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ABSTRACT: The surface structures of ReOx supported on CeO2 at low
loadings have been elucidated through 18O isotopic exchange Raman
spectroscopy and diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). The ReOx is present in four distinct structures, a di-oxo structure
with two ReO terminal bonds, a mono-oxo species that contains one ReO
terminal bond, a mono-oxo species that contains a hydroxyl group, and a cross-
linked ReOx species. The isotopic exchange Raman spectroscopy shows a red
shift resulting from the 18O exchange in the OReO, ReO, Re−OH, and
Re−O−Re species, which allowed for the deconvolution of the various
structures. Time-resolved DRIFTS showed significant exchange of 18O over
time and reconfirmed the results from the Raman spectroscopy. The presence
of multiple surface species supports the existence of competing reaction
mechanisms for the simultaneous hydrodeoxygenation over the ReOx−Pd/
CeO2 catalyst and deoxydehydration over the ReOx/CeO2 catalyst.

■ INTRODUCTION

The surface structure of ReOx supported on CeO2 has not
been confirmed in detail via vibrational spectroscopic methods
and is currently debated in the literature. Several theoretical
studies1,2 suggest that there are three likely structures that the
isolated monomeric ReOx species could form: mono-oxo, di-
oxo, and tri-oxo,3 as shown in Figure 1.

The structures shown in Figure 1 are for isolated monomeric
Re sites that can be present in submonolayer coverages of Re
on CeO2. Once the Re weight loading increases, the possibility
for the formation of an oligomeric cross-linked structure
increases. The CeO2 typically has a surface area between 80
and 150 m2/g, which depends on the synthesis method and
post treatment.4−10 The theoretical total number of Re sites
that can be occupied on the CeO2 corresponds to a 20 wt %
loading of Re.1 However, cross-linking has been experimentally
observed in 3 wt % Re2O7/ZrO2

11 as well as proposed for 2 wt

% ReOx−Pd/CeO2.
1 In order to reduce the possibility of

having cross-linkage and to maximize the amount of isolated
Re sites, a relatively low weight loading of 1 wt % (nominal)
Re on CeO2 was chosen for this study. This loading would also
allow us to spectroscopically monitor the ReO bonds with a
sufficient signal-to-noise ratio during isotopic exchange experi-
ments.
Isotope exchange is a common technique used in

conjunction with vibrational spectroscopy techniques as a
means of identifying the number and types of vibrations in a
material system.12−16 Within the literature, there have been
multiple isotope exchange experiments performed on ReOx on
various supports such as Al2O3, ZrO2, TiO2, Cr2O3, and SiO2
to determine the speciation of the ReOx on the sur-
face.11,12,17−19 However, the same set of experiments has not
been performed on CeO2 supports. These experiments, in
conjunction with previous information on the ReOx vibrational
modes,20,21 show the speciation of the catalyst from the
number of bands that appear post-isotope exchange. With
respect to the potential ReOx species seen in Figure 1, the
mono-oxo could show two bands post isotope exchange
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Figure 1. Structures of isolated Re sites in ReOx/CeO2 catalyst. (a)
Mono-oxo structure. (b) Di-oxo structure. (c) Tri-oxo structure.
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(stretching of Re16O and Re18O), the di-oxo has six bands
(symmetric and asymmetric stretching of 16ORe16O,
18ORe16O, and 18ORe18O), and the tri-oxo has
eight bands (symmetric and asymmetric stretching of the
16ORe(16O)16O, 18ORe(16O)16O 18ORe-
(18O)16O, and 18ORe(18O)18O). However, it has
been shown that multiple different species can form on the
surface instead of any one speciation, leading to increasing
complexity of the spectral analysis post-exchange. Andriopou-
lou and Boghosian showed mono-oxo and di-oxo config-
urations of ReOx on TiO2 at 350 °C.19 Additionally,
Weckhuysen et al. showed that mono-oxo metal oxide species
co-exist with cross-linked metal oxide species on a ZrO2
support.11 Thus, any single or co-existing monomeric or
oligomeric ReOx species can be determined through isotopic
exchange vibrational spectroscopy experimentation.
ReOx/CeO2 holds significant value in its superior ability to

remove oxygen-containing groups from various compounds
through deoxydehydration (DODH)22−28 and through hydro-
deoxygenation (HDO) when supported with Pd.1,29,30 ReOx−
Pd/CeO2 is the state-of-the-art catalyst for the simultaneous
hydrodeoxygenation (S-HDO) of sugar alcohols in which two
vicinal hydroxyl groups are removed at the same time.1,29,30

