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ABSTRACT: The adsorption of cyclohexanone on different
planes ((100), (101), and (001)) of anatase TiO,, with variable
level of hydration, was evaluated by density functional theory
(DFT) calculations. Surface hydration was found to affect the
cyclohexanone adsorption enthalpy and the calculated infrared
absorption frequencies of the preferred adsorbed configurations
considerably. A good correlation was found between two
experimentally observed absorption frequencies at 1694 and
at 1681 cm
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" of cyclohexanone adsorbed on TiO,, determined by attenuated total reflection Fourier transform infrared (ATR-

FTIR), and frequencies calculated for conformations of cyclohexanone interacting with the (101) surface with low and intermediate
levels of hydration, respectively. The corresponding adsorption enthalpies of these adsorbed conformations amount to —23.5 and
—37.0 kJ/mol, respectively. In addition, DFT calculations show that cyclohexanone physisorption on hydrated (100) yields an
adsorption enthalpy of —89.4 kJ/mol. This might be a conformation contributing to irreversible adsorption of cyclohexanone
known to occur experimentally after photocatalytic activation of TiO,. Other phenomena of relevance to irreversible adsorption are

also briefly discussed.

B INTRODUCTION

Heterogeneous photocatalysis, in which TiO, is most com-
monly used, enables a large variety of selective mild oxidation
reactions, including selective cyclohexane oxidation to cyclohex-
anone. Photocatalytic reactions are generally operated at room
temperature, where product desorption limitations are an issue.'
Some of us have previously analyzed the selective formation of
cyclohexanone by photo-oxidation of cyclohexane over TiO,,
using in situ ATR-FTIR spectroscopy. The various steps of the
photocatalytic process are schematically shown in Scheme 1. The
desired steps are reactions (1) and (4), whereas carboxylates
(undesired) might be formed either directly by unselective
oxidation of cyclohexane (reaction 3) or consecutively by oxida-
tion of the adsorbed product cyclohexanone. The latter is likely
dominant, since a correlation was found between the rates of
desorption of cyclohexanone and accumulation of carboxylates
on the catalyst surface, causing deactivation.”

Two carbonyl-related absorption frequencies are always ob-
served for cyclohexanone adsorbed on TiO, surfaces. However,
the conformation of adsorbed cyclohexanone, and the role of
water in determining the adsorption modes, are of relevance in
designing TiO, surfaces with improved catalytic properties but
far from understood. Periodical Density Functional Theory
(DFT) calculations can aid infrared spectral interpretation®
and the understanding of interactions between adsorbate and
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Scheme 1. Simplified Reaction Scheme of the Cyclohexane

Photo-Oxidation
& Rate 4, Eaue ij
bulk

Rate 1, Ea
hv, O:
Rate 2
hv Ea
0
Rate 3, Eas RC//
hv, O: N\

ads

catalyst.* DFT calculations are based on model catalyst surfaces,
which usually are very well representative for macroscopic
anatase TiO, particles, exhibiting 95% of the surface as (101)
surfaces, truncated by (001) facets.> However, most commercial
TiO, catalysts are nanoparticles with a variety of surface facets
and defects, like oxygen vacanc1es, which largely influence the
reactivity of the T102 surface The large degree of hydration at
operating conditions”® is also of great importance, since the
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adsorption mode of a probe molecule is strongly affected by
secondary interactions.” It is possible to approach more realistic
conditions in DFT calculations, by introducing a hydration layer
on the modeled TiO, surface.*

In this study the interaction of cyclohexanone with (100),
(101), and (001) TiO, planes of different hydration levels was
studied by periodic DFT calculations, in order to provide further
insight in ATR-FTIR spectral interpretation and better under-
standing on the adsorption conformations of cyclohexanone
leading to surface deactivation of TiO, during photo-oxidation.

B EXPERIMENTAL SECTION

Catalyst Characterization. Solid state 'H-MAS NMR was
performed on a Bruker Avance 400 spectrometer, using a S mm
zirconia rotor, with spinning speed of 11 kHz. The spectral
window was 25063 Hz, with 50 ms acquisition time and 15 s
acquisition delay. Transmission electron microscopy (TEM) was
performed using a FEI Tecnai TF20 electron microscope with a
field emission gun as the source of electrons operated at 200 kV.
Samples were mounted on Quantifoil carbon polymer supported
on a copper grid, by placing a few droplets of a suspension of
ground sample in ethanol on the grid, followed by drying at
ambient conditions. The crystal lattice distances were deter-
mined by fast Fourier transformation (FFT) of the TEM images,
which were generated using Digital Micrograph 3 software.

