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ABSTRACT: The catalytic and photocatalytic activity of brookite TiO2
nanorods toward methanol, acetaldehyde, and acetic acid was studied
using temperature-programmed desorption (TPD). For thermally
activated reactions, the brookite nanorods were found to exhibit catalytic
properties similar to those reported previously for the rutile and anatase
phases of TiO2. In particular, methanol adsorbed dissociatively on 5-fold
coordinate surface Ti cations and underwent dehydrogenation to
formaldehyde and deoxygenation to methane near 650 K; acetaldehyde
adsorbed on these sites underwent aldol condensation to produce
crotonaldehyde and to a lesser extent reductive coupling to butene
between 460 and 600 K; acetic acid adsorbed dissociatively to produce
acetate species that decomposed to produce ketene at 630 K. The
brookite nanorods were also found to be photocatalytically active for the
coupling of methanol to methyl formate and the photo-oxidation of
acetaldehyde to acetate. Lastly, the photocatalytic activity of the brookite nanorods was found to be length-dependent, with
longer rods exhibiting higher activity. This length dependence is attributed to enhanced delocalization of the photoexcited
electrons in the longer rods, thereby decreasing the rate of electron−hole recombination.

1. INTRODUCTION

Photocatalytic materials have the potential for a wide range of
applications, including the storage of solar energy through
chemical transformations such as water-splitting, air and water
purification, and providing alternative low-energy reaction
pathways for conventional industrial thermochemical processes.
TiO2 is a prototypical photocatalyst which is active for many of
these reactions. It has a bandgap of ∼3 eV, such that it adsorbs
light in the ultraviolet (UV) region of the spectrum, and has
been the subject of numerous investigations. Of the three
naturally occurring polymorphs of titania, rutile (R-TiO2),
anatase (A-TiO2), and brookite (B-TiO2), the former two have
received the most attention, and the relationships between
reactivity, surface structure, and in some cases bulk crystallite
size and shape have been elucidated for a variety of catalytic and
photocatalytic reactions.1−19 In this regard, studies employing
single crystals or epitaxial thin films of these materials have
provided much insight into how the local atomic structure of
TiO2 surfaces affect activity.1−11 The reader is referred to
several excellent review articles that describe this body of
work.17−19

In contrast to R-TiO2 and A-TiO2, little is currently known
about the catalytic and photocatalytic properties of the
metastable brookite phase which has, until recently, proven
difficult to synthesize in its pure form. The development of
synthesis procedures for B-TiO2, however, have now motivated

studies of its catalytic properties. For example, Li et al.20 as well
as Murikami et al.21 have studied the reactivity of B-TiO2
nanoparticles synthesized using a hydrothermal method and
observed that they are highly active for the photodecomposi-
tion of acetaldehyde under various conditions. Other recent
studies have investigated the effect of bulk particle size on the
photocatalytic activity of B-TiO2 nanocrystals.

22,23 For example,
Ohno et al. studied photocatalytic oxidation of acetaldehyde to
CO2 in air over B-TiO2 nanorods of various aspect ratios both
with and without an Fe3+ dopant. They observed that the
photocatalytic activity was aspect ratio dependent, with higher
aspect ratios displaying higher activity.22 Similarly, Cargnello et
al. have recently reported that the aqueous phase photo-
reforming of ethanol to produce H2 over B-TiO2 nanorods
decorated with Pt nanoparticles exhibits a strong length
dependence. They attributed this trend to enhanced separation
of photogenerated electrons and holes in longer nanorods
which increases the probability that the holes will diffuse to an
exposed surface and react with adsorbates prior to electron−
hole recombination.23

The aim of the present study was twofold: first to investigate
the adsorption and thermally induced reactions of the simple
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oxygenates, methanol, acetaldehyde, and acetic acid, on the
brookite phase of titania and to compare this reactivity to what
has previously been observed for the R-TiO2 and A-TiO2
phases, and second to investigate the photocatalytic activity
of the brookite phase for both the oxidation and the reductive
coupling of oxygenates. Size-selected B-TiO2 nanorods were
used in the study, thereby allowing us to also further investigate
the effect of nanorod length on photocatalytic activity.

2. MATERIALS AND METHODS
B-TiO2 nanorods were synthesized using the method described
in detail by Buonsanti et al.24 The procedure consisted of
initially combining 10 mL of oleylamine (70%, Sigma-Aldrich),
10 mL of octadecene (90%, Acros), and 0.5 mL of oleic acid
(90%, Sigma-Aldrich) followed by heating under vacuum at 393
K for 1 h and then cooling to 333 K under nitrogen flow. Then,
1.5 mL of titanium precursor solution [75 mL of 0.2 M, of
octadecene, 23.6 mL oleic acid, and 1.65 mL titanium
tetrachloride (99.9%, Acros)] was injected followed by heating
to 563 K. After the sample was held at this temperature for 10
min, additional titanium precursor solution was dropwise added
at a rate of 0.3 mL min−1. The reaction flask was then allowed
to cool to 323 K. The size of the nanorods was controlled by
adjusting the volume of the dropwise added solution. Three
separate B-TiO2 rod lengths, 21, 27, and 35 nm, were used in
this study. The standard deviation of the rod lengths for each
sample was 1.4, 2.2, and 3.1 nm, respectively.
Purification of the nanorods was performed by adding 10 mL

of toluene to the reaction flask and centrifuging at 8000 rpm for
5 min. The precipitate was redispersed as a clear solution in
toluene mixed with 100 μL of oleylamine to improve solubility
then precipitated again with isopropanol. Further washing in
hexane was used to remove any excess organic material. The
band gap of similarly fabricated B-TiO2 nanorods has been
measured previously by Cargnello et al. using diffuse-reflectance
ultraviolet−visible (UV−vis) spectroscopy and found to be 3.4
eV and independent of rod length.23 This value is slightly
greater than that of the anatase and rutile phases.
A-TiO2 nanoparticles with a platelet morphology were also

synthesized using a procedure similar to that for synthesis of
the nanorods, which is described in detail by Gordon et al.25