The S-HDO is comprised of two steps, a DODH step followed
by a hydrogenation step. The ReOx/CeO2 is responsible for
the DODH step and has been utilized for a variety of
substrates such as glycerol, 1,4-anhydroerythritol, and methyl
glycosides.22−28 The palladium catalyzes hydrogen dissociation
and is responsible for hydrogen spillover onto the surface,
which promotes the hydrogenation step.2 A previously
proposed reaction mechanism by Ota et al.1 for the ReOx−
Pd/CeO2-catalyzed S-HDO starts with an isolated ReVI

species. This theoretical study used Re atoms randomly
dispersed among all of the possible sites of a Ce70O140, CeO2
(1 1 1), (87 m2 g−1) support surface.1 The S-HDO reaction
mechanism calculated from the density functional theory
(DFT) starts with tri-oxo species, shown in Figure 1c, which is
then reduced to a di-oxo structure, shown in Figure 1b, which
changes the oxidation state from ReIV to ReVI species once the
1,4-anhydroerythritol attaches to the ReOx. The resulting Re

VI

species remains di-oxo but has one Re−O bond from the
CeO2, two terminal ReO bonds, and two Re−O bonds from
the substrate. The reduction from the ReVI to ReIV was
proposed to be promoted by the Pd on the catalyst. After
forming the di-oxo species with the 1,4-anhydroerythritol
attached, the S-HDO is proposed to occur via the DODH
followed by the hydrogenation of the alkene. The ReOx species
is in a tri-oxo structure after the formed tetrahydrofuran
(THF) desorbs but is then reduced back to the di-oxo
structure, which is catalyzed by the Pd, resulting in a
regenerative cycle.
Another reported mechanism by Xi et al.2 has the isolated

Re species starting as a mono-oxo structure with one terminally
double-bonded oxygen atom and three single-bonded oxygen
atoms that are bonded to the ceria support, see Figure 1a. This
study utilized a fully hydroxylated CeO2 (1 1 1) support
surface with four O−Ce−O trilayers, which resulted in the
mono-oxo structure being the most energetically favorable
structure under reaction conditions.2 After the 1,4-anhydroer-
ythritol adsorbs, the DODH then occurs, leaving the Re
species in a di-oxo structure, which is then reduced back to the
mono-oxo structure through a regenerative hydrogen migra-
tion process.2 The starting surface structure of the Re in the

reaction mechanism differs in the DFT calculations in the
literature, which results in varying proposed mechanisms for
the S-HDO.1,2

Since both DFT studies suggest different starting structures,
the resulting proposed reaction mechanisms also vary.
However, each calculated mechanism predicts differing
regeneration cycles that include a specific isolated ReOx
surface structure on which the sugar alcohol adsorbs. In
order to experimentally confirm the surface structure of ReOx
on CeO2 and gain insight into the starting point of the reaction
mechanism, this work utilized in situ isotopic oxygen exchange
experiments in combination with Raman spectroscopy and
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS).

■ EXPERIMENTAL SECTION

Chemicals. Cerium (IV) oxide, ammonium perrhenate,
and oxygen-18O2 isotope were used in this work. The cerium
(IV) oxide CAS no. 1306-38-3 was supplied by Daiichi
Kigenso Kagaku Kogyo Co., Ltd. The ammonium perrhenate
of ≥99% purity, CAS no. 13598-5-7, and the oxygen−18O2
isotope of 99% purity, CAS no. 32767-18-3, were obtained
from Sigma-Aldrich.

