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ARTICLE INFO ABSTRACT

Keywords: The oxidation mechanism of toluene on the surface of heat-treated CeO, nanoparticles was investigated using
DRIFTS diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). When introduced to the CeO, surface,
Ceria

toluene either chemisorbs to an oxygen bound to a single cerium atom creating monobound (m) benzyloxy or to
an oxygen bound to two neighboring cerium atoms forming bridged (b) benzyloxy. From the DRIFTS analysis,
benzoate production is directly dependent on the presence and oxidation of b-benzyloxy groups. Using tem-
perature dependent peak height analysis of the DRIFTS spectra, the oxidation state of specific v{(OCO) bands of
bidentate (bdt) benzoate groups are identified through pairing with their v,(OCO) counterparts. Surface lattice
oxygens and b-hydroxyl groups are found to facilitate the chemisorption of toluene as the two surface benzyloxy
groups. Once toluene reacts with the substrate, surface hydroxyls react with m-benzyloxy groups to create
additional b-benzyloxy groups as well as enabling the transformation of b-benzyloxy groups to bdt-benzoate
groups. The previously unclear intermediate transformation steps of toluene to bdt-benzoate on the surface of
CeO2 and surface hydroxyls species role in said transformation is unveiled through the use of peak height

Catalytic combustion toluene
Surface hydroxyls
Toluene oxidation

analysis of the collected DRIFTS spectra.

1. Introduction

Toluene is a highly utilized, volatile organic compound (VOC)
considered to be a strong pollutant due to its high volatility, develop-
mental toxicity, nervous system effects, and environmental impact
[1-3]. Catalytic combustion is a well-established VOC remediation
technique where VOC gasses are fully oxidized with higher conversion
rates and selectivity as well as lower energy requirements compared to
traditional combustion [4-7]. The catalytic combustion of toluene re-
sults in the full oxidation of toluene over a solid catalyst into less
harmful and more manageable H,O and CO; [6,8].

CeO;, (ceria) has garnered a great deal of attention as an ideal cata-
lyst and support for the catalytic combustion of VOCs, including toluene,
due to its oxygen storage potential and ability to resist sintering which
increases the efficiency and selectivity of traditional noble metal cata-
lysts [9]. The surface of ceria is the location of toluene’s oxidation to
benzoate in ceria based/supported catalysts, an important process in the
full oxidation of toluene [10-12]. Previous studies have proposed that
the catalytic combustion of toluene over ceria based/supported and

similar catalysts follows the Mars-Van Krevelen (MVK) mechanism [7,9,
12-17] in that components found in the products originate from the
solid catalyst [18,19]. Following the MVK mechanism for the catalytic
combustion of toluene, oxygen from the substrate is incorporated into
the produced CO; and H;0; but the true mechanism has yet to be fully
characterized.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is a powerful tool used for analyzing in situ substrate/adsor-
bate interactions [20-27]. A small handful of studies have employed
DRIFTS analysis in an attempt characterize the true mechanism for the
oxidation of toluene on the surface of ceria and ceria based/supported
catalysts [11,12,28]. From these endeavors, benzaldehyde and benzoate
have been proposed as intermediates, forming on ceria during the full
oxidation of toluene. The methyl group of toluene is proposed to
chemisorb to the surface of ceria forming benzaldehyde [11,28]. How-
ever, there are competing theories on the production of benzoate in
similar catalytic systems that hint at benzyloxy being another potential
precursor to benzoate [29,30]. There is also doubt about the presence of
benzaldehyde as an intermediate during toluene oxidation due to the
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Fig. 1. (A) XRD pattern of as-purchased CeO, and (B) Raman crystallinity analysis of as-purchased CeO,. Inset is the same spectrum multiplied by 19.5 to show

defect features.

Fig. 2. Scanning electron micrograph of CeO, nanoparticles.

lack of carbonyl features during DRIFTS studies of the catalytic com-
bustion of toluene over ceria [11]. In addition to the intermediate
pathway disagreements, surface hydroxyls are reported to be active in
the binding and catalytic conversion of VOCs but in depth attempts to
catalog their role in the oxidation of toluene over ceria are largely absent
[31-36]. These OH species are potential sources of oxygen during the
oxidation of toluene to benzoate supporting the need for a concentrated
analysis of hydroxyl reactivity.

In this study, evacuated in situ DRIFTS is used to observe the surface
chemistry of CeO; after toluene introduction and during the trans-
formation of intermediate species as a function of temperature [37]. In
tandem with the in situ DRIFTS studies, relative peak height analysis is

utilized to relate benzoate symmetric and asymmetric OCO stretching
features to one another and to catalog the transformation of toluene to
benzoate as a function of temperature. In this manner, a detailed
mechanism of the oxidation of toluene to benzoate on ceria is
established.