The nanoplatelets were measured to be 18 nm across using
scanning electron microscopy (SEM) as described below. The
reactivity of CH3OH on these nanocrystals has been studied
extensively and reported by Bennett et al.14 In this study, we
again employed these platelet nanocrystals for comparative
purposes to study the dependence of reactivity of CH3CHO
and CH3COOH on surface structure.
Temperature-programmed desorption (TPD) was used to

characterize the reactivity of both powder and thin-film
samples. B-TiO2 nanorod thin films that were used for TPD
studies carried out in ultrahigh vacuum (UHV) were prepared
by drop-casting the B-TiO2 nanorods dissolved in hexane onto
an oxidized silicon wafer. After the solvent was allowed to
evaporate, each sample was placed in a UV−ozone cleaner for 3
h to remove surface-bound ligands. Powder samples were
prepared by dissolving the B-TiO2 nanorods in a biphasic
mixture of hexane and dimethylformamide to which nitro-
sonium tetrafluoroborate was added at an equivalent weight
ratio to the nanorods. The mixture was shaken vigorously, and
the particles were flocculated using toluene and acetonitrile. An
additional washing step was performed by dissolving the sample
in dimethylformamide and precipitating again with toluene.

The precipitate was dried overnight in a vacuum oven at 363 K,
and the resulting white solid was ground to a fine powder using
a mortar and pestle.
A high-vacuum TPD, thermogravimetric analysis (TGA)

instrument was used to characterize the reactivity of oxygenates
on the unsupported B-TiO2 nanorod samples and to determine
the coverage of adsorbed intermediates. The turbo-pumped
system consisted of a microbalance (Parr Instrument Co.) in
which the sample was held in a tantalum holder suspended in a
quartz tube. The sample was heated radiantly by an external
heating element. The temperature was measured using a type-K
thermocouple in contact with the quartz tube. The vacuum
system also housed a quadrupole mass spectrometer (Stanford
Research Systems) which was used to monitor desorption
products during TPD experiments and a dosing manifold for
admitting controlled amounts of reactant gases into the vacuum
chamber. Fresh powder samples were initially heated in vacuum
to 523 K to remove adsorbed species. In a typical TPD/TGA
experiment, the sample was exposed to the reactant vapor
followed by evacuation to less than 1 × 10−8 Torr for 1 h to
remove any condensed species. The sample was then heated at
10 K min−1 up to 773 K while monitoring its mass and the
desorbing species using the mass spectrometer.
TPD experiments for the thin-film B-TiO2 samples were

conducted using an UHV chamber equipped with a quadrupole
mass spectrometer (Stanford Research Systems) and an
electron gun and electron energy analyzer for performing
Auger electron spectroscopy (AES). The UHV system was also
equipped with a 365 nm UV LED monochromatic light source
(Prizmatix) connected via fiber optic cables and feedthrough to
facilitate illuminating a sample with UV light. Reactants,
CH3OH (99.9%, Fisher Scientific), CH3CH2O (99.5%,
Acros), and CH3COOH (99.9%, Fisher Scientific) were
admitted into the chamber using a dosing manifold that was
connected to the main UHV chamber with a variable leak valve
equipped with a dosing needle to direct the flux of reactant to
the sample surface. The reactants were degassed using repeated
freeze−pump−thaw cycles prior to use. A separate UHV
chamber equipped with an X-ray source (VG Microtech) and a
hemispherical electron energy analyzer (Leybold-Heraeus) was
used for X-ray photoelectron spectroscopy (XPS) measure-
ments. All XPS spectra were referenced to the Ti(2p3/2) peak
for Ti4+ at 459.3 eV.26

For UHV TPD measurements, a 5 mm × 7 mm silicon
wafer-supported B-TiO2 sample was mounted in a tantalum foil
folder that was attached to an electrical feedthrough on the
UHV sample manipulator. The temperature was monitored
using a type-K thermocouple which was attached to the back of
the silicon wafer using a ceramic adhesive (Aremco). The
sample could be cooled by conduction from a liquid N2
reservoir on the manipulator and heated resistively up to 800
K. For a TPD experiment, the sample was initially positioned in
front of the dosing needle on the leak valve and exposed to the
desired amount of reactant. The sample was then positioned in
front of the mass spectrometer and heated at 3 K s−1 while
recording the desorption products.
TPD was also used to characterize the photocatalytic activity

of the B-TiO2 nanorods. In these experiments, after being
dosed with the desired reactant, the sample was positioned in
front of the fiber optic cable connected to the UV source and
illuminated with UV light for a set time. The photon flux from
the UV source at the sample surface was ∼1015 cm−2 s−1 as
determined using a Thorlabs photodiode detector. The sample
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was maintained at 165 K during reagent dosing and UV
illumination to prevent reagent desorption. After UV
illumination, the sample was repositioned in front of the
mass spectrometer and TPD experiments were conducted by
heating the sample at a rate of 3 K s−1 and recording the
desorption products.
Desorption products during TPD experiments for both the

HV and UHV systems were identified by their characteristic
mass spectrometer fragmentation patterns. Multiple mass-to-
charge ratios were monitored in each TPD run to ensure
proper identification of all products. All reported TPD spectra
have been corrected for any overlap in cracking patterns and
have been scaled to adjust for the mass spectrometer sensitivity
factors for each product.
Transmission electron microscopy (TEM) was used to

characterize the as-synthesized nanocrystals. For TEM
characterization, the nanocrystals were dispersed onto a 300
mesh C-coated Cu TEM grid, and images were collected using
a JEOL JEM1400 TEM operating at 120 kV. The drop-cast
thin-film samples to be used for UHV studies were
characterized by scanning electron microscopy using a JEOL
7500F HRSEM. For SEM characterization, the thin-film
samples were not coated, but a conducting tape was applied
near the edge of the substrate to prevent sample charging.
Images were collected with a 5 kV beam.