ReOx/CeO2 Synthesis. The ReOx/CeO2 catalysts were
prepared using the method previously described by Ota et al.
and MacQueen et al.1,30 The CeO2 support was calcined in air
at 600 °C for 3 h. The ReOx was then impregnated on the
CeO2 via wet impregnation using an aqueous solution of
ammonium perrhenate (NH4ReO4) while mixing the solution.
The solution was dried at 110 °C for 12 h to ensure all the
water has evaporated from the solution. The ReOx/CeO2 was
then calcined in air at 500 °C for 3 h. Post calcination, the
ReOx/CeO2 was then ground into powder using a mortar and
pestle.

Raman Spectroscopy. The 1 wt % ReOx/CeO2 catalyst
sample was subjected to in situ Raman spectroscopy. Initial
scans were taken at room temperature in ambient air, with a
Horiba XploRA Plus Raman microscope. The excitation source
was a 30 mW, 638 nm diode laser, which was calibrated using a
polystyrene standard. Scattered light was detected using a
HORIBA Scientific charge-coupled device detector and
thermoelectrically cooled to −50 °C. The sample was then
heated to 550 °C at a rate of 50 °C/min while flowing 20 sccm
ultra-high purity O2 (99.9993% O2) in a Linkam in situ Raman
cell. Once at temperature, the samples were calcined for 30
min in the O2 environment. Following the calcination, the O2
environment was purged, and the samples were then reduced
with 20 sccm H2 at the same temperature for 10 min. The
calcination and reduction treatments were repeated in cycles,
and after the repeated reduction, the system was purged and
sealed, and a 25 cm3 sample cylinder was attached to the cell
with 2 bar of the 18O isotope. The 18O isotope was then
introduced into the Linkam stage and the 1 wt % ReOx/CeO2
sample was calcined in the 18O environment for 30 min at 550
°C. The calcination temperature of 550 °C was based on the
previous literature, which utilized calcination temperatures of
450−550 °C for isotopic 18O exchange.11,12,31 The higher
temperature allows for the faster kinetic exchange of the 18O
and therefore ensures sufficient exchange within the time
studied. The ReOx/CeO2 catalyst was then reduced again in
the same H2 conditions as prior and recalcined within the 18O
isotope environment. Spectral measurements were taken after
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each individual calcination and reduction treatment step and
were baseline corrected before analysis.
Fourier Transform Infrared Spectroscopy. Additionally,

the 1 wt % ReOx/CeO2 sample was subjected to in situ Fourier
transform infrared spectroscopy (FTIR) as a complement to
the information gathered from the in situ Raman spectroscopy.
The in situ FTIR was taken at near identical conditions to the
Raman spectroscopy. A Bruker Vertex 70 FTIR spectrometer
equipped with an MCT detector and KBr beam splitter was
used. The sample was placed in a diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) cell and was heated
to 550 °C at 50 °C/min while flowing 20 sccm N2. It was then
calcined using a 25 cm3 sample cylinder that was attached to
the DRIFTS cell with 20 psig 16O2 for 30 min. Afterward, the
sample was reduced with 20 sccm H2 for 30 min. After purging
the lines with N2, a sample cylinder filled with 20 psig 18O2 was
attached for the isotope exchange, and time-resolved measure-
ments were taken for 30 min.
Catalyst Characterization. The ReOx/CeO2 catalyst was

