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ABSTRACT

A novel Ag-alumina hybrid surface-enhanced Raman spectroscopy (SERS)
platform has been designed for the spectroscopic detection of surface reactions
in the steady state. Single crystalline and faceted silver (Ag) nanoparticles with
strong light scattering were prepared in large quantity, which enables their
reproducible self-assembly into large scale monolayers of Raman sensor arrays
by the Langmuir-Blodgett technique. The close packed sensor film contains
high density of sub-nm gaps between sharp edges of Ag nanoparticles, which
created large local electromagnetic fields that serve as “hot spots” for SERS
enhancement. The SERS substrate was then coated with a thin layer of alumina
by atomic layer deposition to prevent charge transfer between Ag and the
reaction system. The photocatalytic water splitting reaction on a monolayer of
anatase TiO, nanoplates decorated with Pt co-catalyst nanoparticles was
employed as a model reaction system. Reaction intermediates of water photo-
oxidation were observed at the TiO,/solution interface under UV irradiation.
The surface-enhanced Raman vibrations corresponding to peroxo, hydroperoxo
and hydroxo surface intermediate species were observed on the TiO, surface,
suggesting that the photo-oxidation of water on these anatase TiO, nanosheets
may be initiated by a nucleophilic attack mechanism.
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1 Introduction

Photocatalysis of overall water splitting, which converts
cheap and abundant resources such as solar energy
and water into hydrogen and oxygen [1], is considered
one of the most important chemical reactions for
clean and sustainable energy generation [2]. If solar
energy can be captured and converted efficiently, it
would be one of the best candidates to replace
non-renewable fuel reserves and to provide the 15
TW of energy required annually to sustain human
civilization [3]. Significant efforts have been focused
on developing better photocatalysts to increase the
solar absorption efficiency and broaden the range of
solar spectrum captured [1, 2]. Nanostructured semi-
conductors [4] (e.g., GaP, InGaN and GaN:ZnO) and
metal oxides (e.g., TiO,, NaTaO;, WO;, SrTiO;), which
offers large surface area for both co-catalyst loading
and chemical reactions and tunability in their electronic
structures [5], are being extensively studied for their
improved photocatalytic performance [2]. In addition
to the band gap engineering in these semiconductors,
it is equally important to understand the kinetics of
the water splitting reaction. In particular, charac-
terization of reaction pathways and mechanisms, and
the verification of surface intermediate species are of
utmost importance to provide valuable insights to
the nature of photocatalytic reaction at the molecular
level, and to enable rational design of photocatalytic
systems towards improved activity, selectivity and
efficiency [6-9].

Many techniques, such as surface-enhanced Raman
spectroscopy (SERS) [10-13], X-ray photoelectron
spectroscopy (XPS) [14], infrared (IR) spectroscopy
[15-18], and sum frequency generation (SFG) [19]
have been used to identify active sites and surface
reaction intermediates in catalytic reactions [20-25].
Among them, SERS, which utilizes optically excited
coherent oscillations of conduction electrons on a
rough metal surface to create a dramatic enhancement
in the Raman signals of adsorbed molecules, is a
unique spectroscopic detection technique that offers
both surface-sensitive and chemical-bond specific
information, ideal for the direct sensing of surface
intermediates of chemical reactions. In addition, the
ability of SERS to access low frequency vibration modes

from 1,100 cm™ down to ~100 cm™ allows direct
detection of surface intermediate formation on metal
and metal oxide catalysts, such as M=O, M-O-H, and
M-0O-M, making it highly promising for in situ spec-
troscopic study of heterogeneous catalysis reactions.
The SERS sensitivity has been reported to reach a
signal enhancement factor of 10, with a potential for
single-molecule detection [26-28]. Such high sensitivity
is enabled by the recent advances in both the shape
and size control in plasmonic nanocrystal synthesis
for improved crystallinity, tunable scattering per-
formance and sharp edges/corners that offer local
“hot spots” for SERS enhancement [29-31], as well as
the assembly techniques for patterning these SERS
active nanocrystals into coupled aggregates for further
enhancement of electromagnetic field from the
nanometer sized inter-particle gaps [29, 32-37]. For
the purpose of the direct detection of surface reaction
intermediates during photocatalysis, large area
nanocrystal SERS substrates with homogeneous and
strong electromagnetic field enhancement are required.
Previously, we have demonstrated that using the
Langmuir-Blodgett (LB) technique, it is possible to
assemble faceted Ag nanocrystals with sharp corners
into close-packed large area SERS substrates with
sub-nm inter-particle gaps that have enhancement
factors (EF) of up to 10° and are optically homogeneous
to perform quantitative ultra-sensitive SERS arsenic
sensing with a detection limit of ~1 ppb [38]. These
substrates should also offer an ideal platform for the
SERS detection of reaction intermediates in solution.
Here, we designed large area alumina-coated Ag
nanocrystal monolayers as novel SERS platforms for
real time spectroscopic monitoring of surface int-
ermediates during heterogeneous catalytic reactions
in order to advance our fundamental understanding
of reaction mechanisms. Our strategy is to integrate
the 2D close-packed assembly of Ag nanocrystals,
which serves as the ultra-sensitive SERS platform,
with an ultra-thin atomic layer deposited alumina
layer, working as a protective coating to prevent Ag
nanocrystals from directly taking part in the reaction
(Fig. 1(a)). Such a platform offers direct access to the
vibrational fingerprints of surface intermediate species
in nanocrystal catalysis deposited on the film during
photocatalytic reactions. As a model reaction system
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Figure 1 (a) Scheme and (b) photograph of the experimental cell, where the Ag nanocube Langmuir-Blodgett film was first coated

with a ~3 nm layer of Al,O; by ALD deposition, follow by Langmuir—Blodgett assembly of square TiO, nanocrystals. The sample was

placed on the bottom quartz slide, and deoxygenated solution was added. The chamber was closed and blown with Ar gas for at least 15

min prior to UV irradiation. SEM images of (c) the Ag nanocube film made by the Langmuir—Blodgett technique and (d) Ag nanocube
film after Al,O; coating. (¢) TEM image of an Al,0;-coated Ag nanocube peeled off from the quartz slide.

to demonstrate the feasibility of our design, a
photocatalyst monolayer of TiO, nanoplates decorated
with co-catalyst Pt nanoclusters was overlaid onto
the Ag hybrid SERS platform (Fig.1). The water
oxidation reaction was performed under UV irradiation
and surface intermediates on TiO, surface, including
surface peroxo, hydroperoxo and hydroxo, were
successfully identified on these SERS platforms.

