherent VO2 films isostructural to the TiO2 rutile
substrate have been reported for various growth meth-
ods.14,31−33 Ti K XRF signals from the bulk TiO2 were also
analyzed (Figure S5 and Table S2, SI) to ensure the validity of
the XSW analysis.
To better quantify the V surface site geometry for the Re

case, a model is used based on the rutile-on-rutile structure
described above. Because the Fourier amplitudes for each of the
measured hkl reflections was roughly 0.6, we would conclude
that 0.9 ML of the 1.5 ML V are correlated V4+ in the Re state.
Therefore, a single layer, instead of two rutile-like pseudo-
morphic layers,4 is used as the model. In this model, V ions take
Ti sites, X (=AT or BR), with occupation fractions, cX, and

heights, hX, above the TiO plane. The fitting results show that
the two sites are occupied equally (cA = cB) with the total
occupation fraction, cA + cB = 0.60, indicating that 60% of the V
ions are correlated to the substrate lattice. Model-dependent
fitting also shows that the V heights are at 3.32 Å above the
TiO plane for both sites. This is 0.07 Å higher than the ideal Ti
site. For the Re surface, it is very interesting to note that the
fraction (0.60) of V found by XPS in the V4+ chemical state
matches the XSW-measured V correlated fraction.
To further understand how V ions undergo the correlated−

uncorrelated transformation and how this structural change
relates to interactions with cyclohexane and catalytic behavior,
in situ DRIFTS and catalytic tests were carried out. Due to the
limited surface area of the single-crystal-supported V, powder-
supported V samples were used for both measurements. To
ensure that the powder-supported V behaved catalytically the
same as the single-crystal-supported V, XPS was performed.
These measurements revealed that both the single-crystal and
powder-supported ML V undergo the same redox cycle, that is,
oxidized by O2 and reduced by cyclohexane under the same
reaction conditions. Ex situ XPS measurements for both sets of
samples (Figures 1a and S6, SI) showed the same trend for the
electronic structural changes, namely, V5+ was found in the Ox
state, while V4+ for ML V was found in the Re state. This
strongly argues that the catalytic behavior of the VOx should be
the same on both the powders and the rutile (110) single-
crystal surfaces. Consequently, results obtained from the
cyclohexane ODH tests on the powder can be correlated to
the VOx structural changes measured on the single crystal.
The vibrational features from VOx species (on TiO2) are

usually obscured in the IR region due to the strong skeletal
absorption of TiO2 below 1000 cm−1.34−37 To measure the
spectral features contributed from surface VOx species, the
background for the DRIFTS measurements was taken on the
dry pure rutile powder and subtracted from the VOx/TiO2
spectra. Figure 3 shows the in situ background-subtracted
DRIFTS measurements on VOx (six ALD cycles) supported on

Figure 2. XSW-measured 3D vanadium atomic density map for ALD-
grown 1.5 ML VOx/α-TiO2(110) after the surface was reduced by
cyclohexane. (a) A TiO2(110) ball-and-stick model with O atoms in
red and Ti in light blue. The nonprimitive unit cell for the (110)
surface (outlined in black) has a height of 2d110 = 6.50 Å. The model
shows a possible surface termination that has both bridging (BO) and
terminal (TO) oxygen atoms. Possible cation adsorption sites include
atop (AT), bridging (BR), and tetradentate (TD). (b) V atomic
density map superimposed on same unit cell as that in (a) with the AT
and BR symmetry-inequivalent Ti sites shown as solid and open
circles, respectively. The V density maxima are laterally aligned with
sites AT and BR but shifted slightly upward.

Figure 3. In situ DRIFTS measurements of VOx supported on rutile
TiO2 powder after sequential oxidation and reduction using O2 and
cyclohexane, respectively. The wavenumber regions, shown on the left-
and right-hand sides, are from the same individual infrared spectra
collected after each treatment step.
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rutile powder. Changes in the V bonding configuration are
clearly seen when comparing the spectra for the AD, Ox, Re,
and Ox2 surfaces. For the AD sample, the weak peak at 1010
cm−1 is assigned to hydrated VO double bonds in
monomeric VOx species.38−41 The peak at 890 cm−1 is
assigned to the V−O−V stretching mode in the polymeric
VOx species.