2. Experimental
2.1. Catalyst characterization

Ceria nanoparticles (50 nm) were purchased from Sigma Aldrich.
The crystallinity of the CeO, was verified via PXRD and Raman
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Fig. 3. Difference DRIFTS of the carbon-oxygen stretching and carbon-hydrogen bending region of the ceria surface after reaction with toluene as a function of

temperatures.

spectroscopy. A Bruker D2 Phaser using CuKa radiation (1.54184 A) was
used to collect the XRD pattern of CeO; and is presented in Fig. 1A.
Diffraction patterns were recorded over a 26 range of 20-80°, using a
step size of 0.02° and a step time of 0.5 s. The intensive diffraction peaks
of CeO, are observed at 20 = 28.6°, 33.1°, 47.5°, 56.4°, 59.1°, 69.5°,
76.8°, and 79.2° and attributed to the (111), (200), (220), (311), (222),
(400), (331), and (420) plane diffractions of the fluorite structure of
CeO, [JCPDS PDF 34-0394]. The Raman spectrum of CeO, was
collected with a Bruker SENTERRA II confocal Raman Microscope using
the 532 nm laser at 2.5 mW with a 9-15 cm ™! resolution and is pre-
sented in Fig. 1B. As shown in Fig. 1B, two distinct Raman modes are
present at 461 cm Y, the Fyg band, indicating the 8 coordinated Ce and 4
coordinated O of the Ce—O stretch characteristic of fluorite structured
ceria, and 595 cm™! representing the ce3* defect [38,39].

The size of the ceria nanoparticles was verified by scanning electron
microscopy (Zeiss Sigma 500 VP) using an in-lens detector and an
accelerator voltage of 3.00 kV. The SEM image of the CeO5 nanoparticles
is presented in Fig. 2 and depicts particles with an average diameter of
40-50 nm.

2.2. Catalyst preparation and DRIFTS analysis

Infrared spectra (128 scans, 2 em ™! resolution) were collected using
a Nicolet iS 50 FT-IR spectrometer (Thermo Fisher Scientific, MCT-High
D* detector) equipped with a Praying Mantis diffuse reflectance acces-
sory (Harrick Scientific). A high temperature reaction chamber (Harrick
Scientific, HTRC) was situated within the Praying Mantis accessory

inside the sample compartment of the FTIR, which was under constant
Na purge, and used to perform in situ DRIFTS experiments. The as-
purchased ceria powder was placed on wire mesh made of stainless-
steel in a sample holding cup within the HTRC, which was connected
to a gas handling manifold with a base pressure of 107> torr. A type K
thermocouple was inserted into the HTRC in a designated compartment
in contact with the sample holder to monitor the temperature of the
substrate. The ceria sample was heated at 500 °C under high vacuum for
16 h. The ceria sample was then cooled to room temperature and a
spectrum of the cleaned ceria at 25 °C was taken and used as a back-
ground to create difference pseudo-absorbance spectra, allowing for a
clear view of the changes to the surface during reactions.

The gas handling manifold was charged with 0.1 torr of HPLC grade
toluene (Sigma Aldrich, freeze, pumped, and thawed) and introduced to
the ceria sample at 25 °C until the surface chemistry stabilized as
monitored with DRIFTS. Once surface chemistry stabilized a final
DRIFTS scan was taken to record the surface species and the HTRC and
gas handling manifold were pumped down to base pressure and the
remaining experiments were performed with the system under high
vacuum. The temperature of the sample was then increased to 100 °C
and held at that temperature until surface chemistry stabilization, once
again taking DRIFTS spectra to monitor the reaction, when the final
surface spectra was recorded. This method was continued at 100 °C
increments up to 300 °C then 50 °C increments to fully observe the fine
feature changes at temperatures from 300 °C to 500 °C. The spectra were
reprocessed using a spectrum of a gold foil mirror (Alfa Aesar) in the
evacuated HTRC as the background to record the absolute pseudo-
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Fig. 4. Temperature dependent normalized peak height analysis of benzoate features. v,(OCO): bdt-benzoate (33) (1585 cm’l), bdt-benzoate (43) (1558 cm’l), bdt-
benzoate (44) (1543 cm™?), and v,(OCO): bdt-benzoate (33) (1378 cm ™), bdt-benzoate (43) (1373 cm 1), bdt-benzoate (44) and (1353 cm™1).

absorption spectrum. While the difference spectrum obtained from using
the cooled ceria as a background is useful for accurately visualizing the
changes that occur in the region where carbonate and alkoxy species are
observed, the absolute pseudo-absorption spectrum is more useful for
monitoring hydroxyl reactivity.