2 Results and discussion

Ag nanocube-alumina hybrid SERS platforms have
been developed for probing surface intermediate
species in the overall photocatalytic water splitting
reaction on the TiO, nanocrystal surface. The fabrication
of the SERS platform starts with the large scale
synthesis of single crystalline Ag nanoparticles with a
well-defined {001} faceted cubic structure. These
cubic Ag nanoparticles of ~100 nm in size displayed
strong scattering properties, with distinctive localized
surface plasmon resonance (LSPR) of dipole and

quadrupole (Fig. S1 in the Electronic Supplementary
Material (ESM)). The nanocubes, which have sharp
edges and corners that serve as “hotspots” to enhance
the sensitivity of SERS detection, have a reported
enhancement factor of up to 10° [37-39].

The Ag nanocubes were then assembled into a
close-packed monolayer SERS substrate by the LB
method. Figure 1(c) shows a SEM micrograph of
monolayer of Ag nanocubes, with sub-nanometer inter-
particle gaps. The small gaps between the neighboring
nanocubes can concentrate the electromagnetic field
through inter-particle coupling. In our previous
studies, a 10°-10* times higher enhancement in SERS
sensitivity than that of a single Ag nanoparticle was
observed on LB-assembled monolayers [38, 40] with
consistent spectral responses throughout the sample.
It should be noted that the assembled Ag nanoparticles
were coated with a surfactant, polyvinylpyrrolidone
(PVP), evidenced from the strong PVP signals of the
Raman spectrum from as-prepared Ag nanocubes
(Fig. S2(a) in the ESM). The presence of PVP is vital for
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the dispersion and stabilization of nanocrystals during
the LB assembly process. For SERS measurement,
however, a clean chemical background is essential,
thus additional cleaning steps were carried out to
remove PVP from the nanocube monolayer. The Ag
LB layer was first cleaned in O, plasma for a few
seconds, upon which, the PVP fingerprint in Raman
spectrum was significantly reduced (Fig. S2(a) in the
ESM). In principle, the reduction of PVP signal can be
attributed to the removal of PVP from the Ag surface,
and/or by reduction of SERS enhancement as a result
of Ag oxidation. To distinguish the two effects, the
Ag substrate was rinsed in an ethanol solution of
aminothiophenol, which is known to form a self-
assembled monolayer on a Ag surface. The adsorbed
aminothiophenol exhibited very strong Raman signals
on the O, plasma cleaned SERS substrate. A comparison
of the Raman signals on aminothiophenol-coated
substrates with and without O, plasma treatment
(Fig. S2(b) in the ESM) showed comparable Raman
signals, indicating that mild O, cleaning procedure
did not significantly deteriorate the SERS substrate,
which is consistent with the report by Xia et al. [41].

To prevent Ag nanocubes from directly taking part
in the photocatalysis reaction and to inhibit Ag
oxidation, atomic layer deposition (ALD), which allows
the high quality conformal coating of metal oxide,
was performed immediately after the cleaning process
to render an ultra-thin layer of Al,O; on the surface of
Ag nanocubes (Fig. 1(d)). To protect the sharp edges
and corners of the nanocubes from rounding and
welding with their neighbors, low temperature ALO;
deposition (80 °C) was performed. The transmission
electron microscopy (TEM) image in Fig. 1(e) was
collected by peeling off an ALO;-coated Ag cube from
quartz surface. 10 cycles of alumina ALD yielded an
AlLO; coating of about 3 nm in thickness, which is
sufficient to act as a physical barrier to prevent direct
contact between the electrolyte and metallic Ag, while
preserving SERS activity of the sensors.

The thermodynamic potential for overall water
splitting is 1.23 eV. Hence, a semiconductor capable
of overall photocatalytic water splitting must have a
band gap greater than 1.23 eV with conduction/valence
band positions which straddle the water splitting
redox potentials. Only a few semiconductors meet

such requirements, among which anatase TiO,, with
a band gap of 3.2 eV, has been a popular material. In
addition, high surface area TiO, nanoparticles can be
produced in large quantities with high crystallinity
or low defect density [42, 43]. With state-of-the-art
particle morphology engineering, it is now possible
to selectively expose the high surface energy facets of
TiO, nanoparticles to further boost their catalytic
activity.

Here, phase pure anatase TiO, nanoplates that are
30-50 nm in width (Fig. 2(a)) were synthesized using
a solvothermal method. Cross-sectional TEM images
of these TiO, nanoplates showed that the nanoplates
were 5-10 nm in height (Fig. 2(b)). Two sets of lattice
fringes (1.9 A) that corresponds to the {200} and {020}
planes were measured from the high-resolution TEM
image (Fig. 2(c)), clearly indicating the exposed square
surfaces of the nanoplates in the LB film were the {001}
facets. X-ray diffraction (XRD) measurements further
confirmed the anatase structure of the as-synthesized
TiO, nanoplates, showing characteristic anatase TiO,
diffraction peaks at 26 values of 29.5°, 44.1°, and 56.3°,
originating from (101), (004), and (200) reflections,
respectively (Fig. 2(e)). The {001} facets are predicted
to have higher surface energy (0.90 J/m?) as compared
to {100} (0.53]/m?) and {101} (0.44]J/m?), and are
believed to be better for certain catalytic applications
[44-46]. The as-synthesized TiO, nanoparticles often
form aggregates in aqueous solution. To ensure
homogeneous close-packed assembly of these TiO,
nanoplates on the SERS platform, ligand exchange
was necessary. Both carboxylic acids and phosphonic
acids are known to be organic anchors for tailoring
surface properties of TiO,. However, carboxylic acids
may be gradually oxidized on photocatalytic TiO, in
the presence of water and UV radiation, which may
in turn lower the stability of TiO, [47]. Thus, tetrad-
ecylphosphonic acid (TDPA), which is more stable
under our reaction conditions, was chosen as the
exchange ligand in this study. After the ligand exchange,
TiO, nanoplates form a stable suspension in water. To
facilitate H, production from TiO, nanoplates, they
were decorated with Pt nanoclusters by photodeposition
(Fig. 2(d)).