3. RESULTS

3.1. Catalyst Characterization. As previously mentioned,
TEM and SEM were used to characterize the as-synthesized
brookite nanorods as well as the drop-cast films used in this
study. These techniques revealed that each nanorod sample was
highly monodisperse. As noted above, three separate nanorod
batches, which had lengths of 21, 27, and 35 nm, were used in
this study. A TEM image of the as-synthesized 27 nm brookite
nanorods and a SEM image of a freshly cast film of these rods is
displayed in Figure 1. SEM images were also obtained for the
thin films after completion of reactivity studies (typically
between 30 and 50 TPD experiments per sample) and
confirmed the stability of the films with no sintering of the
nanocrystals being observed. For all nanorod samples, the
diameter of the nanorods was observed to be ∼5.5 nm. Using
these measured dimensions of the nanorods and the bulk
density of brookite (4.14 g cm−3),27 the surface area of the
nanorods was calculated to be 175 m2 g−1. Although accurate
Brunauer−Emmett−Teller (BET) measurements from these

samples were not possible because of the small quantities
obtained from the synthesis, BET measurements conducted by
Cargnello and co-workers for similarly fabricated nanorods are
in close agreement with these calculated values.23

XPS was used to characterize the surface composition and
the Ti oxidation state in the nanorods. Ti(2p) and O(1s)
spectra for the 27 nm thin film obtained after annealing in 2 ×
10−8 Torr of O2 at 750 K (see Figure S1) contained peaks at
465.5 and 459.3 eV, which are characteristic of the 2p1/2, 2p3/2
doublet for Ti4+, indicating that the Ti in the nanorods is fully
oxidized. XPS was also used to check for both C and Cl
impurities which may result from the synthesis procedure, but
neither were detected, demonstrating that the ligand removal
methods and O2 annealing treatment were sufficient to produce
clean surfaces.

3.2. Thermally Induced Reactions of Simple Oxygen-
ates on Brookite Nanorods. To provide base case data for
the photochemical reactivity studies and to explore the
reactivity of brookite surfaces toward simple oxygenates, TPD
experiments for the reaction of CH3OH, CH3CHO, and
CH3COOH on the nanorods in the dark were initially
performed. TPD experiments were performed with each
reagent for the 21, 27, and 35 nm B-TiO2 nanorods. No
effects due to length were observed, indicating that the nanorod
ends do not exhibit activity that is noticeably different from the
nanorod sides. Given the large aspect ratios of the nanorods
used in this study, this result suggests that the majority of the
active sites are on the nanorod sides. Thus, we report TPD data
only for a single rod length in this section.

3.2.1. Methanol Thermal Chemistry. TPD experiments as a
function of the CH3OH exposure were initially performed to
determine the dose required to obtain saturation coverage.
Methanol desorption curves as a function of exposure for the
21 nm thin film are displayed in Figure 2. For doses up to 5 L at
a sample temperature of 165 K, the spectra contain two peaks: a
large broad peak centered at 330 K and a smaller sharper peak
centered at 640 K. The low-temperature peak can be assigned
to desorption of weakly bound molecular CH3OH while, as will
be shown below, the high-temperature peak is a product of the
reaction of adsorbed methoxide species. Thus, CH3OH adsorbs
both molecularly and dissociatively on the brookite surface.
Further increasing the CH3OH exposure resulted in a
continued increase in the peak intensities and the emergence
of a new peak at ∼250 K, which is consistent with desorption of
CH3OH multilayers. For CH3OH doses up to 10 L, saturation

Figure 1. (a) TEM micrographs of the as-synthesized 27 nm nanorods and (b) SEM micrograph of a thin film of the 35 nm nanorods on an oxidized
Si substrate.
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of the thin film was not achieved, but it was observed that the
ratio of the areas of the high- and low-temperature (330 K)
peaks remained relatively constant throughout the dosage
range. Because the thin films contain multiple layers of
nanorods, we believe that the outermost layer of the nanorods
are initially being saturated followed by CH3OH penetrating
deeper into the film at higher doses. Because of the need to use
very large exposures, it was not practical to saturate the entire
film with the oxygenate reactant; however, because the ratio of
the peaks remained constant, the TPD results appear to be
largely independent of CH3OH coverage. We therefore chose
to use a 5 L CH3OH dose in more detailed methanol reactivity
studies.
While it was not practical to saturate the entire brookite film

in the UHV studies, it was possible to do so using unsupported
brookite nanorod powder samples in our high-vacuum TPD/
TGA system. As shown in Figure S2, the methanol TPD results
from the powder sample are consistent with those from the thin
films and contain both low- and high-temperature methanol
desorption features. The TGA data in Figure S2 also allow the
saturation coverage of adsorbed CH3OH per unit surface area,
2.4 molecules nm−2, to be determined. This value is comparable
with those reported for CH3OH on A-TiO2 powders which
range from 2.25 to 3.18 molecules nm−2,1,28−30 while reported
values for R-TiO2 powders are somewhat higher, ranging from
4.62 to 4.76 molecules nm−2.30,31

In addition to CH3OH, the reaction products H2O, CH4,
CH2O, and CH3OCH3 were also observed during TPD. Figure
3a displays the TPD product desorption peaks obtained from a
21 nm thin film dosed with 5 L of CH3OH at 165 K. As
mentioned in Materials and Methods, the desorption intensities
for each product have been corrected for their respective mass
spectrometer sensitivity factors allowing for quantitative
comparison of the product yields. Water appears in a large
peak at 390 K and a much smaller feature at 650 K. The H2O
produced at 390 K can be attributed to the reaction of surface
hydroxyl species which were formed during dissociative
adsorption of CH3OH. While the majority of the resulting
adsorbed methoxy groups recombine with the adsorbed H to
form CH3OH which desorbs below 500 K, H2O production is a
competing pathway that results in some of the methoxy groups
becoming “stranded” on the surface. These methoxy groups
react primarily via two different pathways to produce the
products that appear at high temperatures. One is a
dehydrogenation−disproportionation pathway that produces
formaldehyde at 650 K and hydroxyl groups which can

combine with remaining adsorbed methoxy groups, giving
rise to the high-temperature CH3OH peak at 640 K. The
second is deoxygenation to produce methane at 650 K. Some
bimolecular coupling of adsorbed methoxy groups is also
observed as a minor pathway producing a small amount of
dimethyl ether near 640 K. Note that these TPD peak
assignments are similar to those reported by the Barteau group
for the reaction of CH3OH on A-TiO2 powders.