2.3. Relative peak height analysis

The peak heights of the features of interest from the absolute pseudo-
adsorption spectrum were recorded as a function of temperature. The
heights of individual features were normalized (0, 1) over the temper-
ature range and plotted as a function of temperature. Normalization
allows the changes in intensities of different peaks to be seen on the
same scale, which aids in the visualization of relationships between
different surface features. In addition, normalized peak heights more
accurately represent the percent change in intensity a feature undergoes
over the course of the heat treatment.

3. Results and discussion
3.1. DRIFTS study
3.1.1. Carbon-oxygen intermediate DRIFTS characterization

In order to identify the mechanism for the oxidation of toluene over
ceria, difference DRIFTS spectra are utilized to observe the system after

0.1 torr of toluene is introduced followed by evacuation and subsequent
heating from 25 to 500 °C. As depicted in Fig. 3, with the addition of
toluene at 25 °C intense bands associated with the v(CO) of monobound
(m) alkoxy species at 1095 em™! and the ¥(CO) of bridged (b) alkoxy
species at 1040 cm ™! are formed [20,23,30,37,40] through the chemi-
sorption of toluene on ceria via methyl group and surface oxygen
interaction; the alkoxy species is identified as benzyloxy [30,41,42]. At
25 °C, a band at 1435 cm ™! also appears, representative of the aromatic
ring vibration of the adsorbed phenyl group [11,37,42]. However, as
temperature increases past 100 °C a new more intense band centered at
1440 cm™, representing carbonate, forms and overshadows the 1435
cm™! feature. The 1290 cm ™! band that is observed at 25 °C and de-
creases until 300 °C is associated with the CH; deformation vibration of
alkoxy species, additionally supporting the presence of benzyloxy spe-
cies [29,43-45]. At 300 °C and above a band at 1300 cm’l, also asso-
ciated with carbonate features, forms and continues to grow until 500 °C
is reached, further supporting the formation of surface carbonate
[46-48]. Above 100 °C three distinct bands at 1585 cm_l, 1558 cm_l,
and 1543 cm’l, associated with the v,(OCO) benzoate species with
unique binding site oxidation states, appear and increase in intensity
with temperature [11,20-22,28-30,37,46]. The band at 1543 cm s
associated with bidentate carboxylate species bound to two Ce*" atoms
(bdt-benzoate (44)), 1558 em™! with bdt-carboxylate species bound to
one Ce** atom and one Ce' atom (bdt-benzoate (43)), and 1585 cm !
with bdt-carboxylate species bound to two Ce>* atoms (bdt-benzoate
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Fig. 5. Temperature dependent normalized peak height analysis of benzyloxy (- -), benzoate (=), and carbonate (---) features. m-benzyloxy (1095 cm '), b-benzyloxy
(1040 cm™Y), bdt-benzoate (33) (1585 cm™1), bdt-benzoate (43) (1558 cm™!), bdt-benzoate (44) (1543 cm™1), and carbonate (1440 cm ™).

(33)) [11,20-22,28-30,37,46]. The bands at 1378 cm™*, 1373 cm™,
and 1353 cm ™! are associated with the v5(0OCO) of carboxylate, in this
case benzoate [11,28,37,46,48,49]. The m-benzyloxy, b-benzyloxy, and
three bdt-benzoate species are illustrated in Scheme 1.

From the DRIFTS spectra depicted in Fig. 3 the m-benzyloxy and b-
benzyloxy bands at 1095 cm ™! and 1040 cm ™ respectively are observed
at 25 °C. The m-benzyloxy features decrease at temperatures above 25
°C while the b-benzyloxy features increase up to 200 °C and begin to
decrease at 300 °C. The 1435 cm ™! band that represents the aromatic
ring vibration is observed at 25 °C and 100 °C and is overshadowed by
the 1440 cm ™! band of carbonate species at 200 °C and higher. Car-
bonate species are likely forming as the phenyl group on benzoate is
separated allowing for further oxidation of the carboxylate group. The
1290 cm™! band associated with the CH, deformation vibration of
benzyloxy species decreases until 200 °C as benzyloxy species are lost
through desorption or transformation when it is overtaken by the 1300
em ™! carbonate band that increases in intensity at temperatures >300
°C [29,43-45]. A faint shoulder at 1462 cm™! that appears at temper-
atures >400 °C is associated with methylene and potentially indicates
ring breakage on the catalytic surface [30,50]. The ring separation is
supported by the previously mentioned presence of carbonates that
would allow the ring to interact directly with the catalytic surface. The
difference in peak position of the asymmetric/symmetric OCO bands
being more than 100 cm ™! and less than 300 cm ™! further confirms the
bidentate binding mode [11,20,21,40,51]. The bands at 1543, 1558, and
1585 cm ™! that represent carboxylate species bound to metal centers
with different oxidations states are well established and identified as,

bdt-benzoate (44), bdt-benzoate (43), and bdt-benzoate (33), respec-
tively. However, their sister v{(OCO) bands are not as precisely defined
[20,21,46]. In order to correlate the unique vs(OCO) to the specific
v4(OCO) normalized peak height analysis is employed.

