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Highlights

» Surface-controlled brookite TiO2 nanorods were obtained by hydrothermal

synthesis with TALH and urea

* Ptmetal and oxide sensitizers modified on brookite TiO2 nanorod surfaces were

investigated for acetaldehyde degradation under visible light

» Pt(Il) oxide-sensitized brookite TiO2 (Pt(II)/TiO2) showed significantly higher

photocatalytic activity but lower stability for acetaldehyde degradation
compared to Pt(IV) oxide or Pt(0)-sensitized brookite TiO2

e Surface coating of an Fe(Ill) oxide sensitizer layer on Pt(II)/TiO2 nanorod

surface (Fe(III)-Pt(II)/TiO2) enhanced both the activity and stability of
Pt(IT)/TiO2 for acetaldehyde degradation under visible light

* Mechanistic insights into the electron transfer mechanisms within Fe(III)-

Pt(I1)/TiO2 and Pt(II)/ TiO2 were unraveled using in situ double beam
photoacoustic spectroscopy (DB-PAS) and supported by DFT modelling

Abstract

Platinum is widely investigated as co-catalysts for photocatalytic degradation of
volatile organic compounds but studies seldom focus on their visible light sensitizing
properties. Herein, Pt sensitizers of different oxidation states (0, II, IV) were modified
on brookite TiO2 nanorods and investigated for acetaldehyde degradation under visible
light. Pt(Il) oxide/TiO2 showed the best photocatalytic activity but its stability was
compromised by its self-oxidation to Pt(IV) during photo-oxidation reaction. Surface
modification of an Fe(Ill) oxide thin film sensitizer layer around the Pt(Il) oxide
sensitizer was found to enhance both the stability and activity of Pt(Il) oxide/TiO2. In
situ double beam photoacoustic spectroscopy (DB-PAS) supported by DFT modelling
showed the rapid injection of photoexcited electrons from Fe(III) oxide to Pt(II) oxide
promote the stability of Pt(II) oxide, leading to enhanced performance. The findings
provide guidance for the rational design of visible light-active metal oxide sensitizers
for oxidative removal of indoor air pollutants.
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1. Introduction

In our contemporary society, people spend on average 80% of their time indoors.
Indoor air quality has therefore become an important issue for human health. ]
Volatile organic compounds (VOCs) are notable indoor air pollutants as well as
other compounds such as NOx, SOz, ozone and particulate matters.- Indoor
VOCs such as aldehydes, amines and aromatic compounds can be emitted from
indoor sources and activities including cooking, secondhand smoke, cleaning,
consumer products, home furnishings and building materials. Moreover, in
recent years, indoor air pollutants have been increasingly associated with sick
building syndrome (SBS).[6

Photocatalytic systems that can decompose VOCs to CO, are promising
methods for removing indoor VOCs. Photocatalytic degradation of VOCs with
various materials such as TiO2, C3N4, WO3z, SnO2 and BiVO4 has been
demonstrated.[*%13 Although photocatalytic systems can remove VOCs by
photooxidative destruction, the removal efficiency is very low under normal
indoor light conditions due to the lack of adequate energetic photons. The
development of photo-conversion materials that can utilize visible light photons
at the maximum capacity should enable effective removal of indoor air pollutants
under indoor light conditions.

Metallic Pt (i.e., Pt(0)) is widely used as a cocatalyst for various photocatalytic
reactions including hydrogen evolution reaction and NOx and CO2 reduction
reaction owing to its ability to promote interfacial charge separation as well as
its favorable catalytic properties.[**®l Recently, Pt in its 2+ and 4+ oxidation
state, (Pt(I1) and Pt(IV)), respectively, have also been reported to be visible light
active catalysts (or sensitizers) for NOy oxidationl*” 38 organic compounds
degradation™® 2% and hydrogen evolution reaction.?l However, it is unclear if Pt
in its metallic form or oxide form is the most active form of visible light sensitizer
for photocatalytic degradation of VOCs.

TiO2 is a non-toxic and relatively cheap photoconversion material. TiO2 exists
in three crystalline structures: anatase, rutile and brookite phases. Most
photocatalytic studies have focused on the anatase and rutile phases of TiO2 due
to their relatively high thermal stability and ease of preparation.[?> 2% Although
brookite TiO2 is not as commonly used as that of anatase or rutile TiO2 owing to
its metastability, brookite TiO2 has shown high photocatalytic activities for the
degradation of various recalcitrant pollutants.[?* 21 W.-K. Li et al. found the
exposed {210} facet of brookite TiO2 is more reactive than the {101} facet of
anatase TiO2, which is thus beneficial for improving photocatalytic reactions. [26]
Brookite TiO2 also showed higher surface affinity for O, adsorption than anatase
TiO2 in oxygen reduction reaction to produce H202[?"1 Moreover, brookite TiO>
was demonstrated to oxidize propanone to CO, and H20O much faster than
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anatase TiO2. Brookite TiO2 also exhibited higher areal photocatalytic activity
for RhB degradation than rutile TiO, and anatase TiO2.[2% 21 These
observations suggest brookite TiO> is a promising photoconversion material for
solving environmental issues.

In this study, brookite TiO2 nanorods with well-defined {210} and {111}
facets were synthesized by a hydrothermal process utilizing TALH and urea as
precursors. Acetaldehyde was used as a representative indoor VOC. Pt(0) metal
sensitizer and Pt(Il) and Pt(IVV) oxide sensitizers were incorporated on the
surfaces of the brookite TiO2 nanorods by a photodeposition method or a
chemisorption method.