Cyclohexanone Adsorption Reference. The photocatalyst
used in this study was Hombikat UV100 TiO, (Sachtleben) of
100% anatase crystallinity (determined by XRD), a Sggr of
337 m*/g, and a primary particle size of approximately 5 nm."°
The catalyst was dried at 120 °C for 1 h in static air and
suspended in water at a concentration of 1.5 g/L. The suspension
was treated for 30 min in a 35 kHz Elmasonic ultrasonic bath;
2 mL of this suspension was spread on a ZnSe crystal and dried in
vacuum in a desiccator at room temperature overnight. The
coating obtained was dried at 120 °C for 1 h. The thickness of the
TiO, coating can be estimated considering the theoretical
density of the TiO, material and knowing the mass of catalyst
used in the coating, which leads to a layer thickness of 1.7 ym.

The in situ ATR-FTIR setup used for the cyclohexanone
adsorption experiments is described in detail elsewhere.> Cyclo-
hexane 99.0% from Sigma Aldrich and cyclohexanone 99.8%
Fluka Analytical were used. Cyclohexane and a solution of 0.05 M
of cyclohexanone in cyclohexane were dried over Molsieve
(type 4A) overnight before use. A volume of SO0 mL of cyclo-
hexane was allowed to flow through the TiO, coated ATR cell for
1 h by means of a series II high-performance liquid chromatog-
raphy pump. After surface stabilization a spectrum was taken as
background. For the measurement of the adsorption spectrum
for cyclohexanone, the inlet of the ATR cell was switched from
pure cyclohexane to the solution of 0.05 M of cyclohexanone in
cyclohexane. A Nicolet 8700 spectrometer equipped with a TRS
N,-cooled detector was used. The measurements were done with
a mirror velocity of 1.8988 cm+s™ " and a resolution of 4 cm ™.
The background and the sample spectra were averaged from 64
and 32 spectra, respectively.

B COMPUTATIONAL METHODS

Geometry optimization and molecular dynamics calculations
were performed using the ab initio plane-wave pseudopotential
approach as implemented in the Vienna Ab Initio Simulation

Table 1. Dimensions of (100), (101), and (001) Unit Cells
and Applied Hydration Levels

unit cell hydration level

dimensions (H,O molecules/nm?)

bare slab
planes a (A) b (A) c(A) thickness (A)

(101) 7.6 109 40 13.8 48 9.6 16.8
(100) 7.6 9.5 40 13.1 62 9.3 18.5
(001) 74 116 40 133 23 7.0 164

Package (VASP code)."""? Periodically repeated calculations
with the generalized gradient approximation (GGA) density
functional by Perdew and Wang PW91'® were performed. The
valence electrons were treated explicitly, and their interactions
with the ionic cores are described by the projector augmented-
wave method (PAW), which allows a low energy cutoff equal to
400 eV for the plane-wave basis.

The relaxation of the anatase (100), (101), and (001) planes
used in this study was discussed previously.'*'®> Each surface
plane was optimized with different extents of adsorbed H,0, and
the distribution of water layers over the TiO, planes was based on
previous work by Arrouvel et al."> Physisorbed cyclohexanone is
stabilized by one or more H-bonds between the oxygen atom of
cyclohexanone and a hydrogen atom of a surface active site or
adsorbed H,O molecule. Cyclohexanone was chemisorbed on
TiO, inducing a chemical bond between a free titanium atom and
the oxygen atom of cyclohexanone. The unit cell dimensions
were determined for each plane in order to reduce the interaction
between adsorbed cyclohexanone with adjacent unit cells. In
Table 1 the characteristics of the surface planes with variable
levels of hydration and unit cell dimensions are shown.

Geometry optimization calculations were performed with the
conjugate-gradient algorithm, at 0 K and at 3 X 2 x 1 k-point
mesh and the partial occupancies are set for each wave function
using the tetrahedron method with Blochl corrections.'® The
positions of all the atoms in the supercell as well as the cell
parameters are relaxed, in the potential energy determined by the
full quantum mechanical electronic structure until the total
energy difference between the loops is less than 10 * eV.

To explore the surface potential energy of our system, we
performed, initially, 0 K geometry optimizations on several
intuitive starting configurations; the obtained systems were used
as inputs for an ab initio molecular dynamics study within
the microcanonical ensemble in the microcanonical (NVE)
approach, at T = 300 K, to scan the possible conformations of
the system. We considered several starting conformations (but
no statistics was performed on them), and the run was stopped
after t = 2 ps. To avoid fluctuations associated to the large time
step chosen (2.5 fs), the mass of H atoms was set to 3. The local
minima found from molecular dynamics results were system-
atically reoptimized at 0 K, in order to achieve the absolute
electronic minimum energy for each configuration. Molecular
dynamics were performed at 1 X 1 X 1 k-points mesh with an
energy cutoff of 250 eV.

For both optimization and molecular dynamic calculations,
half of the slab was frozen and only the upper four TiO, layers
were allowed to relax.

