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In dye-sensitized solar cells (DSSCs), the TiO,/dye interface significantly affects photovoltaic performance.
However, the adsorption and photoinduced behavior of dye molecules on the TiO, substrate remains
unclear. Herein, shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was used to study
the adsorption and photoinduced behavior of dye (N719) molecules on different TiO,(hk() surfaces. On
TiO,(001) and TiO,(110) surfaces, the in situ SHINERS and mass spectrometry results indicate S=C bond
cleavage in the anchoring groups of adsorbed N719, whereas negligible bond cleavage occurs on the
TiO,(111) surface. Furthermore, DFT calculations show the stability of the S=C anchoring group on three
TiO,(hkl) surfaces in the order TiO,(001) < TiO»(110) < TiO»(111), which correlated well with the observed
photocatalytic activities. This work reveals the photoactivity of different TiO,(hk() surface structures and
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Dye-sensitized solar cells (DSSCs) have attracted much interest
due to their versatility, low cost, and ease of fabrication into
flexible devices.! However, to date, the highest certified power
conversion efficiency (PCE) recorded for a DSSC under simu-
lated sunlight illumination is only 11.9%,> while the theoretical
maximum PCE is over 30%.°> Additionally, the long-term
stability of DSSCs is very important for practical applications.
DSSCs function via a charge injection mechanism between
closely interacting dye/semiconductor molecules.* Studying the
adsorption and photoinduced behavior of N719 molecules on
TiO, surfaces can reveal the fundamental reaction processes
and help improve the conversion efficiency and lifetime of
DSSCs.?

Previously, there have been some research studies on the
adsorption configuration and electronic properties of N719 dye
molecules at TiO, surfaces. Gritzel et al. concluded, based on
Fourier transform infrared spectroscopy (FTIR), that N719 was
anchored on the TiO, surface in a bridged configuration via two
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photoinduced processes on semiconductor single crystal surfaces.

carboxyl groups.** They further showed with density functional
theory (DFT) calculations that deprotonation of the terminal
carboxylic groups cause the excitation energy to increase.® In
addition, Tian et al. investigated the Ag@TiO,/N719 interface
under a series of potential controls using in situ Raman spec-
troscopy and found that the SCN ligand participates in N719
adsorption on the surface of aggregated TiO, nanoparticles,”
while Lund et al. employed high-performance liquid chroma-
tography (HPLC) and ultraviolet-visible spectroscopy (UV/Vis) to
determine the photoinduced degradation and regeneration
rates for N719 at the TiO, surface. Depending on the rates
achieved by the DSSC, they calculated operating times as high
as 20 years or as low as 0.5 years.> However, most of these
studies only focused on polycrystalline TiO, substrate surfaces
where it is difficult to study the structure-activity relationship of
the substrate. For a better understanding of the reaction
processes, investigating atomically flat single crystals with well-
defined surface structures as well as electronic and optical
properties can act as a bridge between experimental studies and
theoretical simulations.

Surface-enhanced Raman spectroscopy (SERS) is a non-
destructive and ultrasensitive technique that has become
a powerful surface analysis tool.® Unfortunately, conventional
SERS techniques cannot be applied to single crystal surfaces
because they lack sufficient surface plasmon resonance (SPR).°
In 2010, our group invented the shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS)'" technique for
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obtaining enhanced surface Raman signals, irrespective of the
surface and with single crystal surface compatibility. Shell-
isolated nanoparticles (SHINs) act as surface Raman signal
enhancers without detrimentally affecting the external envi-
ronment or reaction processes due to their inert silica shell
coating.™ Since then, important catalytic reactions, such as the
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) with their intermediate species, as well as the structure of
interfacial water at single-crystal electrode surfaces have been
observed using in situ SHINERS."*

Herein, the adsorption and photoinduced behavior of N719
molecules on three TiO,(hkl) surfaces (rutile TiO,(001),
TiO,(110), and TiO,(111)) under 405 nm laser irradiation were
investigated with in situ SHINERS. Combined with DFT simu-
lations, the TiO,(hkl) facet effect and the intrinsic photocatalytic
mechanism were elucidated and provide a promising method
for studying photoinduced surface processes in real-time.