Our results show Pt(l1) oxide-sensitized brookite TiO2 (Pt(11)/TiO2) exhibits
higher photocatalytic activity than that of Pt(0)/TiO2 or Pt(IV) oxide/TiO: for
acetaldehyde degradation under visible light. However, the photocatalytic
activity of Pt(I1)/TiOz is hindered by the low stability of Pt(Il) oxide, which
readily oxidizes to Pt(1VV) oxide with increased reaction time. We then developed
strategies to overcome the stability issues of a Pt(Il) oxide sensitizer. We found
a simultaneous photodeposition of Pt(IV) ions and Fe(ll) cations onto brookite
TiO2 nanorods resulted in selective formation of island-like PtO and Pt(OH)2
nanoclusters on the {210} facet of brookite TiO2 nanorods with a film-like Fe(l11)
oxide layer covering the entire surface of the Pt(11)/TiO2 nanorods. The Fe(lll)
oxide thin film layer not only serves as a protective layer preventing Pt(Il) oxide
from ambient oxidation but also acts as a visible light sensitizer. The
Fe(l11)/Pt(I1)-oxide-co-sensitized brookite TiO2 nanorods (Fe(l1)-Pt(11)/TiO2)
show dramatic enhancements in both activity and stability for acetaldehyde
degradation under visible light illumination. The electron transfer mechanisms
leading to the enhanced photocatalytic performance were unraveled by in situ
double beam photoacoustic spectroscopy (DB-PAS), XPS and UV-Vis
spectroscopy and supported by density functional theorem (DFT) computational
modeling.

2. Results and Discussion

2.1 Surface and Structural Properties

Scheme 1 shows the material flowchart leading to the synthesis of metallic Pt-sensitized
brookite TiO2 nanorods (Pt(0)/TiO2), Pt(Il)-sensitized brookite TiO2 nanorods
(Pt(I1)/TiO2) and Pt(IV)-sensitized brookite TiO2 nanorods (Pt(VI)/TiOz). In brief,
Pt(0)/TiO2 is prepared by photodeposition of Pt* ions onto TiO2 nanorod surfaces using
an aqueous solution containing chloroplatinic acid (H2Pt(IV)Cls) and ethanol as the hole

scavenger. Pt(II) and Pt(IV)-sensitized TiO2 are synthesized by chemisorption of Pt(I)
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and Pt(IV) ions under dark conditions from an aqueous solution of potassium
tetrachloroplatinate (K2Pt(II)Cls) or H2Pt(IV)Cle.

Fig. S1 of Supporting Information (SI) show the high-resolution transmission
electron microscopy (HRTEM) images and a selected area electron diffraction (SAED)
pattern of a pure brookite TiO2 nanorod sample. The HRTEM images (Fig. Sla-c, SI)
show the brookite TiO2 rods have a prismatic morphology with tapered ends and smooth
surfaces. The length and width of the brookite TiO2 nanorods are ~150.0 nm and 26.7
nm, respectively. In addition, the lattice plane imaging (Fig. S1c, SI) shows the brookite
TiO2 nanorods possess a well-defined {210} body facet and a {111} tapered end
facet.3% 311 Moreover, the single bright spots of an SAED pattern of a brookite TiO2
nanorod, as shown in Fig. S1d (SI), indicate the brookite TiO2 nanorods are single
crystalline brookite TiO2. Fig. S2 (SI) shows the XRD spectra of the as-prepared
brookite TiO2 sample. The XRD spectra show only diffraction peaks of brookite phase
TiO2 (JCPDS NO. 29-1360). No diffraction peak associated with other phase (anatase
or rutile phase) of TiO2 was observed, indicating the as-prepared TiO:z are pure brookite-
phase TiO2[*?]. The high purity of the as-prepared brookite TiO2 was also collaborated
by a Raman spectrum, as shown in Fig. S3 (SI).3]

Fig. S4a-c (SI) show the Pt 4f XPS spectra for Pt(0)/TiO2, Pt(II)/TiO2 and
Pt(IV)/TiO2 samples. The XPS results show the photodeposition of Pt** ions onto the
TiO2 nanorod surfaces in an ethanol-containing aqueous solution resulted in the
deposition of metallic Pt (or Pt(0)) on the brookite TiO2 nanorod surface with a small
proportion of PtO (or Pt(Il)). The surface concentrations of Pt(0) and PtO were
determined from the XPS spectrum to be 83.5% and 16.5%, respectively. In the
Pt(II)/TiO2 sample, Pt XPS spectrum indicate the presence of four types of Pt species
on the TiO2 nanorod surfaces: PtO, [Pt(I)Cls]*> (abbreviated as Pt(II)-Cl), PtO2 and
[Pt(IV)Cls]*> (abbreviated as Pt(IV)-Cl).’¥ From the XPS spectrum, the surface
concentrations of PtO, Pt(II)-Cl, PtO2 and Pt(IV)-Cl were determined to be 39.7%,
23.3%, 10.0% and 27.1%, respectively. In the Pt(IV)/TiO2 sample, the chemisorption
of [Pt(IV)Cls]* on the TiO2 nanorod surfaces formed high concentration of PtO2
(~79.4%) and some Pt(IV)-Cl (~20.6%). The chemisorption of [Pt(I[)Cls]*> or
[Pt(IV)Cls]*> onto TiO2 nanoparticle surfaces is known to lead to the formation of
covalently bounded surface complex.3°-37) Chloride substitution by surface [Ti]-O" is
feasible, and in addition, very stable Ti-O-Pt bonds can be formed under ambient
conditions.?”) Hence, PtO and PtO: are the associated chemisorbed products in the
Pt(II)/TiO2 sample while PtO2 is a chemisorbed product in the Pt(IV)/TiO2 sample.

Fig. S5, S6 and S7 (SI) shows the HRTEM images and EDX elemental mapping of
Pt(0)/TiO2, Pt(I1)/TiO2 and Pt(IV)/TiO2 samples, respectively. The HRTEM image of
Pt(0)/TiO2 revealed the metallic Pt exists as small Pt nanoparticles with diameters in

the range of 2-10 nm on the surfaces of the brookite TiO2 nanorods. On the other hand,
for the Pt(II)/TiO2 and Pt(IV)/TiO2 samples, the entire surfaces of the brookite TiO2
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nanorods were uniformly coated with a thin film layer of Pt(II) oxides or Pt(IV) oxides.

Scheme 2a shows the preparation steps of the Fe(Il)-Pt(Il)/TiO2 samples. The
brookite TiO2 nanorods were initially dispersed and stirred in an aqueous solution
containing only [Pt(IV)Cls]* with nitrogen bubbling and sonication. Subsequently, UV
photo-irradiation was provided while an aqueous Fe(Il) sulfate solution was
simultaneously injected into the Pt(IV)/TiO2 powder-suspension to initiate the co-
deposition of Pt and Fe sensitizers onto the TiO2 nanorods.