1

Studies of the reaction of CH3OH on R-TiO2 single crystals
have determined that the dimethyl ether product results from
the coupling of two methoxy species that are adsorbed on a
common Ti cation site.1,2,30 Thus, the active sites for this
reaction are surface Ti cations with multiple coordination
vacancies. The observation that the fractional yield of dimethyl
ether for the brookite nanorods was quite small (less than 3%
of the high-temperature reaction products) therefore implies
that the surfaces of these nanorods contain few such sites.
As noted above, the brookite nanorod length did not affect

the thermally induced reactions of adsorbed CH3OH. It is
useful, however, to compare the observed CH3OH reactivity on
the brookite nanorods with that reported previously for A-TiO2
powders and nanocrystals. Figure 4 compares the fractional
yields for the primary reaction products obtained during
CH3OH TPD experiments with the brookite nanorods used in
the present study to those reported previously for a
polycrystalline A-TiO2 powder1 and a thin film of 18 nm A-
TiO2 nanocrystals that had a platelet morphology which
predominantly exposes the (001) surface.14 The product yields
for the two A-TiO2 samples are qualitatively similar and show
that all three competing pathways for the reaction of methoxy
groups, i.e., dehydrogenation to formaldehyde, coupling to
dimethyl ether, and deoxygenation to methane, occur to
comparable extents on these samples. This is in contrast to the
brookite nanorods on which deoxygenation to methane
predominates and coupling to dimethyl ether is only a minor
pathway. The latter is consistent with our conclusion that the
surfaces of the B-TiO2 nanorods contain few Ti cations with
multiple coordination vacancies which are the active sites for
the coupling reaction.

Figure 2. Methanol TPD spectra from 21 nm B-TiO2 nanorod thin-
film sample for various methanol doses as indicated in the figure.

Figure 3. TPD spectra obtained from 21 nm B-TiO2 nanorods
following 5 L CH3OH dose at 165 K: (a) no UV exposure and (b) 1 h
UV exposure.
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3.2.2. Acetaldehyde Thermal Chemistry. Coverage variation
TPD experiments with CH3CHO were also performed on the
B-TiO2 nanorods, and a 5 L dose was again found to be
sufficient to saturate the outermost layer of the thin film. Figure
5a displays TPD results obtained for a 21 nm film following a 5

L dose of CH3CHO. The TPD spectra are dominated by a
large CH3CHO desorption peak centered at 290 K, indicating
that the B-TiO2 nanorods have relatively low reactivity toward
this molecule. However, small amounts of a range of coupling
products were produced, including crotonaldehyde at 460 K.
The fact that water was also produced at this temperature is
consistent with an aldol condensation pathway. A small amount
of crotyl alcohol also desorbed between 540 and 600 K, which
likely results from the reduction of a portion of the
crotonaldehyde product. Reductive coupling products (butene,
butadiene, and 2-butanone) were also observed in small
quantities from 450 to 600 K, as was a small amount of the
dehydrogenation product, ketene (CH2CO), at 630 K. It
is notable that the complete oxidation products, CO and CO2,
were not produced from reaction of CH3CHO on the
nanorods.

The saturation coverage of adsorbed CH3CHO on the B-
TiO2 nanorods was again estimated using high-vacuum TPD/
TGA data obtained from an unsupported nanorod sample (see
Figure S3). Using this TGA data, the saturation coverage of
CH3CHO per unit surface area was calculated to be 1.8
molecules nm−2, which is similar to that obtained for CH3OH,
indicating that these two oxygenates adsorb on the same sites.
The CH3CHO TPD results are similar to those reported

previously for reaction of CH3CHO on various R-TiO2 and A-
TiO2 single crystal and powder samples.

7,32−36 This similarity is
demonstrated in Figure 6, which compares the fractional yield

of the carbon-containing reaction products during CH3CHO
TPD obtained from the B-TiO2 nanorod film and from a thin
film composed of 18 nm A-TiO2 platelets. While similar
products were produced on both samples, it is noteworthy that
ketene was produced only on the B-TiO2 nanorods.

3.2.3. Acetic Acid Thermal Chemistry. The B-TiO2
nanorods were found to be highly active for the dehydration
of CH3COOH to produce ketene. As shown in Figure 7, the
TPD results obtained from a 21 nm nanorod thin film dosed
with 5 L of CH3COOH (this dose was again found to be

Figure 4. Fractional yields of oxygenate products during CH3OH TPD
for B-TiO2 nanorods (21 nm), A-TiO2 platelets (18 nm), and
polycrystalline A-TiO2 powder (A-TiO2 powder data from ref 1).

Figure 5. TPD spectra obtained from 21 nm B-TiO2 nanorods
following 5 L CH3CHO dose at 165 K: (a) no UV exposure and (b) 1
h UV exposure.

Figure 6. Fractional yields of oxygenate products during CH3CHO
TPD for B-TiO2 nanorods (21 nm) and A-TiO2 platelets (18 nm).

Figure 7. TPD spectra obtained from 21 nm B-TiO2 nanorods
following 5 L CH3COOH dose at 165 K.
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sufficient to saturate the outermost layers of the film) was
dominated by a large ketene peak at 630 K. Small amounts of
methane and acetone were also produced near this temper-
ature. It is likely that CH3COOH dissociates on B-TiO2 to
form adsorbed acetate species which react at 630 K to form
ketene. These results are similar to those reported previously by
Kim and Barteau for the reaction of CH3COOH on R-
TiO2(001) and A-TiO2 powder.