In this system, N719 dye molecules were assembled on rutile
TiO,(hkl) surfaces and SHINs were deposited on top and then
transferred to a Raman cell filled with acetonitrile (without
N719 in solution). During in situ Raman measurements, the cell
was illuminated with two different wavelength lasers, 638 nm
and 405 nm (6600 mW cm ), for detecting Raman signals and
exciting the photoinduced reactions, respectively (Fig. 1a).
Besides, the power density of the 405 nm laser is 66 times
higher than one sun condition (100 mW cm™?), so the photo-
induced reaction speed of N719 on the TiO, surface will be
much higher due to more photo-generated carriers being
produced under 405 nm laser illumination. Therefore, it is
more likely for us to obtain the Raman signal in the current
research. Fig. 1b shows the TEM image of two adjacent SHINs.
The enhancement factor of SHINs on the TiO, surfaces was
assessed using three-dimensional finite-difference time-
domain (3D-FDTD) simulations (Fig. 1c). Plasmonic coupling
dictates the Raman enhancement factor and is shown to be
stronger between adjacent SHINs (55 nm dia. Au core @ 2 nm
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Fig. 1 (a) Schematic diagram of using a SHINERS nanoantenna to
study the photoinduced reaction of N719 illuminated with two lasers
on TiO,. The inset shows electron transfer from the 405 nm laser
excited N719 molecules to the TiO, single crystal surface and the
638 nm laser used to detect the changes in excited the molecules. (b)
TEM image of 55 nm Au@2 nm SiO, SHINSs. (c) 3D-FDTD simulation of
the enhancement hotspot of a SHIN dimer with a nanogap of 2 nm on
rutile TiO».
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thick SiO, shell) than between SHINs and the rutile TiO,(hkI)
substrate; however N719 molecules were only adsorbed on the
TiO, single crystal surface. Therefore, all N719 Raman signals
measured herein must originate from the electromagnetic field
enhancement between the SHINs and the substrate which had
a calculated enhancement factor of about 10° times (Fig. 1c).
Importantly, compared to a strategy with no SHINs (Fig. S17),
this SHINERS strategy provides enough enhancement for
detection of surface N719.

In Fig. 2a, three Raman bands are visible on all pristine rutile
TiO,(hkl) surfaces at around 238 cm ™', 448 cm ™" and 610 cm ™!
assigned to the multi-phonon, Eg4, and A;, modes of the Ti-O-Ti
bond vibrations, respectively,” and their relative peak intensi-
ties (Inzs em 1y laas em @and Isio om-) are clearly surface facet
dependent. For the N719 molecule (see Fig. S2 for the chemical
structure), there are two SCN binding groups attached to the Ru
atom, both of which share the highest occupied molecular
orbital (HOMO) and the 2,2-bipyridyl-4,4-dicarboxylic ligand
contains the lowest unoccupied molecular orbital (LUMO) of
the molecule. In the UV-vis absorption spectrum of N719 dis-
solved in ethanol (Fig. S37), N719 has two clear adsorption
peaks. The first peak, located at around 389 nm, is associated
with a mixture of ligand-to-ligand charge transfer (LLCT) and
metal-to-ligand charge transfer (MLCT) processes, while the
second peak at 532 nm is related to low energy MLCT processes
within N719 molecules.™ The Iy e 1/Is4g om ! 1S the same after
adding SHINs on the TiO,(001) surface (Fig. S47), but interest-
ingly, after N719 is adsorbed at the surface, the Is10 cm-1/1248 em—!
on all three rutile TiO,(kkl) surfaces changed. In Fig. 2b,
Is10 em laag em— intensities decreased on TiO,(111) and
TiO,(001) surfaces and increased on the TiO,(110) surface. For
N719 molecules chemisorbed on rutile TiO,(hkl) surfaces, the
different N719 anchoring modes result in different interactions
of Ti-O-Ti (Fig. 2b),* so the ratios of Isip em /44 em— differ
between the three TiO,(hkl) surfaces after N719 adsorption,
manifesting as a change in Raman peak intensities."*