characterized using X-ray Diffraction (XRD), Brunauer−
Emmett−Teller (BET) surface area analysis, inductively
coupled plasma optical emission spectroscopy (ICP-OES),
and temperature-programmed reduction (TPR). XRD patterns
were collected using a Rigaku Miniflex II (Rigaku, Japan) using
a Cu Kα radiation source scanning from 20−80° 2θ at a rate of
0.5°/min and a step size of 0.02°. The obtained pattern, see
Figure 1S, matches reference patterns for CeO2 with no peaks
corresponding to any Re containing phase or other
unidentified materials. BET surface area measurements were
conducted using an ASAP 2020 (Micromeritics, USA) with
nitrogen as the adsorbate gas. Surface area calculations were
based upon a BET isotherm. The ceria support as provided by
the manufacturer (Daiichi, Japan) without further treatment
had a BET surface area of 84.7 m2/g, while the prepared
catalyst had a surface area of 78.3 m2/g, with an instrumental
error of ±3.2 m2/g. These values are in close agreement with
each other and suggest that that the catalyst preparation
methodology does not greatly impact the physical properties of
the supporting ceria. ICP-OES was conducted by adding ∼50
mg of catalyst to aqua regia and digesting for 8 h at 120 °C. A
1000 ppm ammonium perrhenate standard was utilized to
construct calibration curves (Ricca Chemical Company, USA).
An Avio 200 (PerkinElmer, USA) equipped with an S10
autosampler was utilized for data collection. The untreated 1
wt % nominal Re catalyst had an actual weight loading of 1.02
± 0.01 wt % Re and had a weight loading of 1.08 ± 0.01 wt %
after heat treating, attributable to the experimental error. A
previous batch of catalyst had a Re loading of 1.02 ± 0.02 wt
%, indicating good agreement between batches and excellent
reproducibility with the catalyst synthesis technique. The
number of Re atoms per nm2 was determined to be 0.422 ±
0.002 atoms/nm2 based on the ICP-OES and BET results.
Reducibility of the catalyst was investigated via TPR using an
AutoChem II 2920 (Micromeritics, USA) with an analysis gas
consisting of 10% H2 balanced in Argon. Experiments were
carried out using a ramp rate of 5 °C/min and an analysis gas
flow rate of 50 sccm. Quantitative hydrogen uptake was
calculated utilizing a three-point calibration with known
quantities of silver(II) oxide (Micromeritics, USA). To ensure
accuracy, experiments were repeated in triplicate, yielding a
hydrogen uptake of 0.544 ± 0.037 mmol/g catalyst with a
main reduction event with a maximum at ∼408 °C, see Figure
2S. Metal loading on the catalyst is approximately 0.056 ±

0.001 mmol Re/g catalyst indicating a higher than stoichio-
metric hydrogen uptake even with Re existing in the highest
feasible oxidation state. Therefore, this excess hydrogen uptake
may be attributable to interactions and hydrogen spillover with
the supporting ceria.1

■ RESULTS/DISCUSSION
Isotopic 18O Exchange Raman Spectroscopy. The

isotopic 18O Raman spectra were collected with two 18O
exposure cycles following calcination cycles in 16O to ensure
sufficient isotope exchange.12,18 Each spectrum was normalized
to the total area under its curve after baseline correction so that
the spectrum had a total area of one.32,33 Figure 2 shows the
normalized spectra of a 1 wt % ReOx/CeO2 catalyst after the
sample was exposed to each oxidation step during the isotope
exchange experiment.

The as-synthesized ReOx/CeO2 sample, seen in Figure 2f,
shows three distinct bands, a convolution of the symmetric and
asymmetric stretches of 16ORe16O (972 and 961 cm−1),
the asymmetric stretch of Re−16O−Re (881 cm−1), and the
bending of Re−16OH (834 cm−1) respectively, which will be
further discussed below. Heating the samples in Ar at 550 °C
resulted in shifting and splitting of the ReOx band (between
950 and 1000 cm−1), revealing the presence of the mono-oxo
species in addition to the di-oxo ReOx species, seen in Figure
2e. After the reduction and recalcination of the samples, the
band separation becomes more distinct, which is visible in
Figure 2c,d. No new chemical species were observed; the
current species are more pronounced in the spectrum. Once
18O isotope exchange occurs, new bands begin to appear at
lower wavenumbers (between 900 and 950 cm−1), shown in
Figure 2b, due to the red shift caused by the increase in mass.34

Upon repeat heating in an 18O environment, as seen in Figure
2a, the 16O band intensities decrease, and the intensities of the
red-shifted bands associated with 18O begin to increase to
levels similar to the heated samples, as seen in Figure 2e,
indicating the 18O exchange. The difference in the signal-to-
noise ratio (SNR) between Figure 2a (SNR = 12.0) and 2b
(SNR = 31.8) was most likely due to slight variations in sample
positions due to the experimental setup, not from the volatility
of ReOx. This has been verified in the ICP where Re weight
loading before heating was 1.01 ± 0.01 wt % and after heating
was 1.08 ± 0.01 wt %. The sample cylinder containing the
isotope oxygen required manual replacement during the