Vibrational spectra were calculated, with 1 X 1 X 1 k-points
mesh, for a limited number of atoms within the harmonic
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Figure 1. Transmission electron microscopy (TEM) image of anatase
TiO, UV-100.

approximation. Only the adsorbed cyclohexanone molecule and
its neighboring or interacting OH groups on the surface were
allowed to move, while the rest of the slab was kept frozen. The
eigenvalues of the Hessian matrix after diagonalization lead to the
frequency values. The assignment of the vibrational modes was
done by inspection of the corresponding eigenvectors. A scaling
factor was applied to the calculated carbonyl vibrations. The
scaling factor was determined by the ratio between the experi-
mentally observed carbonyl vibration (1722 cm™') of cyclo-
hexanone dissolved in cyclohexane and the carbonyl vibration
calculated by DFT, when the molecule is isolated. This approach is
accurate for carbonyl vibrations.'” Furthermore the scaling factor
is dependent on the size of the unit cell (Table 1), so the scaling
factor was adjusted for each TiO, plane; a similar grocedure was
successfully undertaken in a previous publication.'

B RESULTS

Catalyst Characterization. Analysis of the applied commer-
cial TiO, by X-ray diffraction (XRD) was discussed previously,"’
showing anatase crystallinity, with the diffraction lines of the
(101) crystallographic phase being dominant. The bulk crystal-
line structure was also analyzed by TEM, as shown in Figure 1.
The sample was further analyzed by determination of the lattice
parameters, which were calculated by a fast Fourier transforma-
tion (FFT). The most common lattice distance in Figure 1
ranged from 0.34 to 0.36 nm, which is indicative of the presence
of (101) surface exposed planes.*’

The TiO, surface is known to be very hydrophilic, bein
covered with up to three hydrogen bonded water layers.”"”
Before photocatalytic activity is determined, a pretreatment at
120 °C is commonlzr applied. Thermogravimetric analysis in air
reported elsewhere,” shows that only 60% of the total amount of
adsorbed water is removed by this 120 °C pretreatment. Under
cyclohexane photo-oxidation conditions, the surface hydration is
expected to be lower than that obtained under air conditions, but
spectroscopic data clearly show the presence of water, remaining

strongly adsorbed on the TiO, surface.” Furthermore, water is a
byproduct of the photocatalytic cyclohexane oxidation® and is
expected to remain adsorbed on the anatase surface. So the effect
of strongly adsorbed water on the TiO, surface must be
considered for interpretation of spectroscopic data. 'H-MAS
NMR measurements on TiO, under humid and dried conditions
are shown in Figure 2. Under humid conditions (Figure 2a)
mainly one narrow peak is visible, corresponding to adsorbed
H,O on the TiO, surface. The fact that the peak is narrow
suggests a high mobility of the protons measured. Therefore,
these are not associated with surface active sites but with layers of
adsorbed water on the surface. When the catalyst is heated to
120 °C (Figure 2b), the NMR signal intensity decreases and
shifts slightly to lower fields. The broader signal obtained
corresponds to either surface sites or more rigid water molecules
with restricted mobility at the surface.”

It is known from previous publications>* that the surface— OH
sites of anatase TiO, show 'H-MAS NMR peaks at chemical
shifts of 2.3 and 6.4 ppm. The high field peak at 2.3 ppm is
assigned to basic—OH sites, where the hydrogen atom binds to a
terminal oxygen. The low field peak at 6.4 ppm corresponds to
the positively charged more acidic protons located on bridged
oxygen atoms and forming weak hydrogen bonds with adjacent
oxygen atoms.”* The position of the expected OH sites in the
NMR spectra is represented in Figure 2b. One main peak is
observed which occurs at 5.9 ppm, a similar position as in
Figure 2a, corresponding to more rigid molecules of adsorbed
water, which can be related to physisorbed H,O or Ti—H,O
sites. The small shoulder around 2.3 ppm, corresponding to basic
OH sites, indicate that some of these sites are free. The acidic OH
site is not visible, so this site is probably H-bonded to adsorbed water
molecules. Weak contributions of bridging and isolated OH sites
indicate that they are either occupied by adsorbed water molecules
or of low expression in the surface. No explanation was found for the
shoulder at 9.8 ppm, which could indicate the presence of a different
kind of surface OH site or surface contaminant.

