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Although surface-enhanced Raman spectroscopy (SERS) has been applied for gathering fingerprint infor-
mation, even in single molecule analysis, the decayed Raman signals in aqueous solutions largely ob-
struct the on-site insight reaction process. In this study, large-scaled semiconductor films with multi-
walled (TiO,/WO3/TiO;) nanopore distribution are fabricated by combining electrochemical anodization
and sputtering technique, and then employed as the SERS substrates for detection of molecules at the
solid/liquid interfaces. Given the remarkably improved electrochromic property of the multi-walled film,
such SERS substrates were endowed with tunable oxygen vacancy (Vo) density and distribution via sim-
ply applying electrochemical bias voltage, which enabled one to achieve an enhanced charge transfer
efficiency and thus a remarkably increased Raman signal even in solution. The Vp-rich SERS substrate
is highly repeatable, thus providing a reliable platform for in-situ monitoring of the target molecules or
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intermediates at the solid/liquid interfaces.
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Titanium oxide (TiO,), known by its high stability and elec-
tronic properties, constitutes a versatile platform in the fields of
photocatalysis, energy storage, and biomedical applications [1-3].
Operando monitoring of the reactions on a TiO, surface is ex-
tremely important for investigating the yields of TiO,-based photo-
catalysts. The full understanding of the reactions at the water/TiO,
interface is crucial for further optimization of TiO, based photo-
catalysts or reactors [4]. However, in-situ monitoring of the re-
actions on the TiO, surface, especially on-site reactions, under
operando conditions is still a challenge. In that regard, surface-
enhanced Raman spectroscopy (SERS) is an ideal analytical tech-
nology for ultrasensitive surface chemical analysis [5-8]. For ex-
ample, SERS was successfully employed by Tian et al. to investi-
gate the photoinduced reaction on the solid/gas interface of single-
crystal TiO, [9]. As a matter of fact, most common TiO,-based cat-
alysts are generally low-cost polycrystalline composites and TiO,
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nanomaterials are usually applied in a liquid environment. Mean-
while, compared with strong signals from a solid/gas interface, the
largely decayed Raman signals in the liquid medium mean that
the use of semiconductor-based SERS substrates in practice is diffi-
cult [10]. Therefore, improving the SERS activity of semiconductor-
based substrate in liquid medium has become an urgent task.

For semiconductor-based SERS substrates, it is generally agreed
that the tuning of photoinduced charge-transfer (PICT) through
band energy alignment between substrate and molecule plays a
dominant role [11]. Till now, lots of strategies have been developed
to promote PICT efficiencies, such as n-/p- doping and stoichiom-
etry [12-14]. Especially, injecting oxygen vacancies (Vg) as an im-
portant method in stoichiometry has been demonstrated to be use-
ful for providing some additional defect levels in the bandgap of
semiconductors, thus facilitating the exciton resonance in semicon-
ductors, as well as the charge transfer (CT) between semiconduc-
tors and molecules [15-17]. Recently, the SERS activities of self-
organized TiO, nanotubes have been discovered by Weidinger and
coworkers [18]. Nevertheless, the Raman activity of TiO, nanotube
arrays is significantly inferior to that of layered two-dimensional
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Fig. 1. SEM images of (A) TiO,NPs and (B, C) TiO,/WO3/TiO,NPs. (D) TEM, HAADF-STEM (inset), and (E, F) HR-TEM images of TiO,/WO3/TiO;NPs. (G) Current density vs. time
curves of TiO,NPs (I), TiO,/TiO,NPs (II), and TiO,/WO3/TiO,NPs (IIl) acquired during potential pulse cycling in a voltage range from -0.8 V to +0.8 V. (H) SERS spectra of
TiO,/WO5/TiO,NPs after applying different bias voltage. (I) EPR spectra of TiO,/WO3/TiO,NPs and Vo-TiO,/WO3/TiO;NPs.

(2D) semiconductor materials, which have been demonstrated to
possess a large number of structural defects [19-21]. Besides the
structural defects induced Vg, Zhao and coworkers also utilized
electrochromic technology to introduce Vg into the WO3 substrate
[22]. Inspired by the intrinsic electrochromic capacity, feasibility,
and widespread applicability of TiO, nanopore films (TiO,NPs) pre-
pared by electrochemical anodization [23,24], we hypothesis that
Vo would be also inserted by an electrochromic way, thus enabling
TiO,NPs to be employed as alternative SERS substrates.

For this purpose, we developed a facial and effective ap-
proach to prepare a large-scale porous semiconductor substrate
with good electrochromic performance. The SERS measurements
were carried out by employing bis(tetrabutylammonium) dihy-
drogen bis(isothi ocyanate) bis(2,2’-bipyridyl-4,4’-dicarboxylate)
ruthenium(Il) (N719) placed onto TiO,/WO3/TiO,NPs. The genera-
tion of tunable Vg via electrochromic processing of the substrate
resulted in the noticeable increase of the Raman signals of N719,
and the PICT-mediated signal enhancement was attributed to the
Vo induced by electrochromic effect.