39,41 To the best of our knowledge, this is the first
reported observation of the V−O−V stretching mode using
DRIFTS on TiO2-supported VOx catalysts. As discussed
elsewhere, the broad band at 1996 cm−1 is the first overtone
of the fundamental VO stretch, observed at 1010 cm−1.34,37

After the first oxidation, the peak for the VO bond becomes
more pronounced and is shifted higher in wavenumber to 1037
cm−1 as a consequence of dehydration.34,38,40 Meanwhile, the
decrease of the peak at ∼890 cm−1 from AD to Ox is the result
of the breakdown of polymeric VOx species after oxidation. The
first overtone splits into two bands at 2042 and 1972 cm−1,
which are assigned to the overtone of dehydrated monomeric
and polymeric VOx species, respectively.

34−37 This is consistent
with the XSW finding of uncorrelated VOx in Ox. The VO
feature is also evidence for V5+. Cyclohexane reduction (Re in
Figure 3) causes the VO stretch band to disappear along
with its first overtone, indicating a dramatic change in the VOx
structure and chemical state. The increase of the V−O−V
absorbance peak and simultaneous blue shift to 900 cm−1

suggest an aggregation of polymeric VOx species.
39,41 This is

also consistent with the above-described XSW findings, which
indicate the formation of a correlated VO2 rutile structure
pseudo-morphic to the underlying rutile substrate. After the
second oxidization (Ox2 in Figure 3), there is a similarity with
the Ox spectrum that indicates the reversibility in agreement
with the XSW and XPS measurements. The less pronounced
VO stretch at 1037 cm−1 compared with the one in the Ox
spectrum, may be due to an incomplete structural reversibility.
Most importantly, the peak in the 850−950 cm−1 region
decreases. The similarity in this region for Ox and Ox2 shows
that V−O−V linkages are weakened by oxidization for VOx on
TiO2 surfaces, resulting in the uncorrelated VOx structure
observed by XSW. The observation of vanadyl bond reduction
by a cyclohexane molecule in our studies is consistent with that
in previous studies,42,43 which have shown that the reactivity of
VOx catalysts in the ODH reactions is closely correlated with
the reducibility of the vanadyl group. However, the present
work demonstrates that significant structural changes, including
movement of vanadium atoms, accompany the reduction from
5+ to 4+. The reduction cannot be simply described as a loss of
vanadyl oxygen.
Catalytic tests were carried out on powder-supported VOx.

These tests revealed that during cyclohexane ODH, benzene
was the major reaction product, and the selectivity to
cyclohexene was low (<5%) in the temperature range of
325−425 °C (See Figures S8 and S9, SI). The selectivity to
benzene and cyclohexane both gradually decreased, while the
selectivity to CO2 and CO apparently increased at above 350
°C.
On the basis of information obtained from XSW, XPS,

DRIFTS, and the catalytic tests, we propose the model depicted
in Figure 4a to explain the process of cyclohexane ODH on α-
TiO2(110)-supported ML VOx. This model shows how
cyclohexane molecules transform the surface VOx. After
oxidization, VOx forms tetrahedral VO4 species with V5+

terminated by VO bonds and bonded to three oxygen
atoms below. Stereochemically, the symmetry of these

tetrahedra does not match the two-fold symmetry of the
TiO2(110) rectangular surface unit cell. Furthermore, when the
V5+ coverage is beyond 1 ML, multiple VOx layers are predicted
to form a layered V2O5 orthorhombic sheet-like structure,44

which is expected to be incommensurate with the substrate
rutile lattice, as found by the XSW measurements. Cyclohexane
molecules react with the VO bonds, reducing the VOx and
forming benzene and H2O. This reduction not only changes
V5+ to V4+ but also causes the transformation from an
uncorrelated tetrahedral VO4 structure to a correlated rutile-
like structure. V−O−V and V−O−Ti linkages are created due
to the strongly correlated V structure. A detailed atomic
interface model is proposed for the Re V structure in Figure 4b,
showing the V located on cation lattice sites in the α-
TiO2(110) rutile structure and the formation of two- and three-
coordinate oxygen atoms.
In summary, we have combined in situ XSW and DRIFTS