1,10 TPD/TGA of CH3COOH-
dosed unsupported B-TiO2 nanorods (see Figure S4) was again
used to estimate the saturation coverage of adsorbed
CH3COOH (or acetate). These data gave a value of 1.1
molecules nm−2, which is roughly half that obtained for
CH3OH, suggesting that acetate species adsorb in a bridged
configuration with the oxygens bonding to two adjacent Ti
cations.
Figure 8 compares the TPD fractional yield of carbon-

containing products during CH3COOH TPD from the 18 nm

B-TiO2 nanorod thin film, 18 nm A-TiO2 platelets thin film,
and previously reported values for A-TiO2 powder.37 The
product yields for the B-TiO2 nanorods and A-TiO2 platelets,
which preferentially expose the (001) surface, are nearly
identical with greater than 90% selectivity to ketene, while
those for the A-TiO2 powder are somewhat different with a
high selectivity toward bimolecular coupling to acetone.
3.3. Photochemical Reactions of Simple Oxygenates

on Brookite Nanorods. TPD was also used to assess the
photocatalytic activity of the B-TiO2 nanorods. As noted in
Materials and Methods, in these experiments the sample at 165
K was dosed with the reactant and then illuminated with the
UV light for a specified amount of time, followed by TPD. In
addition to exploring the photocatalytic activity of the brookite
phase of TiO2, a goal of these studies was to evaluate how the
nanorod length affected photocatalytic activity. Acetic acid was
found to not undergo any photochemical reactions on the B-
TiO2 nanorods, so in this section we report results for only
CH3OH and CH3CHO.
3.3.1. Methanol Photochemistry. Figure 3b displays TPD

data obtained after the 21 nm B-TiO2 nanorod thin-film sample
was exposed to 5 L of CH3OH and then illuminating the
sample with 365 nm UV light for 1 h. These data are similar to
those obtained without UV illumination (Figure 3a), with
CH2O, (CH3)2O, CH4, and CO being produced between 610
and 650 K; however, an additional product, methyl formate
(HCOOCH3), resulting from a photochemical coupling

pathway, is also observed at 280 K, along with a much smaller
peak at 580 K. Note that because the UV illumination occurred
with the sample at 165 K, the methyl formate peaks are due to
desorption or reaction of surface species that are formed by
photochemical reactions that occur at this temperature. The
peak at 280 K is most likely desorption-limited and corresponds
to methyl formate produced during UV illumination at the
lower temperature. The surface species giving rise to the high-
temperature peak is less clear. The photochemical nature of
these products is further demonstrated by the HCOOCH3
desorption curves as a function of UV exposure displayed in
Figure 9. These spectra were obtained from the 21 nm B-TiO2

nanorod thin-film sample and show that the intensity of both
HCOOCH3 peaks increase with increasing UV exposure for
exposures up to 2 h, at which point they become saturated.
Note that the HCOOCH3 peak at 280 K is consistent with that
observed previously for thin films of A-TiO2 platelet and
bipyramidal nanocrystals which preferentially expose (001) and
(101) surfaces,14 and for R-TiO2(110) single-crystal surfaces,

5,6

while the higher-temperature peak at 580 K was not observed
for these A-TiO2 and R-TiO2 samples.
To provide more insight into the photocoupling pathway, the

following experiment was performed: A 35 nm B-TiO2 nanorod
thin-film sample was dosed with 5 L of CH3OH at 165 K,
followed by flashing to 400 K to remove all of the weakly
bound molecular species, leaving a surface covered with only
methoxy groups. The sample was then allowed to cool back to
165 K and illuminated with the UV light for 2 h, and then TPD
data were collected. The resulting HCOOCH3 desorption

Figure 8. Fractional yields of oxygenate products during CH3COOH
TPD for B-TiO2 nanorods (21 nm), A-TiO2 platelets (18 nm), and
polycrystalline A-TiO2 powder (A-TiO2 powder data from ref 37).

Figure 9. Methyl formate desorption spectra obtained from B-TiO2
nanorods (21 nm) following 5 L CH3OH dose at 165 K. Lower panel
shows data obtained as a function of the duration of the UV exposure.
For the spectrum in the upper panel, the sample was flashed to 400 K
following CH3OH exposure, allowed to cool, and then exposed to UV
light for 2 h prior to TPD.
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spectrum is displayed in the upper portion of Figure 9. Note
that in this case the spectrum contains only the high-
temperature HCOOCH3 peak. The absence of the low-
temperature peak at 280 K indicates that the photocoupling
reaction that produces this methyl formate product requires the
presence of molecularly adsorbed CH3OH on the surface. In
contrast, the high-temperature HCOOCH3 must result from
desorption or decomposition of a surface species formed by a
photochemical reaction involving only methoxide groups.
The effect of the B-TiO2 nanorod length on the photo-

catalytic activity for the coupling of CH3OH to produce methyl
formate was also investigated. The fractional yield (based on
the carbon-containing products) of the low-temperature
HCOOCH3 product during CH3OH TPD (5 L dose at 165
K) as a function of the nanorod length and UV exposure time is
displayed in Figure 10. These data show that within

experimental uncertainty there is little difference in the
fractional yield for the low-temperature HCOOCH3 product
between the 21 and 27 nm rods; however, the 35 nm rods show
higher photoactivity for production of the low-temperature
HCOOCH3 product. The fractional yield of the high-
temperature HCOOCH3 product as a function of nanorod
length and UV exposure time exhibited behavior similar to that
of the low-temperature HCOOCH3 product (see Figure S5).
These data suggest that the photocatalytic activity may increase
with increasing rod length, although they are not definitive on
this.
3.3.2. Acetaldehyde Photochemistry. Figure 5b displays