For direct SERS monitoring of the photocatalytic
water splitting reaction, a monolayer of TiO, nanoplates
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Figure 2 TEM images of (a) a Langmuir—Blodgett film of TiO,
nanocrystals, (b) cross-sectional view of TiO, nanoplates, (c)
high resolution TEM image of TiO, nanoplate, indicating the
presence of two sets of lattice fringes (1.9 A) that correspond to
the {200} and {020} facets, (d) TiO, nanocrystal deposited with Pt
nanoparticles. (¢) XRD pattern of TiO, nanoplates compared with
that of commercially available anatase powder.

was assembled onto the Ag-Al,O; platforms via the
LB technique. As shown in the TEM image (Fig. 2(a)),
LB assembly of the TiO, nanoplates formed a close-
packed 2D monolayer with good dispersity. The LB
technique also enabled the large area (> cm?) assembly
of close-packed 2D TiO, nanoplates film, making it
an ideal platform for photocatalytic reaction.

To elucidate the SERS effects of our hybrid Ag-ALO,
platform on the overlaid TiO, nanoplate monolayer,
Raman spectra of LB assembled close-packed TiO,
films overlaid on the SERS platform were compared
with those of TiO, films overlaid on plain silicon. As
shown in Fig. 3(a), when using the Ag SERS platform,
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Figure 3 (a) SERS spectra of a monolayer of TiO, in Si and Ag
octahedral LB films. (b) Steady state SERS spectra during the

water splitting reaction at pH 10 before and after 40 to 90 min of
UV irradiation.

three characteristic peaks at 400, 519, and 643 cm™
which represent the anatase fingerprint of O-Ti-O
bending and Ti-O stretching modes were clearly
observed [42, 48]. Raman measurements performed
on random positions on the TiO,/Ag platforms all
exhibited the characteristic anatase TiO, features
reproducibly. On the silicon substrate, however, the
Raman signals of the 5-nm thick TiO, nanoplate
monolayer assembled under identical conditions were
too weak to show resolvable peaks under the same
Raman measurement conditions. The results highlight
the sensitivity imparted by the Ag nanocubes and the
spatial consistency of our Ag—alumina SERS platforms.
It should also be noted that Raman fingerprints of
remnant organic molecules on the TiO, nanoplates
were observed in the spectrum window of 1,200-
1,800 cm™ using our Ag SERS platform (Fig. S2(c) in
the ESM).
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To ensure an inert atmosphere for the overall
photocatalytic water splitting reaction, an airtight
homemade reactor was used that allows a closed
reaction system and Ar purging before the reaction
starts (Fig. 1(b)). The reactor has upper and lower
quartz windows to allow Raman laser light and UV
illumination to access the sample, so that steady-state
SERS signals of the TiO, film can be monitored at
different stages of the reaction (Fig.1). Figure 3(b)
shows the SERS spectra of the TiO, nanoplate film in
contact with a deoxygenated alkaline solution of pH
10 after UV irradiation as a function of the illumination
time (t = 40, 60, and 90 min), with the TiO, film prior
to UV irradiation taken as a spectral reference, which
shows typical TiO, anatase fingerprints, with a clean
spectrum window between 650-1,100 cm™. During
the course of the reaction, no Ag-O vibrations were
observed in the region between 217-487 cm™ [49],
indicating the AL O; coating has effectively shielded
the metallic Ag from taking part in photocatalysis
reaction.

Prominent spectral changes started after 60 min of
UV irradiation, when the surface coverage of the
intermediate species of photo water splitting accu-

—_—
W
—

Intensity (a.u.)

L T L T .4 T ' T L T L4 1
760 780 800 820 840 860 880
Raman shift (cm™)

(

Intensity (a.u.) &

940 960 980 1.000

Raman shift (cm™)

137

mulated to above the SERS detection limit and several
new bands emerged in the spectrum window of
650-1,100 cm™. With increasing irradiation time, the
intensity of these new bands increased, indicating a
further increase in surface coverage of corresponding
surface species and after 90 min of illumination, the
spectrum became quite stable, indicating a steady-
state has been reached (Fig.S3 in the ESM). At t =
90 min, a few bands around 680 cm™, 830 cm™, 980 cm™,
and 1,050 cm™ were clearly observed. The peaks at
830 cm™, 980 cm™, and 1,050 cm™ were asymmetric,
indicating the existence of multiple peaks within
each of these envelopes, and they were deconvoluted
for further peak analysis. The peak at ~830 cm™
(Fig. 4(a)) is associated with the O-O stretching modes
from the reaction intermediates on the TiO, surface.
It was dominated by a strong peak centered at 835 cm™,
which can be assigned to the O-O stretching of a
bridge type surface peroxo species Ti-O-O-H [9].
Strong support for this assignment is provided by an
IR study of the exposure of Ti-silicalite molecular
sieves (TS-1) to 30% H,O,, which gave two IR bands
at 837 and 877 cm™ [50]. The former 837 cm-! band
was assigned to the O-O stretching mode of a surface
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Figure 4 Deconvoluted SERS spectra of surface species on TiO, nanoplates after 90 min irradiation at pH 10.
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hydroperoxo species (TIOOH) and the latter to free
H,O, molecules. There also existed a weaker shoulder
peak at 814 cm™, which can be attributed to the O-O
stretching of another surface peroxo species: Ti-O-O-Ti
[9]. The replacement of H with Ti in the surface
peroxide moved this shoulder peak to higher vibrational
frequency by ~20cm™. A similar observation was
reported by Nakato et al. [9], who observed the O-O
stretching vibrations of Ti-O-O-Ti and Ti-O-O-H at
812 cm™ and 838 cm™ in their in situ Fourier transform
infrared spectroscopy (FTIR) measurements of Pt-
loaded rutile TiO, during water photoreduction. These
peroxide species were believed to be the primary inter-
mediates in water oxidation at photo-generated holes.