Cyclohexanone Adsorption—ATR-FTIR Spectra. Cyclohex-
anone adsorption was induced by flowing a solution of 0.05 M of
cyclohexanone in cyclohexane for 2 h over the TiO, surface. The
changes in spectral intensities are shown in Figure 3a. The
spectra of externally fed cyclohexanone are similar to those
obtained at initial conditions of cyclohexane photo-oxidation,*
which suggests that the adsorption conformations are similar
under UV and dark conditions. The range between 1800 and
1600 cm ™' contains a band at 1722 cm ™, corresponding to the
C=O0 stretching vibration of dissolved cyclohexanone, as con-
firmed by the spectrum obtained in the absence of the TiO,
coating. This study will focus on this vibration, since it is the only
cyclohexanone absorption band, which red shifts in the presence
of TiO,. The two contributions at 1694 and 1681 cm ™' corre-
spond to the carbonyl vibration of cyclohexanone when
H-bonded to the catalyst surface.” The isosbestic point with
positive and negative contributions at 1650 and 1615 cm ™,
respectively, is related to a change in the conformation of H,O
adsorbed in the surface, due to cyclohexanone coadsorption. A
deconvolution method was applied to different adsorption
spectra, and the peak areas of the adsorbed cyclohexanone bands
are presented in Figure 3b, as a function of adsorption time. The
band at 1694 cm ' is the most prominent; its contribution
decreases with a rise in the contribution of the 1681 cm ™" peak
(Figure 3b). The behavior of these two bands suggests a slow
reorganization of cyclohexanone on the surface toward a
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Figure 2. "H-MAS NMR of (a) TiO, UV-100 with no pretreatment and with a pretreatment of 120 °C and (b) focus on the measurement after
pretreatment at 120 °C. The gray lines correspond to the expected position of TiO, active sites.
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Figure 3. (a) Spectrum of bulk cyclohexanone without TiO, (thick black), spectra of 0.0S M of cyclohexanone in cyclohexane adsorbed on TiO,
(background of cyclohexane adsorbed on TiO,) for S min (gray) and 120 min (black), whose peak deconvolution is shown in the inset. (b) Peak area
profile of adsorbed cyclohexanone bands (full black symbols, 1694 cm ™ *; empty black symbols, 1681 cm ™", both related to the stretching vibration of the

carbonyl group in cyclohexane).

Table 2. Adsorption Energies of H,O on TiO, (100), (101),
and (001) at Different Hydration Levels

(100) (101) (001)

-

Structures

Hydration (H,O/nm")
Energy (kJ/mol)

Structures

Hydration (H,O/nm?) K
Energy (kJ/mol) -97.
Structures 2
Hydration (H,O/nm") 18.5 16.8 16.4
Energy (kJ/mol) -61.0 -57.1 -72.6

preferred adsorption configuration, with a main absorption band
at 1681 cm ™. After 120 min the ratio of the 1681 and 1694 cm '
bands is 60/40.

DFT Calculations. In order to take the effect of adsorbed H,O
on the interaction of cyclohexanone with TiO, surfaces into

14167

account, TiO, surfaces were modeled with different amounts of
H,O molecules adsorbed per nm? as discussed in previous
publications.'>?® In Table 2 the structures of the (100), (101),
(001) TiO, surface planes, with different extents of water
adsorption, are shown. The lowest hydration level includes only
chemisorbed H,O molecules. The second hydration level in-
cludes physisorbed (H-bonded) H,O molecules on surface OH sites,
and the highest hydration level contains an adsorbed water layer. The
adsorption energy of a water molecule (EHzo,ads) in kJ/mol) on
each surface plane and at a specific surface hydration is shown in
Table 2. This was calculated according to the equation

Ehyd: slab — Ebare slab — nHzOEHZO

EHZ O,ads — "
H,0

with Epyrega corresponding to the calculated energy of the bare
(dehydrated) slab, EBhydr stab to the energy of the hydrated slab, Eyy o to
the energy of one gas-phase water molecule at its equilibrium
geometry and ryy o to the number of water molecules added to the
unit cell at each hydration level. The negative values presented in
Table 2 indicate that the adsorption step is exothermic.

Water chemisorbs on the (100) surface plane at coverages up
to 6.2 molecules/nm?. Some water molecules dissociate on free
Ti sites and on bridging Ti—O—Ti sites of a bare (100) surface,
with the formation of Ti—OH sites and bridging Ti—OH—Ti
sites, respectively. Undissociated water molecules chemisorb on
free Ti sites and form Ti—H,O sites. Free Ti—O—Ti sites are
also present at the lowest hydration level. Increasing the water
coverage to 9.3 molecules/nm” leads to water physisorption on

dx.doi.org/10.1021/jp1122129 |J. Phys. Chem. C 2011, 115, 14164-14172
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Table 3. Energies (kJ/mol) of Cyclohexanone Physisorption and Chemisorption on the (100) TiO, Plane at Increasing Surface

Hydration and the Corresponding Conformations”

Physisorption Chemisorption
Hydration 1 11 11T v
6.2 . *‘J§§f ) “j
H,O/nm? '
OH site Basic OH Acidic OH Ti-H,O Free Ti
Energy -48.8 kJ/mol -39.2 kJ/mol -29.3 kJ/mol -15.2 kJ/mol
DIS"K‘II’““" 98.3% 1.7% 0.0% 0.0%
9.3
HZO/nm2
OH site Ti-H,O H>O ads. Free Ti
Energy -89.4 kJ/mol -70.9 kJ/mol -34.6 kJ/mol -51.4 kJ/mol
Dls“;"““" 99.9% 0.1% 0.0% 0.0%
18.5 'Y ,,\’* .
H,O/nm? X 9 ...
OH site H,0 ads.
Energy -34.0 kJ/mol
Dlstr:lbutlo 100.0%

“ The probability of the physisorption configuration is determined based on the Boltzmann distribution equation at 25 °C. The preferred configuration at

each hydration level is highlighted with a box.

the bridging Ti—O—Ti sites, with a H,O adsorption energy of
—61.7 kJ/mol. The formation of a layered H,O network is
induced at surface hydration levels of 18.5 molecules/nm’,
characterized by similar affinity of water to the surface, of
—61.0 kJ/mol.