For N719 adsorbed at different rutile TiO,(hkl) surfaces, both
1482 cm™ ' and 1610 cm ™' peaks, belonging to the C=N and
C=C stretching vibrations of the bipyridyl ring, respectively,*®
are surface facet dependent (Fig. 2b). For TiO,(110), the
1482 cm™ " peak intensity (I14g> em-1) is obviously stronger than
the 1610 cm ™" peak intensity (I1610 em-1), Whereas on TiO,(111),
the I 485 om- is weaker than I36,9 «m1, and both peak intensities
are similar on TiO,(001). This can be attributed to the different
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Fig. 2 (a) SHINER spectra of rutile TiO,(001), TiO,(110), and TiO,(111)
surfaces in acetonitrile without and (b) with N719 molecules adsorbed.
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rutile single crystal surfaces having different N719 adsorption
configurations, giving rise to different bond enhancements.***”

SHINERS was then employed to study, in situ, the adsorption
and photoinduced behavior of N719 molecules on the TiO,(001)
surface under 405 nm laser illumination. Fig. S5 shows Raman
spectra of TiO,(111) with and without 405 nm laser illumination
and shows no observable interference peaks. This lack of
Raman shifts under 405 nm illumination can be further verified
using the formula in Fig. S6.f Furthermore, in Fig. S7,1 the
Raman signals for rutile TiO,(110) without N719 adsorbed in
acetonitrile were observed under extended illumination times
(50 min). And peaks associated with the rutile TiO,(110)
substrate are not changed, indicating that 405 nm laser illu-
mination does not change the TiO,(hkl) substrate spectral
peaks. As shown in Fig. 3a and b, as the illumination time
increases, the Raman peaks of the adsorbed N719 molecules
gradually weaken, while the rutile TiO, peaks increase signifi-
cantly. Considering these spectral trends over time (Fig. 3b), we
tentatively ascribe this trend to desorption of N719 molecules
from the TiO,(001) surface as opposed to conformational
changes in the N719 adsorption angle. Additionally, the Raman
peak of the SCN group at around 2136 cm ' blue shifts to
2146 cm™~ ' with increasing illumination time, indicating that as
the N719 surface coverage decreases the N719 molecules adsorb
on the TiO,(001) surface via the S-terminal of the N=C=S
group, corresponding with previous studies.”®.

Mass spectrometry was used to examine photoinduced reaction
products. In Fig. 3c, the produced ion of m/z 1157 appears after 36
hours under 405 nm laser illumination which corresponds to the
loss of an S atom from N719. This confirms bond cleavage of the
S=C bond in the SCN group adsorbed on the TiO,(001) surface

View Article Online
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a [Ru"(H,dcbpy),(NCS)(CN)] species.'® For comparison, the
adsorption behavior of the N=—=C=S functional group of a Ph-N=
C=S species on different rutile TiO,(%kl) surfaces was simulated
using DFT. This also allowed for the reaction energy change due to
the S=C double bond cleavage to be directly calculated. The
calculated structures of the Ph-N=C=S group and S atom
adsorbed on rutile TiO,(001) are shown in Fig. 3d. The S=C
dissociation energy on TiO,(001) was found to be lower than that
on TiO,(111) and TiO,(110) surfaces (Fig. S8t). Thus, the TiO,(001)
peak intensities (238 cm ™", 448 cm™ ", and 610 cm™ ") increase as
the illumination time increases due to increasing S=—C bond
cleavage resulting in N719 desorption.®