Fig. S8a-d (SI) shows the XPS spectra of the Fe(III)-Pt(I)/TiO2 sample. The Pt 4f
XPS spectrum in Fig. S8d shows the presences of PtO (65.3%), Pt(II)-CI (~18.1%) and
PtO2 (~16.6%). XPS peaks associated with Pt(IV)-CI were not detected on the nanorod
surfaces implying the [Pt(IV)Cls]*" on the TiO2 surfaces had been photo-reduced to PtO
and Pt(I1)-Cl. The PtO2 was likely formed from the subsequent oxidation of the PtO in
ambient environment. The Fe 2p XPS spectrum in Fig. S8c indicates the presence of Fe
oxide sensitizers with an oxidation state of +3 on the TiO2 nanorod surface. The Fe(III)
2p3/2 at band energies of 710.0 eV and 712.2eV can be associated with nano-sized
Fe20338land y-FeOOHP?), respectively, suggesting that Fe(Il) cations was oxidized to
Fe(Ill) oxide nanoparticles by the photogenerated holes during the photodeposition
process. Fe203 was the predominant species formed on the surface of the brookite TiO2
nanorods with a small amount of y-FeOOH. In addition, the formation of Fe2O3 and y-
FeOOH on the brookite TiO2 nanorod surfaces can be further observed in an Fe 2p XPS
spectrum when the photodeposition of the Fe(Il) cations was conducted at higher
precursor loading of 10wt% Fe(II), as shown in Fig. SO (SI). At higher loading of Fe(III)
oxides, the Fe2O3 and y-FeOOH exhibit surface properties resembling that of Fe2O3 and
v-FeOOH bulk materials, as indicated by the Fe(III) 2p3/2 bands at higher binding
energies of 710.7 eV and 712.1 eV, respectively.[4]

Overall, the XPS results show the photodeposition of [Pt(IV)Cls]* on the brookite
TiO2 nanorod surfaces in the presence of Fe(Il) cations led to the co-formation of Fe(III)
oxide sensitizers and Pt(II)/(IV) sensitizers. In addition, it can be observed the
concentration of Pt(II) sensitizers in the Fe(Ill)-Pt(II)/TiO2 sample is significantly
higher than that of the Pt(II)/TiO2 sample. The Fe(IIl)-Pt(II)/TiO2 sample contains
65.3% PtO and 18.1% Pt(I1)-Cl, corresponding to a total Pt(II) concentration of 83.4%.
On the other hand, the Pt(II)/TiO2 sample, which contains 39.7 % PtO and 23.3% Pt(II)-
Cl, has a lower total Pt(II) concentration of 63%. Hence, the merit of co-depositing
Fe(Ill) oxide sensitizers with Pt sensitizers is that the Fe(IIl) oxides can limit the
oxidation of the Pt(Il) species (PtO and Pt(II)-Cl) to Pt(IV) species (PtO2 and Pt(IV)-
Cl), thereby stabilizing the Pt sensitizer oxidation state in a 2+ state. By contrast, if
ethanol was used as the hole scavenger instead of Fe(II) cations, the Pt** ([Pt(IV)Cls]*
) would be photoreduced to Pt(0) metal, as demonstrated by the Pt(0)/TiO2 sample.

Fig. 1A-F shows HRTEM images and EDX (energy dispersive X-ray spectroscopy)
elemental mapping of the as-prepared Fe(III)-Pt(II)/TiO2 nanorods. The elemental
mapping of the Fe(III)-Pt(I1)/TiO2 nanorods clearly showed the Pt(II) sensitizer was
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selectively photo-deposited on the {210} facet of the brookite TiO2 nanorods and
accumulated in nanometer-sized island-like structures on the {210} facet. Unlike Pt(II)
nanoparticles, the Fe(Ill) oxide sensitizer was not selectively photo-deposited on any
particular facet of the brookite TiO2 nanorods. Instead, the Fe(IIl) oxide sensitizer
formed a uniform thin film layer coating on the entire Pt(II)/TiO2 nanorods.

Fig. S2 (SI) also shows the XRD spectra of the Pt(0)/TiO2, Pt(II)/TiO2, Fe(IlI)/TiO2
(prepared by chemisorption method) and Fe(III)-Pt(I1)/TiO2 sample. The XRD spectra
indicate the modification of the as-prepared brookite TiO2 with Pt/Fe sensitizers did not
result in any XRD peak shift or the formation of new diffraction peaks belonging to
metallic Pt or Fe(OH)s. These observations suggest the Fe(III) and Pt sensitizers are not
embedded into the bulk structures of brookite TiO2 but are likely only deposited on the
surfaces of the brookite TiO2 nanorods.

2.2 Surface Affinities of Brookite TiO: for Fe?*, Fe3" and Pt** Cations

To elucidate how the Fe(IIl) oxide sensitizer layer was formed on the surfaces of the
Pt(IT)/TiO2 nanorods upon photodeposition of Fe(Il) and Pt(IV) ions , the surface
adsorption capability of brookite TiO2 nanorods for Fe(Il), Fe(Ill) and Pt(IV) ions was
investigated. Table S1 (SI) summarized the concentrations of Fe cations that were found
deposited on the brookite TiO2 samples after stirring the TiO2 samples in known
concentrations of Fe(Il) or Fe(Ill)-containing solutions under dark conditions. The
brookite TiO2 nanorods could adsorb as much as 3.7wt% of Fe(IIl) cations when the
brookite TiO2 nanorods were stirred in in an Fe(III)-containing solution containing 4wt%
Fe(III) cations. However, the brookite TiO2 nanorods could only adsorb at maximum
0.23wt% of Fe(Il) cations when the TiO2 nanorods were stirred in a 4wt% Fe(I)
solution. The results of ICP-MS show brookite TiO2 exhibits high surface affinity for
Fe(III) adsorption but low surface affinity for Fe(Il) adsorption. The adsorption of Fe(II)
and by TiO2 was previously studied by Nano and Strathmann,*!! Zhangl*?) and
Hiemstra.[*3] At the TiO2 surface, the Fe? ion is presumably bound as a quattro-dentate
surface complex (=(TiO)2(TiOH)2-Fe(Il)). This quattro-dentate surface complex
exhibits high surface charge attribution with the TiO2 surface.[**) Consequently, the
hydrolysis and adsorption of Fe** on TiO2 shows high pH dependency.*!! The
adsorption of Fe(II) on TiO2 is favored at pH>~7.5 (>80%) while significantly low at
lower pH (<10%). In the current chemisorption conditions, the Fe(II) solution exhibits
a pH of ~6 while the Fe(II)/Pt(IV) photo-deposition solution has a pH of ~3.8, th
ese pH are relatively low for effective Fe(Il) adsorption on TiO2. In contrast,
for Fe(III), the major Fe(III) species in solution at ~pH 3.5 are [Fe(OH)(H20)s]*>" and
[Fe(H20)6]*".[**I These hydrolyzed monomers can effectively adsorb onto TiO: surfaces.