The sensitivity of our Ag nanocube SERS platform
enabled the detection of additional reaction intermediate
bands at 680 cm™, 980 cm™, and 1,050 cm™, which
have not been previously observed spectroscopically.
The 680 cm™ band, emerging at 60 min as a shoulder
on the high frequency side of the 643 cm™ anatase
phonon peak and growing rapidly from 60 to 90 min,
consists of a major band at 680 cm™ and a shoulder
band at 705 cm™ (Fig. 4(b)). These two bands are not
associated with the Raman fingerprint of TiO,, anatase
or rutile [48, 51]. This is the first time these peaks
have been observed experimentally and the origins are
not yet clear. These two peaks are unlikely to be due
to either the -OH bending vibrations from surface
—-OH groups or -OOH groups, which exist in the
spectral range 750-1,450 cm™, or the O-O stretching
in surface -O-O-H groups, which also occurs at
higher frequency (860-900 cm™) [7]. They are closer
in frequency to the collective Ti-O stretching vibrations
of the TiO, octahedron in anatase TiO,, in the spectral
range of 510-640 cm™ [48], and are possibly due to
the Ti-O stretching vibrations on the TiO, surface as
a result of photo-induced surface structure distortion
during the reaction [46,47,52,53]. Although the
origin of the 680 cm™ peak is not clear at the moment,
the fact that it was only observed under UV-radiation
and its intensity overwhelms the original anatase
peaks suggested that it is closely associated with
photo-activated surface species which have high
surface coverage.

The broader 980 cm™ band (Fig. 4(c)) can be resolved
into a small peak at 962 cm™ and a prominent peak at

979 cm™. The small peak at 962 cm™ can be attributed
to the production of a surface peroxo species, Ti(O,*)
during the water splitting reaction [7, 54]. The presence
of O, can be attributed to the reduction of adsorbed
O, on the TiO, surface. Prior to UV irradiation
(t=0min), no O,* species was observed, indicating
that the reaction solution was well deoxygenated.
During the water splitting reaction, free oxygen was
produced. These free O, molecules can bind to the
coordinatively unsaturated Ti atoms at the TiO,
surface, which carry a partial positive charge due to
the missing O atoms, and behave like a strong electron
acceptor by inducing an unoccupied state near the
valence band maximum of anatase TiO,. They are
subsequently reduced to negatively charged peroxo
species—as predicted by ab initio calculations of the
interaction of O, with the TiO, {100} anatase surface
reported by Bonapasta et al. The double negative
charge on Ti(O,*) will strongly attract H* and favor
the formation of hydroperoxo groups. Indeed, the
peak at 979 cm™ indicates the presence of a surface
hydroperoxo group stabilized by water, or [Ti-OOH™ +
nH,O] [7]. The OOH group is known to be tightly
bound to the Ti surface with a short Ti-O distance of
1.83 A and a desorption enthalpy of —2.09 eV [7]. In
the proposed mechanism for O, oxidation in acidic
solution [7], the negative charge of the surface OOH"
groups favors further protonation and the formation
of surface bound H,O,. However, Ti-OOH" is expected
to be more stable at higher pH against further
protonation, which explains the absence of the O-O
stretching peak of surface adsorbed H,O, which
would appear at 877 cm™. This is consistent with an
in situ FTIR study of surface intermediates in the
photocatalytic O, reduction on a TiO, thin film, where
no surface adsorbed H,O, was observed under basic
conditions [54].

The peak(s) in the region between 1,010-1,080 cm™
is/fare not symmetrical, indicating the presence of
more than one vibration frequencies, i.e., 1,032 cm™
and 1,049 cm™ (Fig. 4(d)). These bands suggest that
two types of OH groups are present, i.e., a bridging
OH group (OH-b) and surface terminal (OH-t) groups.
The former is a two-fold coordinated OH group
involving an oxygen atom bridging between two Ti
atoms. The bridging oxygen atom forms hydrogen
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bond with an H atom from water, giving rise to an
O-H bending mode at 1,032 cm™. The vibration
frequency at 1,049 cm™ can be assigned to the surface
OH terminal groups on the TiO, surfaces [7]. Unlike
bridging OH-b that connects two adjacent Ti atoms,
the terminal OH group of surface OH-b group is
bonded to only one Ti surface atom. It should be
noted that these peaks are not present in the dark,
possibly because that at pH 10, which is well above
the point of zero charge of anatase TiO, (~5.9-6.0), the
surface Ti-O-Ti and coordinatively unsaturated Ti
exist in their deprotonated form. This argument is
supported by detailed studies on surface oxygen
species on TiO; in the pH range of 2.3-11.7 by internal
reflection FTIR spectroscopy [55], which reported
that protonated bridging oxygen Ti-OH'-Ti exists
below pH 4.3, and Ti-OH from dissociative adsorption
of H,O on an oxygen vacancy is only present at pH
4.3 to 10.7. At pH 10, the population of all protonated
surface oxygen species will be low. The high intensity
of these OH peaks under UV radiation suggests a
high surface population of these species on the TiO,
surface and highlights their importance in photo-
oxidation of water.