Fig. 4 depicts the temperature dependent relative peak heights
associated with the asymmetric stretching bands at 1543 cm™!, 1558
cm’l, and 1585 cm™? representing bdt-benzoate (44), bdt-benzoate
(43), and bdt-benzoate (33), respectively, and compares them with the
v5(OCO) bdt-benzoate features at 1378 cm’l, 1373 cm’l, and 1353
cm™! in the DRIFTS spectra presented in Fig. 3. From the trends in in-
tensity change as a function of temperature presented in Fig. 4, the
oxidation state specific vs(OCO) bands are identified through pairing
with their v4(OCO) counterparts.

In Fig. 4, as the temperature of ceria is increased from 25 to 100 °C no
changes in any bdt-benzoate features are seen. At 200 °C the bands at
1543 cm™ L, 1558 em™!, 1373 em ™!, and 1353 cm ! increase, however,
the bdt-benzoate bands at 1585 cm_l, associated with bdt-benzoate
(33), and 1378 cm ! remain unchanged indicating that the v(OCO)
band at 1378 cm ™ is also correlated to bdt-benzoate (33). From 300 to
450 °C all bdt-benzoate features increase. At 500 °C the bands at 1558
crn’l, 1585 cm’l, 1378 cm’l, and 1373 cm ! reach maximum intensity
while the bands at 1543 cm™!, associated with bdt-benzoate (44), and
1353 cm ! have decreased in intensity indicating that the v(OCO) band
at 1353 cm ™! represents bdt-benzoate (44) as well. The decrease in the
v4(OCO) and vs(OCO) features of bdt-benzoate (44) is caused by the
reduction of ceria surface metal sites from Ce** to Ce®* that occurs at
higher temperatures. By process of elimination the 1558 cm ! and 1373
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Fig. 6. Absolute DRIFTS of OH stretching region of the ceria surface before (25 °C*), and after (25 °C) initial toluene adsorption and as a function of temperature.

cm ! bands are both determined to represent the v,(OCO) and v(OCO)
of bdt-benzoate (43), respectively. In addition to identifying the oxida-
tion state dependent v(OCO) IR bands of bdt-benzoate, relative peak
height analysis allows for cataloging mechanistic steps taking place on
the catalytic surface.

Further utilizing relative peak height analysis of the spectra pre-
sented in Fig. 3 focusing on the transformation of benzyloxy, benzoate,
and carbonate features allows for the elucidation of the mechanism for
the oxidation of toluene to benzoate on the surface of ceria. Fig. 5 dis-
plays the relative peak height analysis of the DRIFTS spectra in Fig. 3 in
order to better catalog the subtle band changes as a function of tem-
perature. Fig. 5 depicts the temperature dependent relative peak heights
associated with features representing the v(CO) of m-benzyloxy at 1095
cm ! and ¥(CO) of b-benzyloxy at 1040 cm ™' and compares them with
the v,(OCO) benzoate features at 1585 cm_l, 1558 cm_l, and1543 cm ™!
as well as the carbonate feature at 1440 cm ™ '. The v5(OCO) of benzoate
species are omitted from this peak height analysis for brevity, as they
follow an identical trend to their respective vo(OCO) counterpart.

In Fig. 5, as the temperature of the substrate is increased from 25 to
100 °C a decrease in the intensity of the m-benzyloxy features is
observed while the b-benzyloxy increases in intensity with no change to
the benzoate features indicating that m-benzyloxy is solely converting
into b-benzyloxy. At 200 °C the intensity of two of the v,(OCO) bdt-
benzoate features at 1558 cm ™! (43) and 1543 cm ! (44) as well as
the carbonate feature at 1440 begin to increase. The formation of car-
bonate is likely due to the separation of the benzene ring from the car-
bon of the chemisorbed carboxylate functional group of benzoate. Said
carboxylate carbon then reacts with oxygen released from the substrate