The surface adsorption capability of brookite TiO2 nanorods for Pt(IV) ions in the
dark was also elucidated. The brookite TiO2 nanorods exhibit high surface affinity for
Pt(IV) ions. ICP results indicate that all of the Pt(IV) ions were adsorbed onto the
brookite TiO2 nanorod surfaces when the brookite TiO2 nanorods were stirred in
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aqueous solutions containing 0.1-0.6 wt% Pt(IV) in dark conditions, as shown in Table
S2 (SI). As mentioned above, the chemisorption of [Pt(IV)Cls]* onto TiO: surface
forms a covalently bound surface complex by chloride substitution at the surface [Ti]-
O. Under ambient conditions, these Pt(IV)-Cl surface complexes are partly converted
to highly stable Ti-O-Pt bonds.[*!

The results of ICP-MS show for the TiO2 nanorod sample co-deposited with Fe(II)
and Pt(IV) ions, both at nominal loadings of 0.4wt%, only 0.07wt% of Fe(II) cations in
the aqueous solution was eventually deposited on the TiO2 nanorod surfaces to form
the Fe(IIl) oxide thin film sensitizer coating (see Table S2). On the other hand, for Pt,
all of the 0.4wt% of Pt(IV) ions in the solution were adsorbed onto the TiO2 nanorod
surfaces.

2.3 Proposed Formation Mechanism of Fe(III)- Pt(II)/TiO2 Nanorods

Scheme 2b shows the proposed formation mechanism of Fe(III)-Pt(II)/TiO2 nanorods.
The [Pt(IV)Cls]* were reduced by the photogenerated electrons of TiO2 to form Pt(II)
nanoparticles (i.e., PtO, Pt(II)-Cl) on the brookite TiO2 nanorod surfaces. Attributed to
the low surface affinity of the brookite TiO2 nanorods for Fe(Il) cations, as revealed by
ICP-MS and discussed above, the brookite TiO2 nanorod surfaces contained only small
amounts of surface-adsorbed Fe(II) cations. Consequently, when the surface-adsorbed
Fe(II) cations on the TiO2 nanorods were oxidized by the photogenerated holes, the
Fe(Il) cations formed a very thin layer of the Fe(Ill) oxide sensitizer (i.e.,
Fe203/FeOOH) on the entire surfaces of the Pt(Il)-sensitized TiO2 nanorods. Notably,
the presence of the Fe(IlI) oxide thin film sensitization layer inhibits further reduction
of the Pt(Il) to Pt(IV) species, resulting in the formation of significantly high surface
concentrations of Pt(Il) sensitizers on the TiO2 nanorod surfaces (~83.4%). Since TiO2
is a demonstrated water oxidation photocatalyst, the electron used for the oxidation of
Fe(Il) and the reduction of Pt(IV) during the photo-deposition reaction is balanced by

a concurrent oxidation of water.[4¢]

2.4 Optical Properties

Optical properties of the as-prepared brookite TiO2 photocatalysts were elucidated
using UV-Vis spectra. Fig. 2A shows the UV-Vis diffuse absorption spectra of pure
brookite TiO2, Fe(ll11)/TiO2, Pt(11)/TiO2 and Fe(ll)-Pt(I1)/TiO2. Pure brookite TiO2
shows an absorption edge at 380 nm, corresponding to an optical band gap of ~3.3 eV.
Owing to the photo-sensitizing effects of the Fe(lll) and Pt(11)/(IV) sensitizers, the
brookite TiO2 nanorod samples exhibit visible light absorption tails in the wavelength
region of 400-600 nm upon surface modifications with the Fe and/or Pt sensitizers.[*"
“8] The visible light absorption tail is observed to be stronger for the Pt(11)/TiO2 sample
than for the Fe(l11)/TiO2 sample. This observation indicates the Pt(I1)/(IV)sensitizers
have greater visible light responses than that of the Fe(l11) oxide sensitizers suggesting
that Pt(I1)/(1V) sensitizers are likely to be better visible light-driven sensitizers than
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Fe(111) oxide sensitizers. For the Fe(l11)-Pt(11)/TiO2 nanorod sample, the co-loading of
Pt(I1) and Fe(l1l) oxide sensitizers onto brookite TiO2 nanorods results in the most
apparent red shift in the visible light absorption. Since the Fe(I11)-Pt(I1)/TiO2 nanorod
sample contains higher concentrations of Pt(Il) sensitizers and lower concentration of
Pt(IV) sensitizers compared to that of the Pt(I1)/TiO2 sample, the enhanced visible light
absorption property of Fe(111)-Pt(11)/TiO2 nanorod sample can be attributed to the Pt(I1)
sensitizers.