To further determine the facet effect, the adsorption and
photoinduced behavior of N719 was also systemically studied
on TiO,(111) and TiO,(110) with in situ SHINERS. In Fig. 4a, the
time-dependent Raman spectra of N719 at the TiO,(110) surface
are similar to those at the TiO,(001) surface (Fig. 3a), with N719
Raman intensities decreasing with increasing illumination
times; however the trend is less pronounced. Meanwhile, the
Raman peak shift of the SCN group around 2143 cm™ " is also
small (~6 cm ™). In contrast, in Fig. 4b, the N719 Raman peak
intensities gradually increase with time; meanwhile the rutile
TiO,(111) peaks around 236 cm ', 446 cm™ ' and 610 cm™*
significantly weaken. The resulting decrease in the HOMO-
LUMO gap in the adsorption complex produces a species that is
more strongly Raman resonant with the 638 nm laser, resulting
in the observed higher peak intensities.* In addition, The SCN
peak is more stable on the TiO,(111) surface during the
photoinduced reaction processes and does not shift with time.
Furthermore, comparing the mass spectra between surfaces,
less of the [Ru"(H,dcbpy),(NCS)(CN)] photoinduced degrada-

under 405 nm laser illumination producing tion product is produced on TiO,(111) than on the TiO,(001)
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Fig. 3 (a) SHINER Spectra of N719 adsorbed at TiO,(001) in acetonitrile under 405 nm laser illumination, spectra collected every 4 minutes. (b)

Plot of changes in significant N719 (blue lines and points) and TiO, (black line and points) spectral peak intensities with time. (c) Mass spectraofa 5
x 10~* M N719 ethanol solution containing TiO»(001) under 405 nm laser illumination after O h and 36 h, and without TiO»(001) after 36 hours. (d)
Schematic of the optimized structures of the Ph—N=C=S group and S atom adsorbed on rutile TiO,(001).
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Fig. 4 (a) SHINER Spectra of N719 adsorbed on a rutile TiO,(110)
surface with 405 nm laser illumination. The right shows the DFT
simulated optimized structures of the Ph—N=C==S group (top) and S
atom (below) adsorbed on rutile TiO,(110). (b) SHINER Spectra of N719
molecules adsorbed on a rutile TiO,(111) surface with 405 nm laser
illumination. Spectra were collected every 4 minutes. The right shows
the DFT simulated optimized structures of the Ph—N=C=S group
(top) and S atom (below) on rutile TiO,(111).

and TiO,(110) surfaces (Fig. S97), indicating that N719 adsorp-
tion is more stable on TiO,(111). Interestingly, the SCN complex
has different Raman peak shifts in the order TiO,(111) (0 cm™*)
< Ti0,(110) (6 em™') < Ti0,(001) (10 cm™"), which correlates
well with the photoinduced stability of the SCN group on three
rutile TiO,(hkl) surfaces, and the DFT simulated thermody-
namic stability of the S=C functional group. Thus, the impor-
tant effect of TiO, structural on N719 molecules adsorbed on
three different rutile TiO,(hkl) surfaces was elucidated.

In summary, using in situ SHINERS and DFT simulations,
SCN was found to be the main adsorption group of the N719 dye
molecule at different rutile TiO,(kkl) surfaces and to play
a determining role in its stability under 405 nm laser illumi-
nation. Importantly, different rutile TiO,(hkl) surfaces were also
shown to have obvious facet effects on N719 molecular
adsorption and photoinduced behavior. Under illumination,
the photoinduced process caused the N719 molecules to desorb
from TiO,(110) and TiO,(001) surfaces. Desorption was shown
to occur via bond cleavage of the S=C bond using mass spec-
trometry. In addition, DFT simulations showed the TiO,(001)
surface to have the highest reaction activity for catalyzing S=C
double bond cleavage, while the TiO,(111) surface had the
lowest reaction activity and was the most stable single crystal
surface for adsorbed N719 molecules. These results indicate
that N719 molecules will have long-term stability adsorbed on
TiO,(111), providing important guidance for the design of
practical DSSCs. Our research has elucidated the mechanism of
DSSC interfacial reaction and demonstrates the universality of
this approach to study the photoinduced reaction on semi-
conductor single crystal surfaces.
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