On the (101) plane, water chemisorbs without dissociation up
to a surface coverage of 4.8 molecules/ nm”. For this coverage, an
adsorption enthalpy of —65.7 kJ/mol was determined with the
formation of only Ti—H,O, leaving bridging Ti—O—Ti oxygen
sites still free on the surface. A surface hydration increase to 9.6
H,O molecules per nm” induces molecular physisorption of
H,0, H-bonded to Ti—O—Ti and neighboring Ti—H,0O sites.?®
A decrease in adsorption enthalpy (—57.1 kJ/mol) is observed at
higher hydration levels, where a multilayer of adsorbed water is
formed.

The (001) surface plane in its bare state (OH free) contains
Ti—O—Ti sites with the oxygen atom at a higher plane than the
Ti atoms. Upon hydration one of the Ti—O—Ti bonds breaks
and two Ti—OH sites are created. Of these two new OH sites,
one contains an oxygen atom originally from the TiO, lattice
structure. Under low surface hydration (2.3 molecules/nm?), the
created Ti—OH sites are H-bonded, and free Ti—O—Ti sites are
still present.>*® On this TiO, plane the energy for dissociative

14168

water chemisorption is much higher (—184.7 kJ/ mol). At a
surface hydration level of 7.0 molecules/nm” H, O physisorption
occurs, with H,O molecules H-bridging on the Ti—O—Ti sites,
and areduction of the H,O adsorption strength to —97.4 kJ/mol.
The formation of H,O multilayers on the surface, at coverages of
16.4 H,O molecules per nm” is characterized by an adsorption
energy of —72.6 kJ/mol.

For each surface plane at a specific surface hydration level, the
energy of cyclohexanone adsorption (Ecuoneads in kJ/mol) is
calculated according to the equation

ECnone,ads = ECnone,hydr slab — Ehydr slab — ECnone

with Ecponehydrstab corresponding to the calculated energy of
cyclohexanone adsorbed on a hydrated slab, Ehyq; siab the energy
of the hydrated slab, Ecpopne the energy of the isolated cyclo-
hexanone molecule at its equilibrium geometry with one cyclo-
hexanone molecule per slab (fcuone = 1). The energy of
adsorption of cyclohexanone on different (100) TiO, active sites
was calculated and is shown in Table 3.

Depending on the surface plane and degree of hydration,
different active sites will be available for cyclohexanone adsorp-
tion. For TiO, (100) surface, three different adsorption sites can

dx.doi.org/10.1021/jp1122129 |J. Phys. Chem. C 2011, 115, 14164-14172
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Table 4. Energies (kJ/mol) of Cyclohexanone Physisorption
and Chemisorption on the (101) TiO, Plane at Increasing
Surface Hydration and the Corresponding Conformations”

Hydration Physisorption Chemisorption

4.8 HO/nm? "

OH site Ti-H,O Free Ti

Energy -23.5 kJ/mol -48.9 kJ/mol
Distribution 100.0% 0.0%
9.3 HyO/nm’ ’*’

OH site Ti-H,O Free Ti

Energy -37.0 kJ/mol -31.2 kJ/mol
Distribution 100.0% 0.0%
6smomm: | % Y@

o ?

OH site Ads. H,O

Energy -62.1 kJ/mol
Distribution 100.0%

“ The probability of each surface conformation is determined based on
the Boltzmann distribution equation at 25 °C. The preferred configura-
tion at each hydration level is highlighted with a box.

be considered, and each will present a different adsorption
enthalpy for cyclohexanone. Also a chemisorption configuration
can be considered, but this was not included in the Boltzmann
distribution calculation. The population in the physisorbed
configuration of greatest weight depends on the energy of state
according to the Boltzmann distribution. For example, the
probability of configuration I in Table 3 is given by the relation

E;
configuration I =P (_ﬁ> (1)
configuration i o Z E;
e _=
P\ TR

i

with i corresponding to all the cyclohexanone physisorbed
configurations (I, II, and III).

For low surface hydration (6.2 H,O molecules per nm®) three
different physisorption sites are available, the basic OH, acidic
OH, and Ti—H,O sites, while chemisorption may occur in the
presence of free Ti sites. At room temperature, physisorption on
the basic OH of higher adsorption enthalpy (—48.8 kJ/mol) will
be energetically favored: the calculations show that 98.3% of
the physisorbed molecules have this configuration. The other
adsorption configurations, due to their low probability, can be
neglected.