The observation of these reaction intermediates,
including Ti-OH (terminal OH-t and bridged OH-b
groups), Ti-O-O-Ti, Ti-O-OH clearly indicates that
the oxygen oxidation half reaction can be resolved
spectroscopically by using our hybrid Ag SERS
platforms. This observation supports a nucleophilic
attack mechanism for photo-oxidation of water [8].
The water oxidation is initiated by the nucleophilic
attack of water on a surface Ti-O-Ti site, accompanied
by the absorption of a photo-generated hole to form
[Ti-O-HO-Ti], which was then coupled upon oxidation
to form Ti-O-O-Ti (as observed at 814 cm™). The
resulting Ti-O-O-Ti binds with an additional water
molecule to form Ti-O-OH (835 cm™) and Ti-OH
(1,032 cm™ and 1,049 cm™), which then release free
O, through further oxidation.

3 Conclusion

We have demonstrated a novel Ag/Al,O, hybrid
SERS platform for the detection of surface reaction
intermediate species in heterocatalysis and photoca-

talysis reactions. Shape controlled Ag nanocrystals
were assembled into a close-packed monolayer with
a high density of small inter-particle gaps as
“hotspots” for SERS detection, onto which a thin
layer of alumina was coated using ALD to serve as a
physical and chemical barrier to prevent Ag from
participating in the catalytic reaction. The efficacy of
such ultrasensitive SERS platforms for steady-state
spectroscopic detection of surface intermediates in
heterogeneous catalysts was demonstrated with an
overall water splitting reaction system, featuring
anatase TiO, nanoplates with predominant high surface
energy {001} facets as photocatalysts for water oxidation
and Pt nanoparticles decorated on them as catalysts
for water reduction. Surface intermediates, including
surface hydroperoxo (Ti-O-OH), terminal and bridged
hydroxo (Ti-OH) and peroxo (Ti-O-O-Ti), were
experimentally identified under UV radiation using
the SERS platform. Many of these species have not
previously been observed spectroscopically. Our
observations are in good agreement with the nucleo-
philic attack mechanism of water photo-oxidation on
TiO, surface. Direct detection of reaction intermediates
is essential in advancing our fundamental under-
standing of the mechanisms of heterogeneous catalysis
and the molecular interactions at the catalyst surface.
Such efforts will also provide valuable insights to the
improvement of catalytic efficiency and selectivity.

4 Materials and methods
4.1 General

1,5-pentanediol (98%), silver nitrate (97%), polyvinyl-
pyrrolidone (M, 55,000), copper chloride, dioctylamine,
potassium tetrachloroplatinate(Il) (98%) and benzyl
alcohol (> 99%) were purchased from Sigma Aldrich.
Titanium(IV) isopropoxide (99.9%) was obtained
from Alfa Aesar. Scanning electron micrographs were
obtained using a field emission scanning electron
microscope (FESEM, JEOL 6340F). Images were obtained
with an operating voltage of 5 kV.

4.2 Ag nanoparticle synthesis

Ag cubes (100 nm) were synthesized according to our
previously reported procedure [54]. In brief, silver
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nitrate (0.20 g) and copper(II) chloride (0.86 mg) were
dissolved in 1,5-pentanediol (10 mL) in a glass vial.
In a separate vial, PVP (0.10 g) was dissolved in
1,5-pentanediol (10 mL). All solutions were dissolved
in ultrasonic baths. The resulting silver nitrate
solution was a slightly opaque yellow-orange solution.
Using a temperature-controlled silicone oil bath,
1,5-pentanediol (20 mL) was heated in a flask for
10 min at 190 °C. The precursor solutions were then
injected into the hot reaction flask at the following
rates: 500 pL of the silver nitrate solution every
minute and 250 uL of the PVP solution every 30 s.
For nanocubes, this addition was stopped once the
solution turned opaque (~14 min).

4.3 TiO, nanoplate synthesis and Pt nanocluster
impregnation

A solution of 0.17M titanium(IV) isopropoxide,
12 M dioctylamine and 0.2M deionized water in
benzyl alcohol was prepared. The as-made solution
was placed in a Teflon liner which was then sealed
into a solvothermal autoclave (Parr Instruments). The
autoclave was heated at 185 °C for 24 h. The reaction
was then cooled down and a white precipitate was
obtained. The ligand exchange was carried out by
vigorously stirring TiO, nanoplates in a chloroform
solution of TDPA for 2 h. Excess TDPA was removed
from TiO, suspension solution via a series of
centrifugation and re-dispersion cycles. The particles
were then exposed to a UV lamp to remove bound
surfactant from the nanoparticle surface. The resulting
pellet was dried in a gentle argon-flow overnight.
The TiO, nanoparticles were impregnated with Pt-
nanoclusters by a photodeposition process: The dried
particles were redispersed in deionized water, to which
potassium tetrachloroplatinate(Il) (Mp:Mrio, = 3:100)
was added. The solution was exposed to a UV-lamp
for 6 h under stirring, after which the nanoparticles
were collected by centrifugation, and dried overnight
in a gentle argon-flow.

4.4 Self-assembly of nanoparticles and alumina
deposition

Nanoparticle assembly was carried out with a Nima
Technology Langmuir-Blodgett (LB) trough [55-57].