as signified by the increase in the bdt-benzoate (43) feature indicating
substrate reduction, or through interaction with physisorbed water or
nearby surface OH species [28]. At 300 °C, b-benzyloxy features
decrease, signifying its transformation into bdt-benzoate made apparent
by the increase of the bands at 1585 cm’l, 1558 cm’l, and 1543 cm ™ L.
The decrease in b-benzyloxy features and increases in all three
bdt-benzoate features continue until 450 °C. At 500 °C bdt-benzoate
(44) features decrease in intensity while b-benzyloxy continues to
decrease, however, bdt-benzoate (43) and (33) features continue to in-
crease in intensity. The increase in bdt-benzoate (43) and (33) occurs at
a rate that outpaces the decrease in bdt-benzoate (44) indicating further
transformation of b-benzyloxy into bdt-benzoate species. With the
reduction of the surface being more wide spread at 500 °C the formed
bdt-benzoate species are bound to (43) or (33) cerium sites [20,22,37,
46]. At 450 °C m-benzyloxy features cease to decrease in intensity and
remain at the same intensity to 500 °C while the b-benzyloxy features
continue to decrease indicating that at temperatures above 400 °C the
production of benzoate is dependent on b-benzyloxy species only. The
lack of an increase in benzoate feature intensity and a decrease in
m-benzyloxy feature intensity between 25 and 100 °C indicates that the
transformation of m-benzyloxy is not leading to the production of ben-
zoate species. Additionally, the increase of benzoate feature intensity
and the stagnant m-benzyloxy feature from 450 to 500 °C indicates that
the formation of benzoate species at temperatures optimal for complete
surface reduction is independent of the m-benzyloxy species.

From the DRIFTS spectra and subsequent peak height analysis pre-
sented in Fig. 3 and Fig. 5 respectively, it is clear that toluene binds to
the surface as the two distinct benzyloxy species, m-benzyloxy and b-
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benzyloxy. m-benzyloxy is transformed into b-benzyloxy upon heating
the system from 25 °C to 200 °C followed by the transformation of b-
benzyloxy into bdt-benzoate species at temperatures ranging from 200
°C to 500 °C. In order to completely characterize the mechanism for the
oxidation of toluene to bdt-benzoate on the surface of ceria, the sources
of oxygen and their role in the transformation of toluene to benzyloxy to
benzoate needs to be understood.

3.1.2. Hydroxyl role DRIFTS characterization

Cataloging surface hydroxyl activity during catalysis is vital for fully
discerning the mechanism. Surface hydroxyls are responsible for aiding
in binding adsorbates as well as acting as sources of oxygen and/or
hydrogen [31,33,37,52-56]. Changes in the IR intensity of hydroxyl
features indicate that OH species are active in the reaction. A decrease in
a unique OH feature stipulates that particular OH species is transforming
during the reaction. Fig. 6 depicts the absolute DRIFTS spectra, obtained
using a gold foil background, of the hydroxyl stretching region
(3800-3000 cm™!) of ceria upon exposure to toluene as a function of
temperature. Post toluene introduction, the subsequent heating of the
system results in changes to four distinct OH bands: m-OH features at
3712 cm™ !, b-OH features with no adjacent oxygen vacancies (b-OH) at
3650 cm !, b-OH features with adjacent oxygen vacancies (b-OH“') at
3630 cm ™!, and physisorbed water on the surface of ceria represented by
the broad feature centered at 3420 cm ! [32,37,57-59]. The broad band
centered at 3510 em ™! is associated with interstitial oxyhydroxide
species and triply bound OH groups [32,37,57,58,60]. The lack of

meaningful change in the intensity of the 3510 cm™! band signifies the
inactivity of the associated species throughout the oxidation of toluene,
thus, this band is more likely associated with interstitial oxyhydroxide
species.

From the DRIFTS spectra in Fig. 6, the changes in hydroxyl features,
before (25 °C*) and (25 °C) after the introduction of toluene and as the
surface temperature increases, are subtle. Peak height analysis is
employed to perceive the transformation of hydroxyl features during the
initial binding and oxidation of toluene on the surface of ceria. By
simultaneously monitoring the transformation of OH features in relation
to benzyloxy features with relative peak height analysis, a clear under-
standing of hydroxyl activity during the transformation of m-benzyloxy
to b-benzyloxy is achieved. Fig. 7 compares the relative peak height of
surface OH features, namely m-OH at 3712 cm~ Y, b-OH at 3650 cm ™1, b-
OHT at 3630 em ™}, and physisorbed water at 3420 cm ™!, with m-ben-
zyloxy at 1095 cm™! and b-benzyloxy at 1040 cm™! to determine their
correlation throughout the study.

In Fig. 7, after toluene is introduced (25 °C* to 25 °C) there is a
drastic increase in m-benzyloxy and b-benzyloxy features at 1095 cm ™
and 1040 cm™! respectively while there is a decrease in both b-OH and
b-OHT features yet an increase in m-OH and physisorbed water features.
The decrease in b-OH and b-OHT features as both benzyloxy features
increase indicates that the b-OH and b-OHT play a role in the chemi-
sorption of toluene; however, chemisorption does not account for the
increase in m-OH species. The surface of ceria is populated with both
hydroxyl species and surface lattice oxygen, the increase in m-OH
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species indicates that toluene is also interacting with surface oxygen
resulting in the release of a hydrogen that is free to form an OH group
after interacting with an additional nearby surface oxygen [32,37,57,
61-63]. As the temperature is increased from 25 to 200 °C there are
decreases in the intensities of the 3712 cm~! (m-OH) and 3650 cm !
(b-OH) surface hydroxyl species as well as 3400 cm ™' (physisorbed
water) yet an increase in 3630 cm ! (b-OH'I') feature all while the
m-benzyloxy peak, at 1095 cm ™!, decreases and b-benzyloxy feature, at
1040 cm™}, increases in intensity. The only source for continued
b-benzyloxy production is the reaction of m-benzyloxy with an adjacent
oxygen species. The decrease in m-OH and b-OH species as m-benzyloxy
decreases and b-benzyloxy increases indicates that m-benzyloxy is
interacting with either a m-OH or b-OH species to form b-benzyloxy. If
m-benzyloxy interacts with an m-OH species, the hydroxyl would shift to
an adjacent Ce site forming a b-OH species. If m-benzyloxy interacts
with a b-OH species the b-OH could transform into a m-OH with the OH
shifting from being connected to two cerium centers to being attached to
a single cerium center.