TPD data obtained after exposing the 21 nm B-TiO2 nanorod
sample to 5 L of CH3CHO and then illuminating with 365 nm
UV light for 1 h. Comparing this TPD data with that obtained
with no UV exposure (Figure 5a) reveals that UV illumination
causes several changes in the spectra, including a 5-fold increase
in the area of the ketene peak at 630 K. This increase in ketene
production appears to be at the expense of the crotonaldehyde
product, whose peak area decreased by 26% after UV exposure.
UV exposure also resulted in small increases of the yield of 2-
butanone and butadiene.
Note that the ketene peak temperature, 630 K, is the same as

that obtained from CH3COOH-dosed samples, indicating that
they are both due to decomposition of the same surface
intermediate. As noted above, in the case of the CH3COOH
reactant, the ketene product almost certainly results from

decomposition of an adsorbed acetate species. Thus, the large
increase in the ketene yield upon exposure of the CH3CHO-
dosed sample to UV light demonstrates that the B-TiO2
nanorods have high activity for the photo-oxidation of
CH3CHO to acetate.
This high activity for photo-oxidation of adsorbed CH3CHO

to acetate provides a good test reaction for exploring the effect
of the nanorod length on photocatalytic activity. Figure 11

displays the fractional yield of ketene as a function of the UV
exposure during CH3CHO TPD (5 L dose at 165 K) for 21, 27,
and 35 nm B-TiO2 nanorod thin-film samples. These data
reveal a clear trend of increasing ketene yield with increasing
nanorod length. For example, for 0.17 h UV illumination, the
ketene fractional yield for the 35 nm rods increased by more
than a factor of 3 compared to that obtained with no UV
illumination, while for the 21 nm rods the increases was only
approximately 2-fold. Therefore, these results along with those
described above for the photocoupling of CH3OH to methyl
formate provide strong evidence for a dependence of
photocatalytic activity on nanorod length.

4. DISCUSSION
In this study, we have investigated the thermal and photo-
reactivity of simple oxygenates on the brookite-phase of TiO2
as well as how crystallite size and shape, or more specifically
nanorod length, affects photocatalytic activity. Not surprisingly,
the overall thermal reactivity of the brookite nanorods toward
small oxygenates was found to be similar to that reported
previously for the anatase and rutile polymorphs of TiO2.

17,18

Methanol was found to adsorb dissociatively on 5-fold
coordinated Ti cations on B-TiO2 nanorod surfaces at relatively
low temperatures, and upon heating, the primary reaction
pathway was recombination to produce CH3OH, which
desorbs between 190 and 450 K. In a competing pathway,
the surface hydroxyl groups formed by CH3OH dissociation
react to produce water, which results in some of the methoxide
groups remaining on the surface to higher temperatures. On all
three polymorphs, near 640 K these methoxide groups undergo
disproportionation to produce formaldehyde and molecular
CH3OH and deoxygenation to produce methane. On A-TiO2
and R-TiO2, bimolecular coupling of methoxide groups to
produce dimethyl ether also occurs near 640 K, at least on
some surfaces.2,14 Previous studies have shown that exposed 4-

Figure 10. Fractional yield of low-temperature methyl formate
product during methanol TPD (5 L dose) as a function of UV
exposure and B-TiO2 nanorod length.

Figure 11. Fractional yield of ketene product during acetaldehyde
TPD (5 L dose) as a function of UV exposure and B-TiO2 nanorod
length.
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fold coordinate Ti cations which can accommodate two
methoxide groups are the active sites for this reaction.2,14 It
is noteworthy that the B-TiO2 nanorods exhibited very low
activity for this coupling pathway, as illustrated in Figure 4, thus
indicating that their surfaces contain few such sites. While it is
apparent from the results obtained in the present study that the
B-TiO2 nanorod surfaces expose predominantly 5-fold
coordinated Ti cations, the high fractional yield of methane
suggests that they also contain a high population of surface
oxygen vacancies.
For CH3CHO, the primary reaction product on the B-TiO2

nanorods was crotonaldehyde, which was produced at 460 K
during TPD. This pathway also occurs on the other TiO2
polymorphs, and its mechanism has been well-studied.7,32−36

These previous studies have shown that CH3CHO adsorbs on
exposed Ti cations which act as Lewis acid sites, through
interaction of one of the electron lone pairs of the carbonyl
oxygen.33,36 Aldol condensation of these adsorbed species to
produce crotonaldehyde is catalyzed by nearby lattice oxygens,
which act as Lewis base sites for abstraction of an alpha-
hydrogen.32 As a result, this reaction readily occurs on fully
oxidized TiO2, regardless of faceting; therefore, it is not
surprising that it also occurs on the brookite nanorods.7,32−36

In addition to aldol condensation to produce crotonalde-
hyde, CH3CHO adsorbed on the B-TiO2 nanorods undergoes
reductive coupling to produce butene:

→ = +2CH CHO CH CH CHCH 2O3 (a) 3 3 (l) (1)

where O(l) represents lattice oxygen. On R-TiO2, this pathway
is thought to occur at oxygen vacancy sites.7,34,38 Thus, the
production of butene on the nanorods also suggests that the B-
TiO2 surface is highly defective, which is consistent with the
large methane yield observed during CH3OH TPD.
Trace amounts of crotyl alcohol and butadiene were also

produced and are likely due to further reaction of the
crotonaldehyde and butene products. This conclusion is
consistent with the observation that they are both produced
at temperatures slightly higher than those of their parent
molecules (see Figure 5a). The only other significant product
from CH3CHO was ketene, which desorbed at 630 K during
TPD. As will be discussed below, this product can be assigned
to decomposition of adsorbed acetate species. Thus, a fraction
of the adsorbed CH3CHO reacts with surface lattice oxygen to
produce adsorbed acetate.
For CH3COOH, the TPD results displayed in Figure 7

demonstrate that this molecule adsorbs dissociatively on the B-
TiO2 nanorods at low temperatures to produce acetate
intermediates which decompose upon heating to produce
primarily ketene at 630 K. This result is similar to that reported
by Kim and Barteau for A-TiO2(001) single-crystal surfaces and
A-TiO2 powders.