The Ag nanocrystals were first suspended in ethanol
ratio 2:3) was added
dropwise to a volume of approximately 1-2 mL. The

and chloroform (volume
suspension of particles in mixture of chloroform and
ethanol was added to the surface of the water in the
LB trough dropwise, and the chloroform was allowed
to evaporate for a minimum of 30 min. The film was
then compressed at 10 cm*min™ until the surface
pressure reached 14 mN-cm™ During the compression,
the reflected color of the nanoparticle suspension
changed from green to metallic, indicating a densely
packed layer of nanocubes had been formed. This
close-packed film was transferred to quartz and/or
silicon substrates by a mechanical dipper moving at
2 mm'min™. The Ag substrates were treated with O,
plasma momentarily for surfactant removal. Imm-
ediately after the O, plasma treatment, a ~3 nm film
of ALLO; was grown over the array by 10 cycles of
atomic layer deposition with trimethylaluminium
and water as precursors (a home-built system). Finally,
the Pt-photodeposited TiO,
assembled onto the Ag-alumina hybrid array using

nanoparticles were
the same LB procedure. Similar to Ag nanocubes,
TiO, nanoplates were first dispersed on the water
surface of the LB trough, and then slowly compressed
into a close-packed monolayer film. The 2D ordered
TiO, nanocrystals were transferred onto the Ag SERS
platform for use in the overall water splitting reaction.

4.5 SERS measurements

For the water splitting reaction, a home-made flow
cell was fabricated. The flow cell consists of a top and
a bottom quartz window, a Teflon spacer that separates
the windows and gas/solution inlets and outlets. The
Pt/TiO, deposited Ag hybrid SERS platform was
placed on the bottom quartz window, onto which
deoxygenated water at pH 10 (unless otherwise stated)
was added. The cell was then topped with the top
quartz window and sealed with O-rings. Two inlets
and two outlets are imbedded in the spacer for the
purpose of purging and/or chemical injection. They
were plugged to ensure a closed system during reaction.
The flow cell was purged with argon prior to
experiments for at least 15min. A UV LED lamp
(M365L2, Thorlab, Inc., P = 360 mW, A4 =365 nm) was
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employed as the light source for the photocatalysis
reaction. The incident power density on the sample
was approximately 20 mW/cm? Raman spectra were
obtained with a laser confocal Raman system (Horiba
JY LabRAM HR; diode pumped-Nd:YAG laser, 532 nm,
0.2 W), with an Olympus SLMPLN 50x long distance
objective. The typical acquisition time was 30 s.

Acknowledgements

This project was funded by the Deanship of Scientific
Research (DSR), King Abdulaziz University, Jeddah,
under Grant No. (HiCi/30-3-1432). The authors,
therefore, acknowledge with thanks DSR technical
and financial support.

Electronic Supplementary Material: Supplementary
material (further details of the dark field and Raman
spectroscopy measurements) is available in the
online version of this article at http://dx.doi.org/
10.1007/s12274-013-0380-0.

References

[11] Maeda, K.; Domen, K. Photocatalytic water splitting: Recent
progress and future challenges. J. Phys. Chem. Lett. 2010, 1,
2655-2661.

[2] Kudo, A.; Miseki, Y. Heterogeneous photocatalyst materials
for water splitting. Chem. Soc. Rev. 2009, 38, 253-278.

[3] Lewis, N. S.; Nocera, D. G. Powering the planet: Chemical
challenges in solar energy utilization. Proc. Natl. Acad. Sci.
US4 2006, 103, 15729-15735.

[4] Maeda, K.; Xiong, A. K.; Yoshinaga, T.; Ikeda, T.; Sakamoto,
N.; Hisatomi, T.; Takashima, M.; Lu, D. L.; Kanehara, M.;
Setoyama, T., et al. Photocatalytic overall water splitting
promoted by two different cocatalysts for hydrogen and
oxygen evolution under visible light. Angew. Chem. Int. Ed.
2010, 722, 4190-4193.

[5] Kuykendall, T.; Ulrich, P.; Aloni, S.; Yang, P. D. Complete
composition tunability of InGaN nanowires using a
combinatorial approach. Nat. Mater. 2007, 6, 951-956.

[6] Sivasankar, N.; Weare, W. W.; Frei, H. Direct observation
of a hydroperoxide surface intermediate upon visible light-
driven water oxidation at an Ir oxide nanocluster catalyst by
rapid-scan FT-IR spectroscopy. J. Am. Chem. Soc. 2011,
133,12976-12979.

[71 Mattioli, G.; Filippone, F.; Amore Bonapasta, A. Reaction

(10]

[13]

[14]

[16]

[17]

(18]

141

intermediates in the photoreduction of oxygen molecules at
the (101) TiO, (anatase) surface. J. Am. Chem. Soc. 2006,
128, 13772-13780.

Imanishi, A.; Okamura, T.; Ohashi, N.; Nakamura, R.;
Nakato, Y. Mechanism of water photooxidation reaction at
atomically flat TiO, (rutile) (110) and (100) surfaces:
Dependence on solution pH. J. Am. Chem. Soc. 2007, 129,
11569-11578.

Nakamura, R.; Nakato, Y. Primary intermediates of oxygen
photoevolution reaction on TiO, (rutile) particles, revealed by
in situ FTIR absorption and photoluminescence measurements.
J. Am. Chem. Soc. 2004, 126, 1290-1298.

Tian, Z. Q.; Ren, B.; Chen, Y. X.; Zou, S. Z.; Mao, B. W.
Probing electrode/electrolyte interfacial structure in the
potential region of hydrogen evolution by Raman spectroscopy.
J. Chem. Soc., Faraday Trans. 1996, 92, 3829-3838.
Niaura, G. Surface-enhanced Raman spectroscopic observation
of two kinds of adsorbed OH ions at copper electrode.
Electrochim. Acta 2000, 45, 3507-3519.

Heck, K. N.; Janesko, B. G.; Scuseria, G. E.; Halas, N. J;
Wong, M. S. Observing metal-catalyzed chemical reactions
in situ using surface-enhanced Raman spectroscopy on Pd—Au
nanoshells. J. Am. Chem. Soc. 2008, 130, 16592—-16600.
Zou, S. Z.; Williams, C. T.; Chen, E. K. Y.; Weaver, M. J.
Surface-enhanced Raman scattering as a ubiquitous vibrational
probe of transition-metal interfaces: Benzene and related
chemisorbates on Palladium and Rhodium in aqueous
solution. J. Phys. Chem. B 1998, 102, 9039-9049.