The multi-walled NPs were constructed on the self-ordered
TiO,NPs that were prepared by electrochemical anodization. The
scanning electron microscopy (SEM) images reveal the uniform
nanotube structure of the as-formed TiO,NPs with the inner di-
ameter of ~100 nm and the length of 300 nm (Fig. 1A and Fig.
S1 in Supporting information). The W and Ti nanoparticles were
subsequently applied onto the NPs via sputtering in sequence. This
enabled one to increase the wall thickness and roughness of the
NPs (Figs. 1B and C). The final NPs exhibited a smaller inner di-
ameter. The uniform distributions of W and Ti elements across
the tube surface and walls were confirmed via the morpholog-
ical and elemental characterization (Fig. S2 in Supporting infor-
mation), and the structural uniformity of NPs was crucial for ob-
taining the SERS substrates with good signal reproducibility. The
annealing was carried out at 300 °C to achieve the high degree
of crystallinity of the hybrid NPs. The X-ray diffraction (XRD) ex-
periments were carried out to demonstrate the annealing-induced
crystalline phase transition. After annealing, the peaks attributed

5170

to a monoclinic WO3; phase with preferential (002) orientation
(260 = 23.0°) and anatase TiO, with (101) orientation (260 = 25.3°)
could be detected (Fig. S3 in Supporting information). The mor-
phology of TiO,/WO3/TiO,NPs was further characterized by trans-
mission electron microscope (TEM) and high resolution (HR)-TEM
in Figs. 1D-F and Fig. S4 (Supporting information). The crystal
lattices of WO3 (002) and TiO, (101) (004) can be identified at
the wall of the resulted sample. These crystalline phases possess
high conductivity and cyclic voltammetry stability [24]. The current
response and electrochromic switching ability were investigated
within a potential window between +0.8 V and —0.8 V (Fig. 1G).
The amounts of inserted and extracted electrons during the voltage
scanning were calculated based on the current-time curves. The
TiO,/WO3/TiO,NPs exhibited the charge density Qcsmodic ©f —95.9
mC/cm?, which was much higher than those of the samples with-
out W05 coating (—37.8 mC/cm? for TiO,NPs and —68.5 mC/cm?
for TiO,/TiO,NPs). Noticeably, the insertion of H* protons from
the electrochromic materials via the application of negative bias
voltage was accompanied by a reflectance change (Fig. S5 in Sup-
porting information), which could be attributed to the lower va-
lence states of W- and Ti-ions [25]. Clearly, TiO,/WO3/TiO,NPs un-
derwent the more pronounced reflectance changes than the other
two samples under applying the same bias voltage, and the elec-
trochromic performance can be simply tuned by applying different
voltages (Fig. S6 in Supporting information).

The SERS spectra of TiO,/WO3/TiO,NPs exposed to various neg-
ative bias voltages (labeled as Vg-TiO,/WO3/TiO,NPs) are plotted
in Fig. 1H. It is worth mentioning that the Raman peaks of WO3
broaden after the negative bias voltage (—0.5 V and —0.8 V) is
applied, which can be explained by the generation of Vg in the
substrate [26]. The introduction of Vg in TiO,/WO3/TiO,NPs by ap-
plying with negative bias voltages was also verified by electron
paramagnetic resonance (EPR) spectrum (Fig. 11), XRD analysis (Fig.
S7 in Supporting information), Electrochemical impedance spec-
troscopy (Fig. S8 in Supporting information), and in-situ generation
of metal silver (Fig. S9 and Table S1 in Supporting information). It
is important to note that plenty of Vg in the SERS substrates are
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Fig. 2. (A) Schematic of the electrochemical-SERS setup used in this study. (B)
Atomic concentrations of N719 modified TiO,/WO3/TiO,NPs at take-off angles of
10° and 70° (inset: orientation of N719 on the sample). (C) SERS spectra of
N719 (3 x 1073 mol/L) on pristine and Vp-contained TiO,/WOs3/TiO,NPs and
TiO,/TiO,NPs. (D) Potential recovery of TiO,/TiO,NPs and TiO,/WO3/TiO,NPs after
applying the negative bias voltage of —0.8 V for 30 s.

conducive thus facilitating the PICT between the probe molecules
and the substrates [15]. For semiconductors, the introduction of Vg
can bring about a defect state that overlaps with the conduction
band (CB), leading to the emergence of a band tail (Fig. S10 in Sup-
porting information) [27]. It is expected that the CT between the
substrate and the adsorber would thus be facilitated, and leading
to a preferable SERS activity.