2.5 Photocatalytic Activities of Fe(l11) and Pt-sensitized TiO2 and Fe(I11)-Pt(I1)-
oxide-co-sensitized TiO2 nanorods

The activities of as-prepared brookite TiO2 nanorods and Fe(lll) or Pt-sensitized
brookite TiO2 nanorod samples for photocatalytic degradation of acetaldehyde under
visible light illumination were investigated. Prior to the light irradiation, the samples
were investigated under dark conditions. Fig. S10 shows the CO2 concentration-time
profiles of the samples upon exposure to acetaldehyde under dark conditions. In all
samples, low concentrations of CO2 (~20-50 ppm) were detected within 30 min
exposure to acetaldehyde and the CO:2 levels remained unchanged therefore. Since
adsorbed CO:2 are naturally present on a TiO2 oxide surface, the detection of CO2 under
dark conditions suggests there is a surface-exchange of CO:2 for acetaldehyde on the
TiO2 surfaces.[*51 That is, adsorbed CO2 desorbed from the TiO2 surfaces upon
exposure to acetaldehyde and acetaldehyde was re-adsorbed onto the TiO2 surfaces. It
is energetically infeasible for pure TiOz or the Pt/Fe-sensitized TiO: to degrade
acetaldehyde spontaneously under dark conditions and evolve COz, particularly at CO2
levels of ~20-50 ppm within 30 min.[*]

For all samples, the CO2 concentration generated from photocatalytic acetaldehyde
degradation is determined after subtracting the amount of CO2 that were desorbed under
dark conditions (abbreviated as ACOz2). Fig. S11 (SI) shows the concentrations of CO2
generated from acetaldehyde degradation when Pt(11)/TiO2 and Fe(l11)/TiO2 with
varied nominal loading of Pt sensitizers or Fe(l11) oxide sensitizer were utilized as the
photocatalysts. For both Pt(I1)/TiO2 and Fe(lll)/TiO2, the photocatalytic activities
increased with increase in the weight loading of Pt sensitizers or Fe(lll) oxide
sensitizers until an optimum concentration was derived, whereby the photocatalytic
activity was highest. A further increase in concentrations of Pt or Fe(lll) sensitizers
resulted in a decrease in activities, probably due to an excessive coverage of Pt or Fe(l11)
sensitizers on the active sites of TiO2, which hinders efficient transport of photoexcited
electrons. The optimum weight loading of Pt sensitizers and Fe(l1l) oxide sensitizers
on brookite TiO2 for photocatalytic degradation of acetaldehyde were both found to be
at a nominal loading of 0.4wt% Fe or Pt. While the actual loading of Pt in the optimal
Pt(I1)/TiO2 sample is also 0.4wt% due to the high surface affinity of brookite TiO2 for
Pt ions, the actual loading of Fe element in the optimal Fe(l11)/TiO2 sample is 0.23%
(see Table S3). Hence, for the co-deposition of Pt(1V) ions and Fe(ll) cations on



brookite TiO2 nanorods to form an Fe(l11)-Pt(11)/TiO2 photocatalyst, nominal loading
of 0.4wt% was applied for both Fe(ll) and Pt(IV).

Fig. 2B shows the CO:2 concentrations from photocatalytic degradation of
acetaldehyde over Fe(lll)-Pt(11)/TiO2, Fe(lll)/TiO2 and pure brookite TiO2
photocatalysts. The Fe(l11)-Pt(11)/TiO2 photocatalyst shows the highest activity among
the three samples. In a 5-h photocatalytic test, Fe(I11)-Pt(11)/TiO2 generated more than
300 ppm of CO2, which is approximately two-times higher than that generated by
Fe(I11)/TiO2(<100 ppm CO2). The pure brookite TiO2 photocatalyst shows some visible
light activity, it generated minor amount of COz in 5h (~16.5 ppm COz2). The Ti XPS
spectrum of pure brookite TiO2 nanorods, Fig. S12, indicate the presence of low
concentration of Ti3* defect states on the surface of the brookite TiO2 nanorods. The
visible light activity of the brookite TiO2 can be attributed to the visible light absorption
at the Ti®* defect centers. Low concentrations of oxygen vacancies are commonly
observed in TiO2 nanorods due to the ease of formation of oxygen vacancies in TiO2
nanostructures.®> 531 Fig. 2C and D show the action spectra of Fe(I11)-Pt(I1)/TiO2 and
pure TiO2 samples. The wavelength-dependent action spectra of Fe(l11)-Pt(I1)/TiO2
indicate the apparent quantum efficiencies (AQE) of the Fe(ll)-Pt(I1)/TiO2
photocatalyst and pure TiO2 match well with their UV-Vis absorbance. The dependence
of photocatalytic activities with different wavelengths of light indicate the light
absorption by the Fe(111)-Pt(11)/TiO2 and pure TiO2 photocatalysts is the main factor
contributing to the photocatalytic reactions. The Fe(l1I1)-Pt(I1)/TiO2 photocatalyst
exhibited an AQE of 0.84% under 420 nm monochromatic light irradiation. It should
be noted the BET surface area analyses show the as-prepared brookite TiO2 nanorods
with and without modifications with Fe and/or Pt sensitizers exhibit equivalent surface
areas of ~54-56 m?/g. The BET surface areas of as-prepared TiO2 samples are
summarized in Table S3 (SI).

2.6 Photocatalytic Activities of Pt(0) and Pt(Il) and Pt(I1V) Sensitizer-modified
Brookite TiO2 Nanorods

In order to investigate the activities and stabilities of Pt sensitizers with different
oxidation states for photocatalytic degradation of acetaldehyde under visible light,
photocatalytic tests were conducted for Pt(0)/TiO2, Pt(I1)/TiO2, Pt(IV)/TiO2 and
Fe(111)-Pt(I1)/TiO2 over three repeated cycles. Fig. 3 shows the CO2 concentrations
produced from the photocatalytic degradation of acetaldehyde over Pt(0)/TiOz,
Pt(I1)/TiO2, Pt(IV)/TiOz2and Fe(l11)-Pt(11)/TiO2. Among the Pt-sensitized TiO2 samples
(without Fe(lll) co-loading), Pt(I1)/TiO2 shows the highest photocatalytic activity.
When Pt(11)/TiO2 was used, 250 ppm of CO2 was generated from the degradation of
acetaldehyde in the first photocatalytic cycle of 5 h. In contrast, <100 ppm and <90 ppm
of CO2 were generated in the first cycle tests with Pt(IV)/TiO2 and Pt(0)/TiOz,
respectively. Although Pt(11)/TiO2 shows the highest activity for photocatalytic
degradation of acetaldehyde in the first 5-h cycle, the Pt(11)/TiO2 sample shows poor
stability on subsequent 5-h cycles. The CO2 concentrations generated in the second and
10



third 5-h cycles decreased to 76% and 50%, respectively, of the concentration in the
first cycle. On the other hand, the Pt(IV)/TiO2 and Pt(0)/TiO2 samples show strong
stability with no deterioration in activities over the three 5-h cycles.