Grass, M. E.; Zhang, Y. W.; Butcher, D. R.; Park, J. Y.; Li,
Y. M.; Bluhm, H.; Bratlie, K. M.; Zhang, T. F.; Somorjai, G.
A. A reactive oxide overlayer on Rhodium nanoparticles
during CO oxidation and its size dependence studied by in
situ ambient-pressure X-ray photoelectron spectroscopy.
Angew. Chem. Int. Ed. 2008, 47, 8893—-8896.

Dolamic, I.; Biirgi, T. Photoassisted decomposition of malonic
acid on TiO, studied by in situ attenuated total reflection
infrared spectroscopy. J. Phys. Chem. B 2006, 110, 14898—
14904.

Mojet, B. L.; Ebbesen, S. D.; Lefferts, L. Light at the
interface: The potential of attenuated total reflection infrared
spectroscopy for understanding heterogeneous catalysis in
water. Chem. Soc. Rev. 2010, 39, 4643-4655.

Chen, T.; Feng, Z. C.; Wu, G. P.; Shi, J. Y.; Ma, G. J; Ying,
P. L.; Li, C. Mechanistic studies of photocatalytic reaction
of methanol for hydrogen production on Pt/TiO, by in situ
fourier transform IR and time-resolved IR spectroscopy. J.
Phys. Chem. C 2007, 111, 8005-8014.

Brownson, J. R. S.; Tejedor-Tejedor, M. 1.; Anderson, M. A.
FTIR spectroscopy of alcohol and formate interactions with
mesoporous TiO, surfaces. J. Phys. Chem. B 2006, 110,

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



—

—_

—

Nano Res. 2014, 7(1): 132-143

12494-12499.

Cremer, P. S.; Su, X. C.; Shen, Y. R.; Somorjai, G. A.
Hydrogenation and dehydrogenation of propylene on Pt(111)
studied by sum frequency generation from UHV to
atmospheric pressure. J. Phys. Chem. 1996, 100, 16302—
16309.

Tinnemans, S. J.; Mesu, J. G.; Kervinen, K.; Visser, T.;
Nijhuis, T. A.; Beale, A. M.; Keller, D. E.; van der Eerden,
A. M. J.; Weckhuysen, B. M. Combining operando techniques
in one spectroscopic-reaction cell: New opportunities for
elucidating the active site and related reaction mechanism
in catalysis. Catal. Today 2006, 113, 3—15.

Wang, Y. M.; Woll, C. Chemical reactions on metal oxide
surfaces investigated by vibrational spectroscopy. Surf. Sci.
2009, 603, 1589—-1599.

Fan, F. T.; Feng, Z. C.; Li, C. UV Raman spectroscopic studies
on active sites and synthesis mechanisms of transition
metal-containing microporous and mesoporous materials.
Acc. Chem. Res. 2010, 43, 378-387.

Weckhuysen, B. M. Snapshots of a working catalyst:
Possibilities and limitations of in situ spectroscopy in the
field of heterogeneous catalysis. Chem. Commun. 2002,
97-110.

Bafiares, M. A. Operando methodology: Combination of in
situ spectroscopy and simultaneous activity measurements
under catalytic reaction conditions. Catal. Today 2005, 100,
71-717.

Foster, A. J.; Lobo, R. F. Identifying reaction intermediates
and catalytic active sites through in sifu characterization
techniques. Chem. Soc. Rev. 2010, 39, 4783-4793.

Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan,
I.; Dasari, R. R.; Feld, M. S. Single molecule detection
using surface-enhanced Raman scattering (SERS). Phys.
Rev. Lett. 1997, 78, 1667.

Nie, S. M.; Emory, S. R. Probing single molecules and single
nanoparticles by surface-enhanced Raman scattering. Science
1997, 275, 1102-1106.

Xu, H. X.; Bjerneld, E. J.; Kill, M.; Borjesson, L. Spectroscopy
of single hemoglobin molecules by surface enhanced Raman
scattering. Phys. Rev. Lett. 1999, 83, 4357—4360.

Rycenga, M.; McLellan, J. M.; Xia, Y. N. Controlling the
assembly of silver nanocubes through selective functionalization
of their faces. Adv. Mater. 2008, 20, 2416-2420.

Stewart, M. E.; Anderton, C. R.; Thompson, L. B.; Maria, J.;
Gray, S. K.; Rogers, J. A.; Nuzzo, R. G. Nanostructured
plasmonic sensors. Chem. Rev. 2008, 108, 494-521.

[31] Banholzer, M. J.; Millstone, J. E.; Qin, L. D.; Mirkin, C. A.

Rationally designed nanostructures for surface-enhanced

Raman spectroscopy. Chem. Soc. Rev. 2008, 37, 885-897.
Tao, A.; Sinsermsuksakul, P.; Yang, P. D. Tunable plasmonic
lattices of silver nanocrystals. Nat. Nanotechnol. 2007, 2,
435-440.

Camden, J. P.; Dieringer, J. A.; Wang, Y. M.; Masiello, D.
J.; Marks, L. D.; Schatz, G. C.; Van Duyne, R. P. Probing
the structure of single-molecule surface-enhanced Raman
scattering hot spots. J. Am. Chem. Soc. 2008, 130, 12616—
12617.

Camden, J. P.; Dieringer, J. A.; Zhao, J.; Van Duyne, R. P.
Controlled plasmonic nanostructures for surface-enhanced
spectroscopy and sensing. Acc. Chem. Res. 2008, 41, 1653—
1661.

[35] Yan, B.; Thubagere, A.; Premasiri, W. R.; Ziegler, L. D.;

Dal Negro, L.; Reinhard, B. M. Engineered SERS substrates
with multiscale signal enhancement: Nanoplarticle cluster
arrays. ACS Nano 2009, 3, 1190-1202.