As a proof-of-concept, the Raman spectra of N719 onto
TiO,/WO3/TiO,NPs were in-situ collected in HCl electrolyte by us-
ing a custom-built electrochemical cell (Fig. 2A). In this study, the
NPs samples were exposed to a negative potential for 30 s to in-
troduce Vg in the substrate, and the Raman signals were then ac-
quired at the open circuit potential. Considering the energy match
between the incident photons and the absorption spectra of N719
(Fig. S11 in Supporting information), a 532 nm laser was chosen
as the excitation light source for the Raman measurements. The
orientation of N719 on the TiO, surface was investigated using
an angle X-ray photoelectron spectroscopy (XPS) at the take off
angles 6 of 10° and 70° (Fig. S12 in Supporting information). As
shown in Fig. 2B and Table S2 (Supporting information), the O 1s
(—COOH), N 1s, and S 2p signals exhibit the higher atomic con-
centrations at 70° (bulk models) than those at 10°. Meanwhile, the
atomic population on the N 1s signals at 70° is obviously higher
than those on the O 1s (—COOH) and S 2p signals. These results
suggest that the —SCN groups are oriented far away from the Ra-
man substrates, and N719 molecules have been anchored onto the
TiO, surface in the form of a bridged configuration via the two
carboxyl groups. Such bidentate coordination was considered to
provide a favorable way for the CT between the substrate and ad-
sorbed molecules [28]. Compared to the faint signals collected on
the pristine samples (see the dot lines in Fig. 2C), the prominent
signals of N719 molecules at 1474, 1545, and 1612 cm~!, corre-
sponding to a typical 2,2’-bipyridyl(bpy) ring stretching mode [29],
were acquired on the Vg-containing samples (the solid lines in
Fig. 2C). In Fig. 2C, V-TiO,/WO3/TiO,NT exhibits a higher SERS ac-
tivity than Vy-TiO,/TiO,NPs. This phenomenon can be ascribed to
the WOs3 thin layer. Owing to the large optical modulation capac-
ity, long-term durability, and memory effect of WOs, the coating
of WO3 onto TiO, can efficiently improve the electrochromic ef-
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Fig. 3. (A) SERS spectra of N719 adsorbed on TiO,/WO3/TiO,NPs after exposed to
the bias voltages of —0.8 V and +0.8 V alternately. (B) Raman intensity (at 1545
cm~1) of N719 on TiO,/WOs/TiO,NPs measured in air and in liquid. (C) SERS spectra
of N719 collected from 20 randomly selected positions on Vo-TiO,/WO53/TiO,NPs.
(D) Intensity variation of the Raman peak at 1545 cm~' in these 20 selected posi-
tions.

ficiency (Fig. 2D and Fig. S13 in Supporting information). Further-
more, an excessively thick WO3 film could result in a rough surface
and the higher charge-transfer resistance (Figs. S14 and S15 in Sup-
porting information) [30]. Therefore the W-sputtering thickness in
this study was optimized at 5 nm (Figs. S16 and S17 in Supporting
information).

The role of Vg on the SERS signal of the substrates was further
investigated by repeatedly applying positive and negative voltages
cycles. In Fig. 3A, an enhanced N719 signal can be observed when
applying the voltage of —0.8 V. In turn, switching the voltage to
+0.8 V causes the weak Raman signals. The repeatable SERS activ-
ities were achieved by switching the voltages back to —0.8 V, veri-
fying the Vg can be electrochemically tuned with satisfactory feasi-
bility and reproducibility. Meanwhile, these results also allow one
to conclude whether the weakened SERS activity is derived from
the vanishing of Vg rather than from the shedding or desorption
of N719 molecules from the substrates.

To evaluate the application advantage of the proposed strategy
in aqueous solutions, the Raman signals at 1545 cm™! (Vic=c)(bpy)»
the stretching of the C=C bond in bpy) were collected at differ-
ent N719 concentrations on TiO,/WO3/TiO,NPs in air and in aque-
ous solution (Fig. 3B). Apparently, the Raman signals recorded in
aqueous solution are much weaker than those acquired in air. Im-
pressively, a 39-fold increase in the Raman signals was achieved
from the SERS substrates with embedded Vo under a negative
bias voltage. Notably, the Raman signals recorded on such a Vg-
rich substrate in aqueous solution even exceeded those obtained
in air. Moreover, the Raman signal was still conspicuous in the so-
lution when the N719 concentration decreased to 10-6 mol/L (Fig.
S18 in Supporting information and Fig. 3B), indicating high sen-
sitivity of the Vg-rich substrate. The enhancement factor (EF) of
V-TiO,/WO5/TiO,NPs was calculated to be 8.6 x 10* (Fig. S19
in Supporting information). Additionally, Fig. 3C shows the Ra-
man signals of N719 at twenty randomly selected regions on Vg-
TiO,/WO3/TiO,NPs. The relative standard deviation (RSD) of the
Raman peak at 1545 cm~! is determined to be 6.65% (Fig. 3D), in-
dicating excellent reproducibility of the Vg-rich substrates.