For 9.3 H,0O molecules per nm?, three possible physisorption
configurations can be considered, physisorption on Ti—H,0
sites, basic OH, and an adsorbed H,O molecule. In this case the
preference is toward adsorption on a Ti—H,O site, with an extra
H-bond to a neighboring adsorbed molecule (—89.4 kJ/mol)
and the other adsorption configurations can be neglected. So the
active sites of preferable adsorption depend on the hydration
level. Cyclohexanone adsorption on the (100) TiO, plane is
enhanced at intermediate hydration levels (9.3 H,O molecules
per nm”), where the adsorption enthalpy of —89.4 kJ/mol is
considerably larger than the H,O adsorption of —61.7 kJ/mol.

At higher hydration levels, direct physisorption of cyclohex-
anone on the (100) surface is not favored, with the molecule
being pushed away from the surface toward to top of the H,O
layer. Therefore only one physical adsorption configuration is
possible, which is on the adsorbed H,O layer of —34 kJ/mol.

The occurrence of cyclohexanone chemisorption is negligible,
because its enthalpy, which ranges from 15 to 50 kJ/mol,
depending on the hydration level, is lower than the enthalpy
for H,O chemisorption (—68.5 kJ/mol).

The calculated energies for cyclohexanone physisorption and
chemisorption on the (101) TiO, plane are summarized in
Table 4, for different extents of water adsorption. Cyclohexanone
physisorption on the (101) at 4.8 H,O molecules per nm” occurs
on the only available active site, Ti—H,0, with a relatively
weak interaction (—23.5 kJ/mol). At a higher hydration level
(9.6 H,0/nm?), the presence of neighboring adsorbed H,O
molecules allows for further stabilization of cyclohexanone
physisorption by H-bonding (—37.0 kJ/mol). Direct physisorp-
tion of cyclohexanone on a TiO, active site at 16.8 H,O
molecules/nm? is not favorable, with the cyclohexanone mol-
ecules being pushed away to the top of the water layer, where its
adsorption is most stable (—62.1 kJ/mol).

The energy for cyclohexanone chemisorption was determined
for the lowest hydration levels only; at high hydration levels it was
not favorable. Chemisorption of cyclohexanone shows enthalpies in
the same range or even higher than physisorption configurations.
However chemisorption is possible only in the presence of a Ti free
site, or when the energy for cyclohexanone chemisorption is larger
than water chemisorption in this plane (—65.7 kJ/mol). A free Ti site
at such conditions will not be preferred due to the high hydration
level and cyclohexanone chemisorption is not strong enough to
displace H,O chemisorbed on the surface, so the chemisorption
configuration can be neglected at either hydration level.

The calculated energies for cyclohexanone physisorption and
chemisorption on the (001) TiO, plane are summarized in
Table S, for different extents of water adsorption. For low surface
hydrations (2.3 H,0/nm?), cyclohexanone can physisorb on a
Ti—OH site or chemisorb on an existing free Ti site. Energy for
physisorption is very weak, below —20 kJ/mol, but the chemi-
sorption energy is considerably high (—78.8 kJ/mol). The (001)
plane at low hydration level contains free Ti active sites, so
chemisorption will be the preferred configuration. However such
low hydration levels are not expected, as demonstrated by 'H-
MAS NMR (Figure 1). At higher hydration level (7.0 H,O/ nm?)
no free Ti sites are in the surface, and strong adsorption of water
(—184.7 kJ/mol, Table 2) is favorable. At these conditions,
H-bridging of cyclohexanone to adsorbed H,O molecules is the
preferred configuration, but the adsorption enthalpy is very low
(—12.4 kJ/mol).

ATR-FTIR vs DFT Calculations. The wavenumbers of the
vibrations calculated by DFT are usually overestimated, and in
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Table S. Energies (kJ/mol) of Cyclohexanone Physisorption
and Chemisorption on the (001) TiO, Plane at Increasing
Surface Hydration and the Corresponding Conformations”

Hydration Physorption Chemisorption
2.3 H,O/nm®
OH site Ti-OH Free Ti
Energy -19.6 kJ/mol -78.8 kJ/mol
Distribution 0.0% 100.0%
- o
7.0 H,O/nm® ¢
OH site Ads. H,O
Energy -12.4 kJ/mol
Distribution 100.0%

“ The probability of each surface conformation is determined based on
the Boltzmann distribution equation at 25 °C. The preferred configura-
tion at each hydration level is highlighted with a box.

order to compare with experimental IR spectra, it is common
practice to apply a “scaling factor”. In Table 6, the scaling factors
applied for the calculated carbonyl vibrations for each surface
plane are presented.