To elucidate the structural change in Pt(11)/TiO: after photocatalytic tests leading to
the decreased activities, the Pt(I1)/TiO2 sample was investigated by XPS before and
after a photocatalytic test. Fig. 4 shows the Pt 4f XPS spectra of a fresh Pt(I1)/TiO2
sample and a spent Pt(11)/TiO2 sample that was photo-irradiated in acetaldehyde under
visible light for 24 h. As aforementioned, the as-prepared Pt(11)/TiO2 sample consists
of PtO (39.7%), Pt(I1)-Cl (23.3%), PtO2 (10.0%) and Pt(IV)-Cl (27.1%). After the 24-
h photocatalytic reaction with acetaldehyde, the XPS results of the spent Pt(11)/TiO2
sample, as can be seen in Fig. 4B, show significant reductions in peak intensities for
PtO and Pt(I1)-Cl. On the other hand, the peak intensities for PtO2 and Pt(1VV)-Cl showed
significant increased. The Pt compositions in the spent Pt(l11)/TiO2 sample are as
follows: PtO (20.7%), Pt(11)-Cl (12.3%), PtO2 (29.6%) and Pt(1V)-CI (37.4%) Hence,
the reduced photocatalytic activity of the Pt(11)/TiO2 sample can be attributed to the
oxidation of PtO and Pt(I1)-Cl to PtO2 and Pt(IV)-CI, respectively. The results imply
the Pt(ll) sensitizers are more effective visible light sensitizers than the Pt(IV)
sensitizers, albeit with lower stability.

The optical properties of a Pt(I11)/TiO2 sample before and after the 24-h photocatalytic
reaction with acetaldehyde as well as those of a fresh Pt(IV)/TiO2 sample were also
measured by UV-Vis spectroscopy. UV-Vis diffuse absorption spectra of these samples
are shown in Fig. S13 and S14 (SlI). The as-prepared Pt(I1)/TiO2 shows a stronger
visible light absorption tail in the 400-600 nm wavelength region compared to the as-
prepared Pt(IV)/TiO2 sample. After the 24-h photocatalytic test, the UV-Vis spectra of
the post-treated Pt(I1)/TiO2 sample shows a reduction in visible light absorption
intensity in the 400-600 nm wavelength region. Hence, the decrease in photocatalytic
activities of the Pt(11)/TiO2 sample in the repeated photocatalytic tests can be attributed
to a reduced ability of the Pt(11)/TiO2 sample to absorb visible light due to an increased
conversion of Pt(I1) to Pt(1V) during the photocatalytic degradation process.

2.7 Importance of Fe(111) Oxide Sensitizer Outer Layer for Enhancing the
Photocatalytic Activity and Stability of Pt(11)/TiO2

Fig. 3 also shows the CO:2 concentration from photocatalytic degradation of
acetaldehyde over the Fe(l11)-Pt(I1)/TiO2 photocatalyst. It is notable that the co-
modifications of the Fe(lll) and Pt(ll) sensitizers on the brookite TiO2 nanorods
improved not only the photocatalytic activity of Pt(11)/TiO2 but also the cycling stability
of the sample. The Fe(111)-Pt(11)/TiO2 photocatalyst generated 325 ppm of CO2 for all
three 5-h cycles with no deterioration, which is a significant enhancement compared to
the 250 ppm of CO2 generated by Pt(I1)/TiOz2 in the first cycle (Fig. 3). Fig. S15 shows
the cycling stability test for Fe(I11)/TiO2. Similar to Fe(I11)-Pt(I1)/TiO2 photocatalyst,
the Fe(111)/TiO2 shows stability for photocatalytic acetaldehyde degradation over three
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5-h cycles, it generated ~100-110 ppm of COz2 in each cycle. XPS was also utilized to
examine the Fe(l11)-Pt(I1)/TiO2 photocatalyst after 24-h photocatalytic degradation of
acetaldehyde. Fig. 4C and D show the Pt spectra of the Fe(lI1)-Pt(I1)/TiO2 sample
before and after the photocatalytic test. The XPS indicate an increased in PtO
concentration in the spent- Fe(l11)-Pt(11)/TiO2 sample (from 65.3% in the fresh sample
to 77.8% in the spent sample). On the other hand, the concentrations of Pt(11)-Cl and
PtO2 showed reductions in the spent sample. The Pt(11)-Cl and PtO: in the fresh Fe(l11)-
Pt(I1)/TiO2 sample were 18.1% and 16.6%, respectively, while 15.3% and 5.1% in the
spent Fe(111)-Pt(11)/TiO2 sample, respectively. The increased in PtO concentration
accompanied with concurrent reductions of Pt(I1)-Cl and PtO2 concentrations in the
spent Fe(l11)-Pt(11)/TiO2 sample indicate some of the PtO2 were photoreduced to PtO
while some of the Pt(Il)-Cl were also converted to PtO during the photocatalytic
degradation of acetaldehyde. It is energetically feasible for the CI- ligands to form free
CI- radicals during the photocatalytic oxidation reactions.[5 5455

2.8 Direct Visualization of Electron Transfer in Fe/Pt-sensitized TiO2 Nanorods
under Visible Light Irradiation using in situ DB-PAS