Figure 2. In situ Raman spectra. The heated sample, (e), was taken at
550 C in an Ar environment. The calcined sample spectra, (a−d),
were obtained at 550 °C in the labeled gas environment.
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experiment, which resulted in slight positional changes of the
sample. However, it can be reasonably assumed that the ReOx
distribution across the CeO2 is constant. Additionally, the
supplemental Figure 3S shows a set of Raman spectra of the
sample that has been unperturbed before and after calcination
at 550 °C. The SNR, with respect to the band at 989 cm−1,
decreased from 51.5 to 45.3 after heating for 3 h.
Further inspection of the as-synthesized sample (Figure 2f)

shows that the highest wavenumber bands can be deconvo-
luted into two bands, as seen in Figure 3. These bands are

fitted to 972 and 961 cm−1 wavenumbers with a Gaussian band
shape35 and were identified as the symmetric di-oxo and
asymmetric di-oxo stretch, respectively.19−21 The di-oxo ReOx
species present in the as-synthesized sample supports the
reaction mechanism proposed by Ota et al.1 due to the
presence of the proposed surface species. Additionally, the

spectrum shows a band at 881 cm−1, which is indicative of the
asymmetric stretch of the oxygen bridge between two rhenium
atoms.21 This oxygen bridge corresponds to a cross-linked
ReOx species, which has previously been proposed as inactive
for S-HDO.1 A final band at 834 cm−1 shows the in-plane
bending of a hydroxyl group attached to the rhenium.21 In
order to verify the presence of the hydroxyl species, additional
spectra were taken at regions where the O−H vibration is
present. While the known Re−OH stretch at 700 cm−1 was not
observed in the Raman, a low-intensity band is observed at the
3700 cm−1 Raman spectral region where O−H is visible, seen
in Figure 4S.21 The terminal hydroxyl group is likely attached
to the Re in a mono-oxo structure, as previously proposed by
Xi et al.2 The hydroxylated structure has not been proposed as
a starting structure in a reaction mechanism. However, the
hydroxylated structures can be reduced and the mono-oxo
structures regenerated through a hydrogen migration process,
which facilitates catalyst regeneration in the Xi et al.
mechanism.2 Thus, the hydroxylated species could still play a
role in the S-HDO reaction when hydrogen is present to allow
the reduction and regeneration of the ReOx species.
The presence of multiple species within the spectrum of the

as-synthesized sample shows that there is not a singular
configuration for ReOx. This was also observed in previous
works studying a ReOx/TiO2 catalyst

19 and with previous work
done by Wachs et al. on ReOx on various metal oxide supports
excluding CeO2.

13,18,36 The various ReOx species present could
have their own respective S-HDO reaction mechanisms.
However, it is not possible to discern which species is
dominating in the reaction or which species are participating in
the reaction without further studies into Re coverage effects
and respective reaction data. The formation of hydroxyl groups

Figure 3. As-synthesized 1 wt % ReOx/CeO2 Raman spectrum at
ambient conditions.

Figure 4. Raman spectra of 1.0 wt % ReOx/CeO2 after the first isotope exchange at 550 °C. (a) Heated sample calcined in flowing 16O2 before the
exchange. (b) Heated sample calcined in 18O2. (c) Fitting and identification of the mono and di-oxo configurations.19 (d) Fitting and identification
of the bridge and hydroxyl group bands.
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on the surface has not been typically seen in the experimental
literature but has been theorized through DFT.2 While the
DFT showed that hydroxyl groups can be favorable to form,
only a low-intensity bending mode between Re and OH can be
observed in our spectra at 834 cm−1. Since the hydroxyl groups
are likely reduced and removed through a hydrogen migration
process under the reducing reaction conditions,1,2 it should be
unlikely to see these structures in a high concentration on the
surface during reaction or under a reaction environment.
At elevated temperatures, a third band appears adjacent to

the bands previously centered around 972 and 961 cm−1, as
seen in Figure 2e. Figure 4 shows a comparison between the
sample calcined in 16O2 and the calcination of the sample in
18O2 isotope conditions. From this spectrum, we can see four
different ReOx species present within the sample: the mono-
oxo structure, di-oxo structure, cross-linked bridge, and
hydroxyl bond.
The red shift observed in the Raman spectra before and after

isotope exchange seen in Figure 4 confirms the four different
surface configurations of ReOx. Notably, the region for the
ReOx bands that correspond with the rhenium and oxygen
double bond stretches shows spectroscopic evidence for two
separate configurations. Before the isotope exchange, a band at
991 cm−1 is identified with a mono-oxo termination
configuration (Re16O), see Figure 5b. The mono-oxo