In Figure 4, the calculated spectra of the preferred adsorbed
cyclohexanone configurations on the (100) plane with different
surface hydrations are compared with the spectra of cyclo-
hexanone adsorbed on TiO,, as measured by ATR-FTIR. The
spectra calculated for cyclohexanone physisorption show carbo-
nyl vibrations in the region of the experimentally observed
vibration at 1681 cm ™. The red shift of the peaks is not propor-
tional to the adsorption strength. The calculated spectra of physi-
sorbed cyclohexanone on TiO, (100) with 9.3 H,O molecules
per nm” matches best the experimental IR adsorption spectrum.
This absorption occurring at higher wavenumbers (1685 cm ™),
showed the strongest adsorption enthalpy, —89.4 kJ/mol. Cyclo-
hexanone physisorption on (100) plane with low and high hydra-
tion level, occur red shifted in regard to the peaks of the
experimental reference. The calculated spectra of chemisorbed
cyclohexanone on (100) plane with low and intermediate hydration
level occur at 1682 and 1591 cm ™' respectively, but are not shown
due to the low probability of these configurations.

The spectra of the most stable configurations of cyclo-
hexanone adsorption on (101) TiO,, for each hydration level
are represented in Figure S. The calculated carbonyl vibrations
for cyclohexanone physisorption on low and intermediate hy-
dration levels are centered at 1690 and 1679 cm ™', which gives a
good correlation to experimentally observed peaks (1694 and
1681 cm ™ "). The band of cyclohexanone physisorption on (101)
with 16.8 H,O molecules/nm* hydration level, absorbs at lower
wavenumbers (1672 cm ") and does not describe the experi-
mental spectra. Cyclohexanone chemisorption on a (101) plane
with low and intermediate hydration levels shows absorption
bands at 1679 and 1672 cm ™', respectively, but this kind of
configuration is not expected to occur on the surface due to their
low probability.

Table 6. Scaling Factor Determined by the Ratio
between the Experimentally Observed Free Carbonyl
Vibration (1722 cm ™ ") and the Carbonyl Vibration of an
Isolated Cyclohexanone Molecule Calculated by DFT, for
Each Unit Cell

frequency (cm ™) scaling factor

(100) 1738 0.990
(101) 1728 0.997
(001) 1746 0.986

1800 1600

Wavenumbers (cm™)

Figure 4. Adsorbed cyclohexanone reference spectrum, measured by
ATR-FTIR (thick black spectrum), and the spectra of cyclohexanone
physisorbed on a (100) TiO, with 6.2 H,O molecules/nm? (thick black
line), with 9.3 H,O molecules/nm” (thick gray line) and with 18.5 H,O
molecules/nm? (thin black line), as determined by DFT calculations.

1800 1600

Wavenumber (cm'1)

Figure 5. Comparison between an adsorbed cyclohexanone reference
spectrum, measured by ATR-FTIR (thick black spectrum), and the
spectra of cyclohexanone physisorbed on a (101) TiO, with 4.8 H,0
molecules/nm? (thick black line), with 9.6 H,O molecules/nm? (thick
gray line), and with 16.8 H,O molecules/nm” (thin black line), as
determined by DFT calculations.

The calculated spectra of cyclohexanone physisorption on
(001) TiO, show carbonyl vibrations centered at 1698 and
1682 cm ™', The former band, of cyclohexanone physisorption
on (001) plane with 7.0 H,O molecules/nm?, is blue-shifted in
respect to the experimental spectra. Though the band at
1682 cm™ ' occurs in the region of the experimental spectra,
the adsorption enthalpies are too low (—19.6 kJ/mol) to
consider this plane. Cyclohexanone chemisorption on (001)
plane with 2.3 H,O molecules/nm” also absorbs at 1682 cm ™/,
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Scheme 2. Spectral Interpretation of Weak Cyclohexanone
Adsorption on (101) TiO, Plane with Different Local
Hydrations

1694
1681

1800 1700 1600
Wavenumbers (cm™')

-24 kJ/mol -37 kdJ/mol
I; /H |
= NN
H H o) ' H H
N/ T By A N
C|) o) o

TiOz2 (101)

but given the high chemisorption energy of water on the (001)
surface (—184.7 kJ/mol), the presence of free Ti sites is unlikely
and so is this conformation of cyclohexanone chemisorption.

B DISCUSSION

Structure and Level of Hydration of the TiO, Surface.
Before discussing the conformational modes of adsorbed cyclo-
hexanone, we will first address the selection of the surface planes
that were taken into consideration. TEM imaging showed that
the most common crystalline plane of the anatase catalyst under
study (Hombikat UV100) is the (101) plane. However, TEM
should be considered as a bulk technique and other less abundant
crystal planes may not be clearly resolved. On the basis of
literature data, the planes (100) and (001) were therefore also
considered in the DFT calculations.””*® Besides the nature of the
surface exposed planes, also the respective degree of hydration of
these planes is important in determining the interaction with
cyclohexanone. The "H-MAS NMR study (Figure 2) suggests
that the catalyst representative for photocatalytic conversion of
cyclohexane contains rigid water molecules on the surface. These
can be assigned to physisorbed H,O or isolated Ti—H,O sites.
Three levels of hydration were therefore taken into consideration
in the DFT calculations, ie., in the ranges of 2—6, 7—10, and
16—18 H,0 molecules nm ™2, the exact value depending on the
respective exposed crystal plane.