Fig. 7 also indicates that as the temperature of the substrate is
increased beyond 300 °C, there is an increase in intensity of b-OH and b-
OH+ species, and beyond 400 °C, m-OH, b-OH, and water all decrease in
intensity. In order to properly characterize the changes in hydroxyl
features at temperatures above 300 °C it is necessary to compare the
evolution of benzoate species on the surface with changes in the surface
hydroxyl species in question. The peak height analysis of bdt-benzoate
(44), bdt-benzoate (43), bdt-benzoate (33), m-OH, b-OH, b-OH +, and
water is presented in Fig. 8 from 25 to 500 °C where m-OH and b-OH

species are seen facilitating the production of bdt-benzoate species
through interaction with b-benzyloxy. The discussion of Fig. 8 will be
centered on temperatures from 300 to 500 °C as this is this is the tem-
perature range where a drastic increase in benzoate species occurs and
the analysis of the changing hydroxyl features at temperatures below
300 °C was carried out in the discussion of Fig. 7.

Fig. 8 shows that with the increase of bdt-benzoate species on the
surface from 300 to 500 °C there is further evolution of surface hy-
droxyls and water. The decrease in intensity of m-OH at temperatures
from 300 to 500 °C and b-OH features from 400 to 500 °C is a result of
these hydroxyls acting as sources of oxygen for benzyloxy to benzoate
transformation, however the slow decrease of m-OH features and in-
crease of b-OH features from 350 to 400 °C is likely caused by the release
of hydrogen from benzyloxy to benzoate transformation. As benzyloxy is
transformed into benzoate, hydrogen is released and free to interact
with oxygen on the surface of CeO, [20,21,35,37,64-66]. The released
hydrogen interacting with surface oxygen produces surface OH species
or water, as indicated by an increase in b-OH features at temperatures
from 350 to 400 °C and water features at 300 °C. The anomaly of the
continued increase in b-OHT from 25 to 400 °C is likely caused by the
reduction of the ceria surface resulting in oxygen vacancies forming
adjacent to already formed b-OH features.

From Fig. 7 it is apparent that b-OH and b-oHT species are capable of
facilitating the chemisorption of toluene but a concrete investigation on
why m-OH species are seen increasing after toluene introduction at 25
°C is needed. To add finer detail to the role hydroxyls play in the
chemisorption of toluene, difference DRIFTS spectra are utilized to
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Fig. 9. Difference DRIFTS of OH stretching and alkoxy carbon-oxygen stretching region of (a) reduced ceria after 0.1 torr of toluene introduction at 25 °C, (b)
reduced ceria after 0.02 torr of toluene introduction at 25 °C, (c) rehydrated ceria after 0.02 torr toluene introduction at 25 °C.

compare the changes in OH and benzyloxy features on the surface of
CeOy, after toluene is introduced under three unique conditions and is
depicted in Fig. 9. Spectra (a) and (b) in Fig. 9 represents the difference
DRIFTS spectra of heat-treated CeOy cooled to 25 °C after the intro-
duction of either 0.1 torr (a) or 0.02 torr (b) toluene, using the cooled to
25 °C CeO3 as the background. The partial adsorbate coverage shown in
spectrum (b) elucidates which surface species react first when a limited
amount of adsorbate is available. To further clarify the role of hydroxyls,
the heat-treated ceria is cooled to 25 °C and rehydroxylated by intro-
ducing 0.5 torr of water vapor for 30 min. The rehydroxylated substrate
is evacuated overnight and a spectrum is taken which is then used as a
background to clearly show changes to this substrate when exposed to
0.02 torr of toluene; the resulting difference DRIFTS spectrum is labeled
(c) in Fig. 9. By introducing water to the cooled substrate, the maximum
amount of surface OH species are formed by water reacting with the
surface resulting in OH species available to fill oxygen vacancies and H
available to interact with surface lattice oxygen forming OH species.
Thus spectrum (c) in Fig. 9 elucidates which surface species react first
when a limited amount of adsorbate is available and maximum OH
species are available.