ReOx is the most stable and energetically favorable structure
according to the calculations performed by Xi et al2 The bands
at 985 and 966 cm−1 relate to the symmetric and asymmetric
stretches, respectively, of the di-oxo termination of ReOx
(16ORe16O), see Figure 5a. The di-oxo structure is the
active site proposed in the calculations performed by Ota et al1

Additionally, the asymmetric stretch for the oxygen bridge
between rhenium metal atoms (Re−16O−Re) can be seen at
888 cm−1, see Figure 5d, and the in-plane bending of the
hydroxyl group (Re−16OH) is labeled at 830 cm−1, see Figure
5c. The di-oxo, mono-oxo, and hydroxyl Re species that form
are isolated monomeric species, see Figure 5a−c. However,
when the cross-linked Re species is formed, see Figure 5d, it
forms an oligomeric Re species.
After a single oxidation in 18O isotope, exchange can be seen

for each configuration present. The mono-oxo termination
configuration is red-shifted by 52 to 936 cm−1, and the bridge
and hydroxyl oxygens are similarly shifted to lower wave-
numbers at 839 and 800 cm−1 respectively. When both 16O are
exchanged with 18O in the di-oxo structure (18ORe18O),
the stretches are clearly visible at 927 cm−1 for the symmetric
stretch and 913 cm−1 for the asymmetric stretch. However, the
bands for the single isotope exchange for the same stretches
(16ORe18O) were deconvoluted via fitting their locations
based on their theoretical positions seen in Table 1. This
provided a better fit for all the spectra and allowed for position

identification of the single exchanged symmetric stretch to be
at 958 cm−1 and the asymmetric stretch to be at 933 cm−1. All
instances of band fitting were performed with proper
constraints to the full-width at half-maximum of the Raman
bands of the same species and a constraint to the area ratio of
the symmetric and asymmetric stretches of the di-oxo ReOx
bands.
Using the model for a simple rigid diatomic molecule,

theoretical vibrational frequency ratios can be estimated for an
isotope exchange. This isotopic ratio can be determined using
the following expression:11,34,37,38
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where the vibrational frequencies of metal-16O and metal-18O
isotope bond are represented by 16O

ν and 18O
ν , respectively. The

atomic mass of the metal is mM, and those of the oxygen and
isotope are m16O

and m18O
, respectively. When the mass of the

metal is much greater than the mass of the oxygen atoms, the
equation can be simplified to the square root of the ratio
between the mass of the 18O and the mass of the 16O.
Typically, the diatomic model would only be used for mono-
oxo constituents. However, it has been used before on the
isotope exchange of the di-oxo speciation of Cr2O3/SiO2 and
on CaCO3.

18,37 This model has been used as a first
approximation to estimate the red shift from bond vibration
dampening effect by the increase in mass. A more accurate
theoretical estimate would require first principle computational
techniques that are outside the scope of this work. Table 1
shows the theoretical vibrational shift versus the experimental
shift. The measured values are consistent with the theoretically
calculated shift. The average difference in the red shift from the
vibrational stretches was 3.16 cm−1.
The isotope exchange ratio can be seen in Table 1S and is

determined by the fitted area of the bands that indicate single-
and double-substituted modes divided by the fitted area of the
unsubstituted ReOx bands. After the initial exposure to 18O,
each species experienced at least 50% isotope exchange, which
can be seen with the 18O−16O ratio being greater than 1 for
each species. The mono-oxo ReOx species has the highest
exchange efficiency, with an exchange of approximately 62%.
After an additional cycle, the mono-oxo species was 90%
exchanged, and the di-oxo species was 70% exchanged.
Interestingly, the cross-linked and hydroxyl species exchange
to near completion, with the 16O bands no longer visible
within the spectra. The higher extent of exchange of the mono-
oxo species, as compared to the di-oxo species, suggests that
the mono-oxo ReOx species is more reactive toward oxygen in

Figure 5. ReOx species present on the surface of ReOx/CeO2. (a) Di-
oxo species. (b) Mono-oxo species. (c) Hydroxyl species. (d) Cross-
linked Re species.