Lassiter, J. B.; Aizpurua, J.; Hernandez, L. 1.; Brandl, D. W.;
Romero, 1.; Lal, S.; Hafner, J. H.; Nordlander, P.; Halas, N.
J. Close encounters between two nanoshells. Nano Lett. 2008,
8, 1212—-1218.

Henzie, J.; Andrews, S. C.; Ling, X. Y.; Li, Z. Y.; Yang, P.
D. Oriented assembly of polyhedral plasmonic nanoparticle
clusters. Proc. Natl. Acad. Sci. USA 2013, 110, 6640-6645.

[38] Mulvihill, M.; Tao, A.; Benjauthrit, K.; Arnold, J.; Yang, P.

D. Surface-enhanced Raman spectroscopy for trace arsenic
detection in contaminated water. Angew. Chem. Int. Ed.
2008, 120, 6556—6560.

[39] McLellan, J. M.; Siekkinen, A.; Chen, J. Y.; Xia, Y. N.

Comparison of the surface-enhanced Raman scattering on
sharp and truncated silver nanocubes. Chem. Phys. Lett. 2006,
427, 122-126.

[40] Mulvihill, M. J.; Ling, X. Y.; Henzie, J.; Yang, P. D.

Anisotropic etching of silver nanoparticles for plasmonic
structures capable of single-particle SERS. J. Am. Chem.
Soc. 2010, 132, 268-274.

Camargo, P. H. C.; Rycenga, M.; Au, L.; Xia, Y. N. Isolating
and probing the hot spot formed between two silver
nanocubes. Angew. Chem. Int. Ed. 2009, 48, 2180-2184.

[42] Hardcastle, F. D.; Ishihara, H.; Sharma, R.; Biris, A. S.

Photoelectroactivity and Raman spectroscopy of anodized
titania (TiO,) photoactive water-splitting catalysts as a
function of oxygen-annealing temperature. J. Mater. Chem.
2011, 21, 6337-6345.

[43] Yang, C. C.; Yu, Y. H.; van der Linden, B.; Wu, J. C. S.;

Mul, G. Artificial photosynthesis over crystalline TiO,-based
catalysts: Fact or fiction? J. Am. Chem. Soc. 2010, 132,
8398-8406.

(@;} IN?VIElFFSI(I';YI-gF}é QAs @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2014, 7(1): 132-143

[44]

[45]

[46]

[47]

(50]

[51]

Selloni, A. Crystal growth: Anatase shows its reactive side.
Nat. Mater. 2008, 7, 613-615.

D’Arienzo, M.; Carbajo, J.; Bahamonde, A.; Crippa, M.;
Polizzi, S.; Scotti, R.; Wahba, L.; Morazzoni, F. Photogenerated
defects in shape-controlled TiO, anatase nanocrystals: A
probe to evaluate the role of crystal facets in photocatalytic
processes. J. Am. Chem. Soc. 2011, 133, 17652-17661.
Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith,
S. C.; Cheng, H. M.; Lu, G. Q. Anatase TiO, single crystals
with a large percentage of reactive facets. Nature 2008, 453,
638-641.

Serpone, N.; Martin, J.; Horikoshi, S.; Hidaka, H. Photoca-
talyzed oxidation and mineralization of C1-CS5 linear aliphatic
acids in UV-irradiated aqueous titania dispersions—kinetics,
identification of intermediates and quantum yields. J.
Photochem. Photobiol. A 2005, 169, 235-251.

Ohsaka, T.; Izumi, F.; Fujiki, Y. Raman spectrum of
anatase, TiO,. J. Raman Spectrosc. 1978, 7, 321-324.
Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds: Part A: Theory and Applications
in Inorganic Chemistry; Wiley-VCH: Weinheim, 2009.

Lin, W. Y.; Frei, H. Photochemical and FT-IR probing of
the active site of hydrogen peroxide in Ti silicalite sieve. J.
Am. Chem. Soc. 2002, 124, 9292-9298.

Zhang, J.; Li, M. J.; Feng, Z. C.; Chen, J.; Li, C. UV Raman

[52]

[54]

(53]

[56]

[57]

143

spectroscopic study on TiO,. I. phase transformation at the
surface and in the bulk. J. Phys. Chem. B 2006, 110, 927-935.
Nakamura, R.; Imanishi, A.; Murakoshi, K.; Nakato, Y. In
situ FTIR studies of primary intermediates of photocatalytic
reactions on nanocrystalline TiO, films in contact with aqueous
solutions. J. Am. Chem. Soc. 2003, 125, 7443-7450.

Connor, P. A.; Dobson, K. D.; McQuillan, A. J. Infrared
spectroscopy of the TiO,/aqueous solution interface. Langmuir
1999, /5, 2402-2408.

Tao, A.; Sinsermsuksakul, P.; Yang, P. D. Polyhedral silver
nanocrystals with distinct scattering signatures. Angew. Chem.
Int. Ed. 2006, 45, 4597-4601.

Zhang, Y. W.; Grass, M. E.; Habas, S. E.; Tao, F.; Zhang, T.
F.; Yang, P. D.; Somorjai, G. A., One-step polyol synthesis
and Langmuir—Blodgett monolayer formation of size-tunable
monodisperse Rhodium nanocrystals with catalytically
active (111) surface structures. J. Phys. Chem. C 2007, 111,
12243-12253.

Tao, A. R.; Huang, J. X.; Yang, P. D. Langmuir—Blodgettry
of nanocrystals and nanowires. Acc. Chem. Res. 2008, 41,
1662-1673.

Song, H.; Kim, F.; Connor, S.; Somorjai, G. A.; Yang, P. D.
Pt nanocrystals: Shape control and Langmuir—Blodgett
monolayer formation. J. Phys. Chem. B 2005, 109, 188—193.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