10,37 As previously mentioned, the saturation
coverage of acetate species, 1.1 molecules nm−2, obtained from
our TGA measurements was approximately half that for
CH3OH, suggesting that acetate species bond in a bridging
configuration between two adjacent Ti cations on the surface of
the B-TiO2 nanorods. Previous studies of the other titania
polymorphs also conclude that CH3COOH adsorbs dissocia-
tively, forming acetate intermediates with a bridging config-
uration on surfaces that contain only 5-fold coordinated Ti
cations and/or in a bidentate structure on a single cation on
surfaces that contain 4-fold coordinated Ti cations.39,40

The brookite nanorods exhibited photocatalytic activity
similar to that reported for the anatase and rutile

phases.5,13−15,19 For example, as shown in Figure 3b, upon
exposure to UV light, CH3OH undergoes photocoupling to
yield methyl formate which desorbs at 280 K during subsequent
TPD. It has previously been reported that the mechanism for
this reaction on both R-TiO2 and A-TiO2 is as follows:

41,42

→ +
ν

CH OH CH O H
h

3 (Ti) 3 (Ti) (O) (2)

→ +
ν

CH O CH O H
h

3 (Ti) 2 (Ti) (O) (3)

+ → +
ν

CH O CH O HCOOCH H
h

2 (Ti) 3 (Ti) 3(Ti) (O) (4)

In this pathway, the reaction proceeds in a stepwise fashion
in which methoxy groups, which presumably could be produced
thermally or photochemically, are photo-oxidized to CH2O,
followed by the photocross coupling of adsorbed CH2O and
CH3O species to produce HCOOCH3. The second step (eq 3)
has been demonstrated experimentally and via ab initio
calculations to be the primary photo-oxidation pathway for
methoxy on the R-TiO2(110) surface.43 The final step,
however, is not consistent with the results of the present
study or those from our recent study of photocoupling of
CH3OH on A-TiO2 nanocrystals.13 In both cases it was
observed that on surfaces that contain only adsorbed methoxy
groups and no molecular methanol (see top panel in Figure 9),
a low-temperature photocoupling pathway that produces
HCOOCH3 does not occur. We therefore propose the
following alternative for the third step in the mechanism in
which the photocross coupling reaction involves molecularly
adsorbed CH3OH rather than methoxide:

+ → +
ν

CH O CH OH HCOOCH 2H
h

2 (Ti) 3 (Ti) 3(Ti) (O) (5)

An intriguing aspect of the photoinduced reactions of
CH3OH on the B-TiO2 nanorods is that in addition to the
aforementioned pathway for the production of HCOOCH3
which can occur at low temperatures, another pathway was
observed that produces an intermediate that reacts at 580 K to
produce HCOOCH3 during TPD. This pathway has not been
observed for either A-TiO2 or R-TiO2 surfaces.

5,6 As shown in
Figure 9, the intensity of this high-temperature HCOOCH3
peak increased with UV exposure but was insensitive to the
presence or absence of molecularly adsorbed CH3OH on the
surface. While additional study is needed to definitively
determine the reaction pathway that leads to this product,
one likely scenario is that a portion of the adsorbed methoxide
groups is oxidized to formate during UV exposure at low
temperature, and these species subsequently react with
adsorbed methoxide groups to produce HCOOCH3 at 580
K. Previous studies have shown that formic acid readily
dissociates on R-TiO2(110) to give formate species which are
stable up to ∼600 K.44,45 Thus, reaction of formate species with
adsorbed methoxide groups on the B-TiO2 nanorods at 580 K
is plausible. We therefore propose the following mechanism for
this channel of HCOOCH3 production:

→ +
ν

CH O CH O H
h

3 (Ti) 2 (Ti) (O) (6)

+ → +
ν

CH O O HCOO H
h

2 (Ti) (l) (Ti) (O) (7)

+ ⎯ →⎯⎯ +HCOO CH O HCOOCH O(Ti) 3 (Ti)
heat

3(Ti) (l) (8)
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As will be discussed below, the fact that the B-TiO2 nanorods
are active for the photo-oxidation of adsorbed CH3CHO to
acetate provides some additional support for this proposed
mechanism. Whether this photochemical pathway for
HCOOCH3 production is intrinsic to B-TiO2 or requires the
specific structures present on the surface of the B-TiO2
nanorods is an open question that cannot be answered using
only the data obtained in the present study.
In contrast to CH3OH, the primary photochemical pathway

for the reaction of CH3CHO on the B-TiO2 nanorods is rather
straightforward. As shown in Figure 5, exposure of a CH3CHO-
dosed 21 nm B-TiO2 nanorod thin-film sample to UV light for
1 h resulted in an increase in the yield of ketene at 630 K by a
factor of 5 during subsequent TPD. On the basis of the TPD
results for CH3COOH, this ketene peak can be attributed to
the decomposition of adsorbed acetate intermediates. This
leads to the conclusion that the B-TiO2 nanorods are active for
the photo-oxidation of adsorbed CH3CHO to acetate. This is
consistent with the reported photocatalytic activity of A-TiO2
and R-TiO2 which are also active this reaction.

8,46 An additional
pathway that has been reported on the R-TiO2(110) surface as
well as on Degussa P25 is the photodecomposition of
CH3CHO by the ejection of a methyl radical, leaving behind
an adsorbed formate species.8,46 However, the lack of formate
decomposition products CO and CO2 from TPD following UV
exposure indicates that this is not a preferred pathway on the B-
TiO2 surface.
The data in Figures 10 and 11 which show the dependence

of fractional yield of TPD products resulting from photo-
catalytic reactions (i.e., methyl formate from CH3OH, and
ketene from CH3CHO) on UV illumination time and nanorod
length clearly show that the photocatalytic activity of the B-
TiO2 nanorods increases with rod length. This result is in
accord with several previous studies of both R-TiO2 and A-
TiO2 in which photocatalytic activity has been found to depend
on both crystallite size and shape.12−14,47−50 For example,
Bennett et al. observed that the activity for the photo-oxidation
of CH3OH over A-TiO2 nanocrystals with bipyramidal
morphologies increased with particle size.13 Similarly, Bae et
al. observed that both particle size and aspect ratio affected the
photocatalytic activity for CH3CHO decomposition over R-
TiO2 nanorods.