In order to elucidate the electron transfer mechanisms of Fe/Pt-sensitized TiO2 leading
to the obtained activities, the behaviors of injected electrons in pure brookite TiO2 and
Fe/Pt-sensitized TiO2 were investigated by in situ DB-PAS. Fig. 5A shows the time-
course curves of PA intensity under visible light irradiation in the presence of air and
2-PrOH vapor for pure brookite TiOz, Fe(111)/TiO2, Pt(11)/TiO2 and Fe(l11)-Pt(11)/TiOx.
The PA intensity increased upon visible light irradiation because Ti(IV) was reduced
to Ti(lll) by the injected electrons from the loaded metal cations into TiO2. However,
the number of electrons accumulated in the TiOz by visible light irradiation was much
smaller, compared to the maximum capacity of electron accumulation in the TiO2. The
steady-state values of PA intensity show dependence on the kind of metal oxide
sensitizer(s) loaded onto TiO2 in the order of Fe(ll)-Pt(I)/TiO2 > Pt(I1)/TiO2 >
Fe(111)/TiO2 > TiO2. Because these measurements were carried out in the presence of
an electron acceptor such as Oz, the PA intensity is related to the difference between
the amount of injected electrons and electrons consumed on TiOz2. Previous studies
show some metal oxide compounds function as not only visible light sensitizers but
also electron acceptor.[*61 Therefore, it is difficult to estimate the amount of electron
injection only from PA intensity measured in the presence of O2. However, the almost
same increases in PA intensity for Fe(l11)-Pt(11)/TiO2 and Pt(11)/TiO2 under visible light
irradiation indicate that electron consumption was hardly changed by the co-loading of
Fe(111) oxides on Pt(11)/TiO2. Overall, the PA intensities indicate Pt(ll) oxide works as
a more efficient visible light sensitizer than Fe(l11) oxide sensitizer, in good agreement
with the UV-Vis light absorption spectra (Fig. 2A). By contrast, the Fe(ll1)/TiO2
showed a lower PA intensity than the Pt(11)/TiOz2 or the Fe(l11)-Pt(11)/TiO2 because the
amount of injected electrons from the Fe(111)/TiO2 was much smaller due to the lower
photoabsorption of the Fe(l11)/TiOx.
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Fig. 5B shows time-course curves of PA intensity for Fe(lll)-Pt(I1)/TiO2 and
Pt(I1)/TiOzunder visible light irradiation in artificial air only. The PA intensity for both
samples increased under visible light irradiation even in the absence of electron donor,
i.e., 2-PrOH vapor. However, the PA intensity of Pt(11)/TiO2 decreased after prolonged
light irradiation, indicating the efficiency of electron injection was decreased in the
absence of 2-PrOH electron donor. The decrease in PA intensity is likely to be due to
the self-oxidation of Pt(Il) to Pt(IV), as indicated by XPS results (Fig. 4) and UV-Vis
spectra (Fig. S13 and S14, SlI). In contrast, the PA intensity for Fe(Ill)-Pt(11)/TiO2
increased under prolonged light irradiation even in the absence of 2-PrOH electron
donor. This observation is presumably because the co-loaded Fe(lll) oxide sensitizer
retards the self-oxidation of Pt(Il) oxide sensitizer and the rate of electron injection
from Pt(I1) stabilized by Fe(l11) is continuously faster than that of electron consumption.

2.9 Proposed Mechanisms of Photocatalytic Acetaldehyde Degradation over
Pt(11)/TiOz and Fe(111)-Pt(11)/TiO2 under Visible Light

The proposed mechanisms for acetaldehyde degradation over Pt(I1)/TiO2 and Fe(ll)-
Pt(I1)/TiO2 photocatalyts under visible light is presented in Fig. 6A. For Pt(11)/TiOz,
upon visible light photoexcitation of the Pt(l1) oxide sensitizer, photoexcited electrons
are transferred from the Pt(I1) oxide sensitizer to the conduction band of TiO2 and O2
is reduced to superoxide radicals (O2) at the TiO2 surface active sites. Simultaneously,
the photoexcited holes oxidize acetaldehyde to CO:2 at the Pt(Il) oxide sensitizer
photocatalytic sites. However, the oxygen in the air can also extract electrons from the
Pt(I) oxide sensitizer and directly oxidize Pt(Il) to Pt(IV). The decrease in the
concentration of the Pt(ll) oxide sensitizer in the Pt(11)/TiO2 sample with time reduces
both the light absorption ability and photocatalytic activity of the Pt(l11)/TiO2
photocatalyst.

In the case of the Fe(111)-Pt(11)/TiO2 photocatalyst, upon photoexcitation of both
Fe(l11) and Pt(Il) oxide sensitizers with visible light, photocatalytic degradation of
acetaldehyde occurs on both the Fe(l11) and Pt(Il) oxide sensitizers. The Fe(lll) oxide
sensitizer protective layer around the Pt(I1)/TiO2 nanorods can protect the Pt(Il) oxide
sensitizer from oxidation by continuously injecting its photoexcited electrons into the
Pt(I1) oxide sensitizer, as evidenced by the in situ DB-PAS, leading to enhanced
photocatalytic activity and sustained stability.

In addition, the electron injected into the conduction band of TiO:2 is expected to
reduce O2 to superoxide anions (e 03 ), which is further reduced into hydrogen peroxide
(H202) and hydroxyl (OH) radicals by subsequent second and third electron transfer,
respectively[?% 57 581 as shown in Fig. 6A. As the H202 and OH radicals have high
oxidizing powers,®! they will be consumed in the oxidation reaction of acetaldehyde.

Besides the direct experimental evidence from in situ DB-PAS, the first principle
DFT calculations also support the proposed charge transfer mechanisms. Since PtO and
Fe203 are the dominant components of Pt(I1) and Fe(ll1) oxide sensitizers, we modeled
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the heterojunction interface of PtO and Fe20O3 and that of PtO and brookite TiO2. The
obtained electron density distribution maps are presented in Figure 6B. The electron
density distribution map of the Fe203 and PtO heterojunction interface indicates
electrons are accumulating at the PtO sites, suggesting that electrons are spontaneously
transferring from Fe203 to PtO. On the other hand, at the heterojunction interface of
PtO and TiOz, electrons are accumulating at the TiO: sites, suggesting that electrons
are migrating spontaneously from PtO to TiO2. Taken together, the favorable tri-
component interfaces of Fe203/PtO/TiO2 allow rapid transfer of photoexcited electrons
from Fe203 to PtO and then to TiOz2, where the electrons are eventually scavenged by
ambient Oz at the TiO2 surface. The rapid removal of photoexcited electrons from Fe203
and PtO also extends the lifetime of photoexcited holes at the Fe203 and PtO surfaces,
which in turn enhances the hole oxidation reaction of acetaldehyde to CO: at the Fe(l11)
and Pt(I1) oxide photocatalytic sites.