with ex situ XPS and AFM to comprehensively study the
surface transformations that accompany the catalytic dehydro-
genation of cyclohexane on ML VOx supported on rutile. The
measurements demonstrate that not all of the surface vanadium
participates in the oxidation−reduction cycle. The V surface
ions change from 100% V5+ to 61% V4+, concurrent with a
100% uncorrelated to 60% correlated structural change, while
cyclohexane is oxidized to benzene. Our results show that the
VO is lost in the reduction of the catalyst during the first
half-cycle in the ODH reaction. Our structure−property study
provides the direct atomic-scale information for molecule−
catalyst interactions during ODH. This combined-technique
strategy has important implications for understanding a range
of catalytic reactions at the atomic scale. In future XSW
measurements of such surface reactions, rather than just
observing the element-specific XRF signal modulation due to
the XSW phase shift, we would measure the chemical-state-
specific XPS signal modulation. From this directly combined
XSW−XPS measurement, we would produce chemical-state-
specific 3D atomic maps. For the above Re case, we could
directly determine if, as suspected, the V4+ were the correlated
species and V5+ the uncorrelated. Future studies of partially Re
surfaces would simulate the state of the surface under operando
conditions where most of the vanadium is in the 5+ state.

Figure 4. Model for cyclohexane ODH to benzene on ML V
supported by rutile. (a) Cartoon models show the geometrical and
chemical bonding changes of ML V in reaction. For the Ox surface, the
V5+ with a tetrahedral VO4 structure is weakly bonded to the TiO2
surface, while in the Re state, a VO2 rutile-like structure is formed. (b)
XSW-based atomic-scale interface model for a Re state showing V4+

cations equally occupying the two symmetry-inequivalent Ti sites
(atop and bridge sites) on the α-TiO2(110) surface.
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Moreover, knowledge of the structural and chemical state
transformations in each separate reaction step, together with
operando measurements under real catalytic conditions, would
provide a more complete atomic view of the structure−activity
relationships.

■ EXPERIMENTAL METHODS
Sample Preparation. Rutile (α-TiO2) single crystals were
oriented, cut (10 × 10 × 1 mm3), and polished parallel to
the (110) by Crystal GmbH (Berlin, Germany) with a miscut <
0.1°. Rutile α-TiO2 has a tetragonal crystal structure (space
group P42/mnm) with a room-temperature lattice constant of a
= b = 4.594 Å and c = 2.959 Å. α-TiO2(110) substrates were
first annealed in a tube furnace with flowing O2 (∼100 sccm) at
400 °C for 0.5 h and then at 1000 °C for 1 h. Prior to ALD, the
single-crystal substrates were immersed in ultrapure water
(resistivity > 1018 Ω cm−1) for 1 h at 90 °C to hydroxylate the
surface. The substrates were then rinsed with 10% HCl,
followed by an ultrapure water rinse, and then blown dry with
nitrogen. After loading into the ALD reactor,45 the substrates
were stabilized at 100 °C under ultra-high-purity nitrogen at a
300 sccm flow rate and 1 Torr of pressure for 20 min and
further cleaned in situ with flowing ozone for 10 min. For the
VOx ALD, the substrates were exposed first to vanadium
oxytriisopropoxide (VOTP, Sigma Aldrich), at a partial
pressure of 0.05 Torr for 2 s, followed by a nitrogen purge
for 5 s. The substrates were then exposed to hydrogen peroxide
at a partial pressure of 0.2 Torr for 2 s, followed by a nitrogen
purge for 5 s (2−5−2−5 s). This process is defined as one ALD
cycle, or 1c-s, where “s” denotes single crystal. Single-crystal α-
TiO2(110) substrates were exposed to two VOx ALD cycles to
obtain a ML V coverage. After loading the α-TiO2 powder (Alfa
Aesar) support into the ALD reactor, the sample was stabilized
at 100 °C and then given a 10 min ozone cleaning to remove
surface carbonyls. The ALD precursor exposure and purge
times were increased to 120−120−240−120 s (or 1c-p, where
“p” denotes for powder) to account for the larger surface area
and increased vapor transport time for the powder relative to
those of the coating planar surfaces. These are the AD samples.
The Ox and Re surfaces were prepared by annealing at 400