15,51 In both of these cases, these effects were at
least partially attributed to the electrons and holes preferentially
migrating to different exposed crystal planes.
While preferential migration of holes and electrons to

different surfaces on the B-TiO2 nanorods (e.g., electrons to the
ends and holes to the sides) possibly results in the nanorod
ends and sides acting as either net-reduction or oxidation
surfaces, for the high aspect ratio nanorods used in the present
study changes in the length of the nanorods would not be
expected to significantly impact their photocatalytic activity by
altering the charge distribution on the nanorod facets. It is
more likely, however, that the nanorod length affects the
lifetimes of the photogenerated electrons and holes. Photo-
oxidation of oxygenates (e.g., alcohols and aldehydes) on TiO2
is generally thought to proceed via diffusion of a hole generated
in the bulk to the surface, resulting in the creation of an
unoccupied surface state which lies just above the valence band
of the semiconductor. The migration of this hole to a surface
site adjacent to the adsorbed reactant is followed by transfer of
an electron from the adsorbed oxygenate to the adjacent surface
hole.52 Competing with this process is electron−hole
recombination both in the bulk and with holes trapped on

the surface. For A-TiO2 thin films it has been shown that the
lifetime of trapped surface holes is much longer than the time
for electron transfer from an adsorbed oxygenate, thus making
this process the rate-limiting step for the photo-oxidation
reaction.52 Cargnello et al. have shown using transient-
absorption spectroscopy that the lifetimes of trapped surface
holes increases with nanorod length for both bare and Pt-
decorated B-TiO2 nanorods. While the effect was bigger for the
Pt-decorated rods where the metal particles act as trap sites for
photogenerated electrons, a significant increase in the hole
decay rate was still observed for the bare nanorods.23 Because
rod length is not likely to affect the rate of adsorbate−hole
reaction, the increase in photocatalytic activity with B-TiO2
nanorod length observed in the present study implies that the
electron−hole recombination rate, either in the bulk or on the
surface, decreases with increasing nanorod length, thereby
increasing the probability that a hole will diffuse to the surface
and remain long enough so it can react with an adsorbate.
A similar conclusion has been reported by Cargnello et al.23

who studied the aqueous phase photoreforming of ethanol to
produce H2 over Pt-particle decorated B-TiO2 nanorods (these
nanorods were essentially identical to those used in the present
study) and observed a strong dependence of the reaction rate
on rod length. They noted that the diffusion lengths for
photogenerated electrons and holes in titania are of the order of
micrometers and nanometers, respectively, and that the small
diffusion lengths for the holes effectively confines them to the
width of the nanorods, which in our case is 5.5 nm. In contrast,
for the electrons, the one-dimensional nature of the nanorods
coupled with their long diffusion length allows for their
delocalization along the length of the nanorod.23,53,54 This
effectively allows for a higher degree of charge separation
between the electrons and holes in the longer nanorods, which
in turn would decrease the electron−hole recombination rate,
allowing for an increase in the concentration of holes at the
nanorod surface for reaction with the adsorbed species.

5. CONCLUSIONS
The results of this study provide insight into the thermal and
photochemical reactivity of the brookite phase of TiO2 toward
alcohols, aldehydes, and carboxylic acids, as well as how the
interplay between nanocrystallite size and shape and the
dynamics of photogenerated electrons and holes can affect
photocatalytic activity. On the B-TiO2 nanorods, CH3OH was
found to adsorb dissociatively on 5-fold coordinate Ti cations
to form methoxide groups that undergo deoxygenation to
produce CH4 and dehydrogenation to produce CH2O at
temperatures between 640 and 650 K. Little activity for
bimolecular coupling to produce (CH3)2O was observed,
indicating that the surfaces of the nanorods contained few 4-
fold coordinate Ti cations. The primary reaction pathway for
CH3CHO on the B-TiO2 nanorods was aldol condensation
near 460 K to produce crotonaldehyde, which demonstrates the
Lewis acid−base character of Ti cation−oxygen anion site pairs
on the surface. Acetic acid was also found to absorb
dissociatively on these site pairs to produce acetate
intermediates which decompose at 630 K to produce ketene.
Studies with UV-exposed samples also showed that B-TiO2

nanorods were active for the photocoupling of CH3OH to
produce methyl formate. Our results indicate that this reaction
proceeds via photoinduced dehydrogenation of an adsorbed
methoxide group to produce CH2O which in a subsequent
photocatalytic step reacts with adsorbed molecular methanol to
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produce methyl formate. Photo-oxidation of methoxide groups
to formate species was also observed to occur. This reaction
presumably proceeds through a CH2O intermediate. Formate
species formed in this manner reacted with adsorbed methoxide
groups at 580 K to produce methyl formate. The photo-
chemical oxidation of CH3OH to formate appears to be specific
to the B-TiO2 phase having not previously been observed for A-
TiO2 and R-TiO2. This pathway on the B-TiO2 nanorods is also
consistent with what was observed for CH3CHO, which
underwent photo-oxidation to acetate on the nanorods.
Lastly, studies of the photochemical oxidation activity of the

B-TiO2 nanorods showed that photoactivity increased with
increasing nanorod length. This was most apparent for the
photo-oxidation of CH3CHO to acetate where the yield of the
acetate decomposition product, ketene, during TPD runs
following UV exposure was markedly higher for the 35 nm
nanorods compared to that of the 21 nm nanorods. A similar
although less pronounced dependence on nanorod length was
also observed for the photocoupling of methanol to methyl
formate. We attribute this increase in photoactivity with
nanorod length to enhanced delocalization of the excited
electrons in the longer rods, thereby decreasing the rate of
electron−hole recombination, which increases the probability
that holes will diffuse to the surface and react with an adsorbed
species.
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