3. Conclusions

In summary, single-crystalline brookite TiO2 nanorods with well-defined {210} and
{111} facets were successfully fabricated by a hydrothermal process using TALH as a
shaping agent. Among the Pt sensitizers of different oxidation states, Pt(Il) oxide-
sensitized TiO2 shows the highest photocatalytic activity for degradation of
acetaldehyde under visible light. However, the stability of Pt(1l) oxide is compromised
by its self-oxidation to Pt(IV) during the photocatalytic reaction with acetaldehyde.
Surface coating of a Fe(lll) oxide sensitizer thin film layer around the Pt(I1)/TiO2
nanorods can prevent the self-oxidation of Pt(Il) oxide sensitizer through electron
injection, enabling enhanced stability and enhanced activity. The energetically
favorable tri-component interfaces of Fe203/PtO/TiO2 allow photoexcited electrons to
migrate rapidly from the outermost Fe(l11) oxide sensitizer to the mid-zone Pt(l1) oxide
sensitizer and then to TiO2. The enhanced separation of electrons and holes promotes
the hole oxidation reaction of acetaldehyde at the Fe(111) and Pt(I1) oxide photocatalytic
sites. The Fe(111)-Pt(11)/TiO2 photocatalyst exhibited an AQE of 0.84% under 420 nm
monochromatic light irradiation for acetaldehyde degradation, which is significantly
higher than that of pure brookite TiO2 (0.14%).

Supporting Information.

The Supporting Information is available free of charge.

Experimental section and additional characterization data and activity tests of as-
prepared brookite TiO2 nanorods and Fe/Pt sensitized TiO2 nanorods (XRD, Raman
Spectrum, HRTEM and SAED pattern, XPS, UV-vis diffuse spectra and BET surface
area).
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FIGURES
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Scheme 1. A material flowchart showing the synthesis of metallic Pt-sensitized brookite TiO, nanorods
(Pt(0)/TiO2) by a photo-deposition method and, Pt(Il) oxide-sensitized brookite TiO, nanorods
(Pt(I1)/TiO,) and Pt(IV) oxide-sensitized brookite TiO» nanorods (Pt(VI)/TiO;) by a chemisorption
method. Scale bar in inset for Pt(0)/TiO, represents 30 nm and 25 nm for Pt(I[)/TiO, and Pt(IV)/TiOx.
The Pt TEM-EDX spectrum and HRTEM image (inset) of a Pt(0)/TiO, sample showed the metallic Pt
exists as small Pt nanoparticles with diameters in the range of 2-10 nm on the surfaces of the brookite
TiO; nanorods. On the other hand, for Pt(II)/TiO, and Pt(IV)/TiO, samples, the entire surfaces of the

brookite TiO, nanorods were uniformly coated with a thin film layer of Pt(II) oxides or Pt(IV) oxides.
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Figure 1. HRTEM images of (A) pure brookite TiO, nanorods and (B) Fe(III)-Pt(II)-oxide-co-
sensitized brookite TiO; nanorods (B) and the associated EDX elemental mapping of the as-prepared
Fe(IIT)-Pt(Il)-oxide-co-sensitized brookite TiO, nanorods (C) Ti, (D) O, (E) Pt and (F) Fe.
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Scheme 2. (A) The preparation steps of Fe(IlI)-Pt(II)-oxide-co-sensitized brookite TiO, nanorods
(Fe(I)-Pt(11)/TiOy). Pt*" cations were first chemisorbed onto the brookite TiO, nanorods under dark
conditions and anoxic conditions. Subsequently, an aqueous solution of Fe(II) sulfate was injected into
the Pt**-containing solution upon light-irradiation and the co-photodeposition of Pt*" and Fe*" cations
onto the brookite TiO, nanorods occurred to form Fe(IIT)-Pt(II)/TiO, nanorods. (B) Proposed formation
mechanism of Fe(III)-Pt(I1)/TiO, nanorods. The chemisorbed Pt** cations on the TiO, nanorod surfaces
were reduced by the photogenerated electrons of TiO» to form Pt(II) oxide nanoparticles on the brookite
TiO; nanorod surfaces. Owing to the low surface affinity of the brookite TiO, nanorods for Fe(II) cations,
the brookite TiO, nanorod surfaces contained low concentration of surface-adsorbed Fe(I) cations,
which were subsequently oxidized by the photogenerated holes of TiO, to form a very thin layer of the

Fe(III) oxide sensitizer over the entire surfaces of the Pt(I) oxide-sensitized TiO> nanorods.
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Figure 2. (A) UV-Vis diffuse absorption spectra of pure brookite TiO,, Fe(III)/TiO,, Pt(I[)/TiO; and
Fe(III)-Pt(II)/TiO, samples, (B) CO, concentrations generated from photocatalytic degradation of
acetaldehyde under visible light using Fe(IIl)-Pt(II)/TiO,, Fe(Ill)/TiO, and pure brookite TiO,
photocatalysts and, wavelength-dependent action spectrum of (C) Fe(III)-Pt(I1)/TiO, and (D)pure TiO».
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Figure 3. CO; concentrations generated from the photocatalytic degradation of acetaldehyde under
visible light using (A) Fe(III)-Pt(I1)/TiO», (B) Pt(I1)/TiO,, (C) Pt(0)/TiO,, and (D) Pt(IV)/TiO, samples.
All samples contained 0.4wt% Pt. Fe(IIT)-Pt(II)/TiO> contained 0.07 wt%Fe.
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Figure 4. Pt 4f XPS spectra of a fresh Pt(II)/TiO, sample (A), a spent Pt(II)/TiO, sample that was
photo-irradiated in acetaldehyde for 24 h (B), a fresh Fe(I1I)-Pt(I1I)/TiO, sample (C) and a spent Fe(III)-
Pt(II)/TiO, sample (D) that was photo-irradiated in acetaldehyde for 24 h.
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Figure 5. (A) The time-course curves of the PA intensity under intermittent visible light irradiation in
the presence of air and 2-PrOH vapor for pure brookite TiO,, Fe(IlI)/TiO,, Pt(I1)/TiO, and Fe(II)-
Pt(II)/TiO, samples and (B) the time-course curves of the PA intensity under continuous visible light
irradiation in the presence of air for Pt(II)/TiO, and Fe(III)-Pt(I1)/TiO, samples.
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Figure 6. (A) Proposed mechanisms for acetaldehyde degradation over Pt(II)/TiO, and Fe(IIl)-
Pt(II)/TiO, photocatalyts under visible light and (B) electron density distribution maps of PtO and
brookite TiO; (left) and Fe»O3; and PtO heterojunction interfaces (right), color of spheres: red = O, dark

blue = Pt, light blue = Ti and purple = Fe, yellow and green areas represent higher and lower electron

density.
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