°C for 30 min in O2 (∼100 sccm) and cyclohexane carried by
helium gas (∼30 sccm) through a bubbler at 760 Torr,
respectively. For ex situ XPS measurements, the reactions were
carried out in a quartz tube furnace. After each reaction and
cooling down to room temperature with corresponding gas
flow, the sample was immediately transferred through the air to
the ultrahigh vacuum (UHV) chamber of the XPS system. For
in situ XSW, oxidation−reduction reactions were carried out in
a beryllium-dome reaction cell. Before any treatment and after
each reaction, XSW measurements were carried out at room
temperature in the beryllium-dome at a vacuum level held by a
diaphragm roughing pump. The pressure was held at ∼10−2
Torr to prevent contamination from outside. During the first
oxidation treatment, vanadium was fully oxidized to the 5+
state, and the sample was dehydrated due to removal of
adventitious adsorbed water. For in situ DRIFTS measure-
ments, the oxidation was carried out in 10% oxygen in helium
at a flow rate of 100 sccm at 400 °C for 20 min. The reduction
was performed at 400 °C for 10 min by introducing
cyclohexane vapor, which was carried by helium at a flow rate
of 50 sccm through a cyclohexane bubbler. The Ox2 surface
was then obtained using the same procedure as that for the Ox
surface.

Characterization. The surface morphology was studied by
AFM with a JEOL-JSPM-5200 scanning probe microscope
using silicon AFM tips with a nominal 10 nm radius of
curvature and cantilever resonant frequency of 200 kHz. Ex situ
XPS was used to examine the surface morphology and chemical
states of the surface atoms after each step of the reaction
process. The XP spectra were collected with an Omicron ESCA
probe using monochromated Al Kα X-rays. A low-energy
electron flood gun was used to compensate the XPS-induced
surface charging effects. Carbon 1s (with binding energy BE =
284.8 eV) was used as the reference to calibrate the XP spectra.
For the XSW and XRF analysis, the ALD-processed substrate
was placed on a ceramic heating stage inside of a beryllium-
dome gas reaction cell that was mounted on a five-circle
diffractometer at the Advanced Photon Source (APS) 5ID-C
station.46 The coverage of V on a rutile single crystal was
determined to be 1.50 ML by XRF comparison to a calibrated
standard sample. The V coverage on powders with three and six
cycles of 120−120−240−120 expositions was determined to be
1.25 and 2.50 ML, respectively, by comparing the XPS ratios of
V 2p to Ti 2p peak areas for V on single crystals and powders.
In situ DRIFTS measurements were performed at room
temperature between redox cycles using a Thermo Nicolet
Nexus 870 instrument with a mercury−cadmium−telluride
detector. The background spectrum was taken on the rutile
TiO2 powder after calcination at 200 °C for 20 min in 10%
oxygen in helium and cooling back to room temperature in
ultra-high-purity (99.999%) helium at a flow rate of 100 sccm.
The ALD 6c-p VOx/TiO2 sample was then loaded into the
DRIFTS cell to collect spectra and perform the redox
treatments. (The V DRIFTS signal from the 3c-p sample was
too weak for detection.) All of the spectra were collected after
cooling to room temperature in helium (512 scans, a resolution
of 4 cm−1).
Catalytic Performance Tests. The selectivity and reactivity of

VOx on cyclohexane ODH were tested on powder samples
using the equipment described elsewhere.8 The reaction was
carried out in the temperature range of 325−425 °C; 50 mg of
catalyst was diluted with 200 mg of SiC to avoid hot spots
during the catalyst testing. Cyclohexane was delivered from a
cyclohexane bubbler at room temperature by argon. The flow
rates for cyclohexane, oxygen, and argon were 0.22, 0.44, and
19.34 sccm, respectively.
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