When evaluating subsequently by DFT the modes of interac-
tion of cyclohexanone with the hydrated surfaces, several sites
were taken into consideration (depending on the exposed surface
planes these can range from acid to basic sites), of which usually
one is highly preferred. This is further discussed in the following.

Spectral Interpretation. In Scheme 2 the spectrum of
cyclohexanone adsorbed on TiO, is again shown. The presence
of two bands assigned to adsorbed cyclohexanone (at 1694 and
1681 cm ') can originate from different phenomena. First,
cyclohexanone might be chemisorbed in certain locations and
physisorbed in other locations of the same crystal plane. A very
important conclusion is that the DFT calculations show that
chemisorption of water on all evaluated Ti sites is much more
favorable than chemisorption of cyclohexanone. Therefore
cyclohexanone chemisorption can be discarded, as well as this
explanation for the presence of two IR bands of adsorbed
cyclohexanone. Another possibility to explain the presence of
two absorption bands is that physisorption occurs on two
different sites. As stated previously the strengths of cyclohex-
anone physisorption on different available active sites (of similar
level of hydration) showed a strong preference toward a specific
site with a probability of practically 100%, so also this explanation
is not very likely. This leaves two additional explanations for two
modes of cyclohexanone adsorption, i.e., (i) the adsorption on
different exposed planes or (ii) adsorption on the same plane,
which consists of separate areas of different levels of hydration.
The first option is not very likely, since the TiO, (001) plane
interacting with physisorbed cyclohexanone yields very low
enthalpies (10—20 kJ/mol, Table S), which does not agree with
the long desorption times observed experimentally.”>* So this
plane, if present on the commercial TiO, surface, should hardly
contribute to the experimentally observed spectra. The best
correlation found for the experimentally observed spectra and
the calculated values is obtained for the same plane, i.e., the (101)
plane, taking into account two local levels of hydration. Although
the hydration level is expected to be constant considering the
TiO, surface globally, the local presence or absence of homo-
geneously spread physisorbed water induces the two observed
cyclohexanone conformations, as shown in Scheme 2. The
calculated bands are within 4 cm ™! of the experimental bands,
which is a reasonable error for DFT. Cyclohexanone adsorption
on a Ti—H,O active site is of lowest enthalpy (—23.5 kJ/mol)
and also of lowest infrared red shift (1694 cm™ ). When the TiO,
hydration level is slightly higher, the adsorption of cyclo-
hexanone on a Ti—H,O site is stabilized by a neighboring
adsorbed H,0 molecule inducing a higher adsorption enthalpy
(=37.0 kJ/mol) and consequently a larger IR red shift
(1681 cm™'). The latest configuration is preferred but is limited
by the presence of adsorbed H,O molecules. So, it can also be
concluded that TiO, at experimental conditions exhibits a
hydration level between 6 and 9 H,O/ nm?, and the free sites
available on the surface are probably Ti—H,O sites.

In previous work the desorption kinetics of photocatalytically
formed cyclohexanone was studied.** Besides reversible adsorp-
tion of cyclohexanone, also irreversibly adsorbed cyclohexanone
was observed. This is not easy to explain based on the DFT data
presented here. Irreversible cyclohexanone adsorption cannot be
explained by chemisorption, which is not favorable in the
presence of surface hydrated sites. At the same time, even though
this surface plane is not experimentally observed, the (100) plane
shows very strong physisorption energies of cyclohexanone
(Table 3), especially at hydration levels of 9 H,O molecules
per nm”> (—89.4 kJ/mol). Furthermore this mode of adsorption
would lead to an absorption band of 1685 cm ', which is
observed experimentally. Unfortunately, irreversibly adsorbed
cyclohexanone also induces an absorption band at 1694 cm ™",
which at present is not completely understood. Other effects may
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be influencing adsorption modes of cyclohexanone, like the
existence of surface defects, common in TiO, catalysts, or an
increased surface hydrophilicity caused by UV illumination.**°
However, consideration of these phenomena would require
additional advanced DFT calculations. We can conclude based
on the presented results that in order to improve cyclohexanone
desorption during cyclohexane photo-oxidation, the TiO, cata-
lyst should present preferentially the (101) exposed plane, and a
low concentration of surface defects.

Bl CONCLUSIONS

To understand the IR features of cyclohexanone adsorption
on anatase TiO,, different DFT calculations were made, namely,
related to physisorption and chemisorption of cyclohexanone on
different adsorption sites of (100), (101), and (001) TiO,
surfaces, with different levels of surface hydration. A good
correlation was found between the cyclohexanone adsorption
spectra obtained by ATR-FTIR and cyclohexanone physisorp-
tion configurations on the (101) surface with low and inter-
mediate hydration levels. The adsorption energies of these
conformations are —23.5 and —37.0 kJ/mol, which account for
60% and 40% of the TiO, surface, respectively. Stronger
adsorption of cyclohexanone could to some extend be related
to cyclohexanone physisorption on hydrated (100) planes with a
calculated adsorption enthalpy of —89.4 kJ/mol.
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