Table 1. Experimental and Theoretical Raman Shift for the
Isotope Exchange

Raman shifts (cm−1)
18O2 theoretical

18O2 measured

vibrational mode single sub double sub single sub double sub

v (ReO) 939 N/A 936 N/A
vs (OReO) 955 933 958 927
vas (OReO) 937 915 933 913
vas (Re−O−Re) 841 N/A 839 N/A
δ (Re−OH) 786 N/A 800 N/A
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the gas phase. This makes a shift in the oxidation state more
likely to occur for the mono-oxo as compared to the di-oxo
ReOx species.
Isotopic 18O DRIFTS. Fourier transform infrared spectros-

copy was employed to provide a time resolved observation of
the band formation from the isotope exchange. For Figure 6,

the experiment was started with the 1 wt % ReOx/CeO2
sample surface oxidized with 16O. The sample was then
exposed to the 18O isotope at 550 °C for 25 min, which was
repeated for a second cycle. The data complements the Raman
spectra and shows the redshift of the ReO and bridge
vibrations. However, it is difficult to observe the hydroxyl
isotope band formation as the adsorption of the 18O occurs,
which is potentially due to the low intensity of the Re−OH
bending mode.21 Additionally, initial analysis of the band
intensities would imply that the asymmetric stretch of the di-
oxo species is less than the intensity of the symmetric stretch,
which violates the selection rules for IR. However, when
accounting for the integrated intensity, we have found that the
fitted area is near equivalent or greater than the integrated
intensity of the symmetric stretch. Therefore, the selection rule
has been satisfied.39−43 Table 3S shows the integrated area
comparisons of the symmetric and asymmetric stretches of the
di-oxo species for Raman and FTIR spectroscopies, respec-
tively.
With the time resolved measurements, we can observe the

amount of isotope that is exchanged per reduction and
oxidation cycle. After about 15 min of exposure to the isotope
at 550 °C, the exchange reaches a steady state. The amount of
actual exchange can be determined using the ratio of the band

area of the 18O sample and the band area of the 16O sample.
The spectra used after the second cycle of the isotope
exchange were used to calculate band areas. After two cycles of
18O exposure, the area ratios show a similar trend in the change
done to the ReOx that was seen in the Raman spectra, as
shown in Table 2S. After 25 min, 60.5% of the 16O in the
sample was exchanged with 18O, and the ratio of 18O/16O was
1.534. Before reaching the steady state, the 18O/16O exchange
rate was linear and was calculated based on the 1, 7, and 13
min spectra. The 18O/16O exchange rate was calculated to be
2.29% per minute, with the 18O/16O ratios being 0.308, 0.546,
and 1.043 for the 1, 7, and 13 min spectra, respectively. The
symmetric and asymmetric di-oxo stretches and the bridge
band show further exchange in the IR, but the mono-oxo
stretch shows less exchange than in a single exposure in the
Raman. However, this could simply be a result of a different
measurement technique used in the analysis. The ratios of 18O
exchange for the IR results in differences are not nearly as
drastic as seen in the Raman. The relative similarity in the
mono-oxo and di-oxo 18O/16O exchange ratios relative to the
Raman supports that the species might be more similar in their
ability to react with the environment.

■ CONCLUSIONS
Using in situ 18O isotopic exchange Raman spectroscopy and
DRIFTS, the structures of ReOx supported on CeO2 have been
determined to be di-oxo (OReO), mono-oxo (ReO),
cross-linked (Re−O−Re), and mono-oxo with a hydroxyl
group (Re−OH) via their respective red-shifted bands. The
Raman and IR data showed that the extent of exchange after
cycling 18O was approximately 60%, while the time resolved IR
showed that the 18O/16O exchange rate was 2.29% per minute.
Our results show that there are multiple structures of ReOx
present when supported CeO2.
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