From the toluene saturated surface (spectrum (a) in Fig. 9) the hy-
droxyl activity is not immediately obvious. After toluene introduction,
an increase of m-OH features and decrease in b-OH features occurs. A
hydroxyl species binding toluene and transforming it into benzyloxy
would result in a decrease in the respective OH IR feature. In spectrum
(a) b-OH features decrease and m-OH features increase. The negative
feature in spectrum (a) at 3712 cm™! is caused by the red shift of m-OH

species through hydrogen bonding with now adjacent benzyloxy groups.
Observing the changes in hydroxyl features after partially covering the
surface with toluene (spectrum (b) in Fig. 9) leads to a better under-
standing of the production of m-OH species on the surface of ceria. Here,
as benzyloxy forms on the surface, all hydroxyl features increase signi-
fying that benzyloxy species are forming through the interaction with
surface lattice oxygen. As toluene chemisorbs to the surface the terminal
methyl group of toluene loses a hydrogen. The released hydrogen is
available to interact with a surface oxygen producing m-OH and b-OH
species. This indicates that the increase in m-OH (3712 cm_l) features in
spectrum (a) was caused by the interaction of toluene with surface ox-
ygen components resulting in the release of hydrogen now free to react
with the ceria surface. In order to more confidently state that, in spec-
trum (a), b-OH (3650 cm’l) species are additionally responsible for
binding toluene the partial coverage study was repeated with a rehy-
drated ceria surface (spectrum c). In spectrum (c) a decrease in m-OH
(3712 em™1) feature is observed but an increase in an adjacent peak
indicates that this is, again, a peak shift as surface m-OH hydrogen bond
with adjacent benzyloxy species. There is a decrease of b-OH features at
3650 cm ! indicating that b-OH species are a source of oxygen for
toluene chemisorption. To sum up, toluene can interact with either
surface lattice oxygen or b-OH forming either m-benzyloxy or b-ben-
zyloxy species. With the need for b-OH species and surface lattice oxy-
gen to facilitate the chemisorption of toluene, the CeO; (100) and (110)
faces are most likely the surfaces at which the observed toluene oxida-
tion occurs as these planes contain reactive b-OH and surface lattice
oxygen species [32,56,67,68].
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3.2. Reaction mechanism

To date, there have been a few attempts to describe the mechanism
for the oxidation of toluene on the surface of ceria. Toluene has been
proposed to initially bind to the catalytic surface of ceria through its
terminal methyl group followed by transformation into benzaldehyde
and finally benzoate [11,28]. With the evidence provided from these
DRIFTS experiments, a new mechanistic pathway for the conversion of
toluene to benzoate on ceria is revealed that incorporates benzyloxy as
an intermediate species. From the information discerned from the
DRIFTS and subsequent peak height analysis presented in Figs. 3 and
5-9, a comprehensive mechanism for the chemisorption of toluene and
conversion into bdt-benzoate is determined and is illustrated in Fig. 10.

Fig. 10 details the mechanism for the chemisorption of toluene and
subsequent conversion to bdt-benzoate. Both m-benzyloxy and b-ben-
zyloxy are produced when toluene interacts with either surface b-OH
species or surface oxygen species on ceria at room temperature (paths a
and b in Fig. 10). The binding pathways are supported by the decrease in
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b-OH features after toluene introduction observed in spectra (a) and (c)
in Fig. 9 and the increase in all hydroxyl species after toluene intro-
duction observed in spectrum (b) in Fig. 9. As the substrate is heated
from 25 to 200 °C, m-benzyloxy reacts with an adjacent m-OH or b-OH
(path cin Fig. 10) to form a b-benzyloxy group. The transformation of m-
benzyloxy to b-benzyloxy through OH interaction is supported by the
continued loss of m-OH and b-OH species as m-benzyloxy features
decrease and b-benzyloxy features increase as depicted in Fig. 7.

The oxidation of b-benzyloxy to bdt-benzoate (43) and bdt-benzoate
(33) depicted in Fig. 10 is initiated through the oxidation of b-benzyloxy
to bdt-benzoate (44) (path d). As the system reaches 200 °C the carbon
in b-benzyloxy interacts with cerium bound oxygen found in an adjacent
OH species resulting in its transformation into bdt-benzoate (44).
Transformation of b-benzyloxy and adjacent hydroxyl species is sup-
ported by the dependence of bdt-benzoate formation on b-benzyloxy
species at 450 to 500 °C as seen in Fig. 5 and the decrease in m-OH and b-
OH features that occurs until 300 °C is reached and the steady decrease
of m-OH features at temperatures above 300 °C as seen in Figs. 7 and 8.



P.K. Huttunen et al.

The production of bdt-benzoate (44) from the oxidation of b-benzyloxy
continues up to 500 °C supported by the continued decrease in b-ben-
zyloxy features up to 500 °C seen in Fig. 5. At 200 °C bdt-benzoate (43)
features are also seen forming in Fig. 3 as minute amounts of oxygen
begin to leave the surface of the substrate (path €). The transformation of
b-benzyloxy also results in the conversion of m-OH to b-OH in an
attempt to keep all cerium atoms satisfied. The transformation of m-OH
to b-OH is indicated by the increase in b-OH features seen in Fig. 8 at
300 °C that occurs in tandem with the drastic increase in benzoate
production. The transformation of m-OH to b-OH is likely occurring at
200 °C, when benzoate production initially begins, but the production of
benzoate at this temperature is minimal and is likely offset by the
continued transformation of m-benzyloxy to b-benzyloxy. At 300 °C bdt-
benzoate (33) is observed as ceria continues to be reduced and is sup-
ported by the growth of its IR features detailed in Fig. 3 (path f). The
departure of oxygen from the surface at temperatures > 200 °C is
enabled through two paths. The first is through the natural reduction of
CeO-, as the substrate temperature increases towards 500 °C as indicated
by the increase in bdt-benzoate (33) and (43) in Figs. 4, 5, and 8. The
second is through the released hydrogen, from toluene oxidation,
interacting with surface lattice oxygen and forming new hydroxyls fol-
lowed by water from further hydrogen interaction which then desorbs
resulting in an oxygen vacancy [67,68].

In Fig. 5, at 500 °C, the reduction of the surface becomes more
widespread resulting in higher transformation levels of bdt-benzoate
(44) to bdt-benzoate (43) and bdt-benzoate (33) (paths e and f in
Fig. 10). The increased conversion of bdt-benzoate (44) to bdt-benzoate
(43) and bdt-benzoate (33) is supported by the decrease in bdt-benzoate
(44) features and increase in bdt-benzoate (43) and bdt-benzoate (33)
seen at 500 °C in Fig. 5.

4. Conclusion

The reaction of toluene with ceria nanoparticles was investigated via
in situ DRIFTS. DRIFTS spectra and subsequent peak height analysis as a
function of temperature were interpreted to characterize the symmetric
v(OCO) of benzoate species and determine the mechanism of toluene
oxidation on the surface of ceria. Toluene reacts with the ceria surface to
produce m-benzyloxy and b-benzyloxy groups on ceria. The m-benzy-
loxy species are converted to b-benzyloxy through interaction with an
adjacent surface hydroxyl. The b-benzyloxy is then transformed into
benzoate. No evidence of benzaldehyde was observed on the surface.

Additionally, the interpretation of DRIFTS spectra and peak height
analysis as a function of temperature allowed for the determination of
the role surface hydroxyls play in the initial binding and oxidation of
toluene on the ceria surface. When toluene interacts with a b-OH species
or surface lattice oxygen both m-benzyloxy and b-benzyloxy can be
formed while m-OH species do not play an active role in binding. Once
200 °C is reached b-benzyloxy interacts with an adjacent hydroxyl
forming bdt-benzoate. At temperatures above 300 °C, the reduction of
the ceria surface becomes more widespread and there is an increased
conversion of bdt-benzoate (44) to bdt-benzoate (43) and bdt-benzoate
(33). From 450 to 500 °C all m-benzyloxy species have been transformed
into b-benzyloxy which continues to solely transform into bdt-benzoate
species.

From this study a comprehensive mechanism for the oxidation of
toluene on the surface of ceria is realized. b-benzyloxy is found to be the
direct precursor to benzoate and is the only available intermediate
species observed transforming into bdt-benzoate species at 450-500 °C,
the optimal catalytic temperatures for ceria. Benzaldehyde, a previously
proposed intermediate species was not observed, indicating it is not a
necessary species in the oxidation of toluene on the surface of ceria.
Knowledge of the importance of b-benzyloxy species will enable opti-
mization of oxidation on the surface of ceria through reaction condition
control. The characterization of the roles of OH and surface oxygen
species play in the binding and transformation of toluene to benzoate on
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the surface of ceria solidifies the importance of OH species during the
oxidation of toluene. Toluene’s transformation and oxidation into ben-
zoate, facilitated by surface OH species and surface oxygens, is an
essential process during the catalytic combustion of toluene. The tem-
perature dependent intermediate and hydroxyl species activity infor-
mation presented here will help to better optimize the catalytic
combustion of toluene through heat cycle regulation to promote the b-
benzyloxy intermediate species and selecting ceria morphologies that
have surfaces predominantly inhabited by b-OH and surface lattice ox-
ygens. The toluene transformation process on the surface of ceria has
now been well documented, considerably advancing the understanding
of the catalytic combustion of toluene mechanism.
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