For a comprehensive understanding of the mechanism of Vg-
induced SERS activity, the Raman spectra of N719 were investi-
gated under different voltages (Fig. 4A). Owing to the increase in
the Vo content with increasing negative bias voltage, the Raman
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Fig. 4. (A) SERS spectra of N719 on TiO,/WO3/TiO,NPs before and after exposure to
different bias voltages. (B) Schematic energy level diagram and CT pathways in the
N719-Vo-TiO, /W03 [TiO,NPs system.

signal intensity from the substrates became substantially higher
[26]. The band structural analysis for Vo-TiO,/WO3/TiO,NPs and
N719 specimens was also carried out at different voltages (Figs.
S20 and S21 and Table S3 in Supporting information). Compared
to pristine samples, Vo-TiO,/WO3/TiO,NPs exhibited the narrower
bandgaps. The Mott-Schottky analysis also demonstrates that the
charge-carrier density (N4) calculated for Vg-TiO,/WO3/TiO,NPs
(345 x 10 cm=3) is larger than that of the pristine sample
(1.84 x 10'® cm~3), which is beneficial for the acceleration of PICT
in Vo-TiO,/WO3/TiO,NPs. Meanwhile, the contribution of CT in V-
TiO,/WO3/TiO,NPs to the SERS signal of N719 was quantifiably de-
termined based on the following equation [16]:

IX(CT) — [X(SPR)

IK(CT) + I°(SPR) (1

Pcr =

According to the SERS spectra in Fig. S22 (Supporting infor-
mation), the degree of CT (pcr) of N719 was calculated as 0.41
and 0.69 for TiO,/WO3/TiO,NPs and V-TiO,/WOs3/TiO,NPs, respec-
tively (details were provided in supporting Information). The key
role of CT in our system was further demonstrated via attaching
other Raman probes onto TiO,/WO3/TiO,NPs by chemical bonding
(4-MBA) or physical absorption (Ru(bpy)s;2t and 2,2’-Bipyridine)
(Fig. S23 in Supporting information). Compared to 4-MBA, the SERS
signals of Ru(bpy);2* and 2,2’-Bipyridine were poor and didnot
exhibit obvious enhancement on Vg-TiO,/WO3/TiO,NPs. Moreover,
the signal of N719 was remarkably dropped when a thin layer of
SiO, film was covered onto TiO,/WO3/TiO,NPs before N719 mod-
ification to block CT between substrate and molecules (Figs. S24
and S25 in Supporting information). All these results indicate that
CT plays an important role in the improved SERS signals after ap-
plying the negative bias.

Considering the location of the highest occupied molecular or-
bital (HOMO, —5.34 eV) and the lowest unoccupied molecular or-
bital (LUMO, —3.01 eV) of N719 molecules [31], the PICT could take
place in following pathways (Fig. 4B): (1) PICT from the HOMO of
N719 to the CB of TiO, and WOs. The electrons can be directly ex-
cited from the HOMO of N719 to CB of TiO, (—4.21 eV) and WO,
(—5.24 eV) [32] by an incident light of 532 nm (2.33 eV). (2) PICT
from the HOMO of N719 to the defect levels (TiO,, and WOs3).
In general, the defect levels induced by Vg are usually located at
~0.5-1.0 eV below the minimum value of CB [33]. As a result,
PICT from HOMO of N719 to defect levels (TiO,_ 4 and WO5_4) can
provide more available PICT pathways than the sample that only
contains TiO, and WOs, which can further lead to a magnifica-
tion of the Raman scattering cross section, thus greatly magnify-
ing the polarization tensor of N719 molecules. (3) Electrons in the
LUMO of N719 transfer from the photo-excited N719 molecules to
CB of TiO,. In addition, because of the existence of the defect lev-
els (WO3), the band gap of WO3 can be narrowed as 1.7-2.2 eV
[33]. Therefore, electrons can be excited from VB to WO3_y (i4ex)
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by a 532-nm laser and the photogenerated holes in WO5_4 subse-
quently transfer to VB of TiO,. Meanwhile, excited electrons in CB
of TiO, transfer to CB of WOs3. Therefore, a built-in electric field
at the interface of TiO, and WO3 with the direction of the electric
field pointing from WOj3 to TiO, is formed. Driven by the built-in
electric field, photogenerated electron-hole pairs can be effectively
separated, realizing spatial charge separation and prolongating the
lifetime of charge carriers, and thus enhancing the SERS activity
[17,34-37].

To summarize, the electrochromic properties of the semicon-
ductors were utilized to successfully produce the highly active
SERS substrates that could be applied in aqueous electrolytes. Ex-
periment data and theoretical calculation revealed that the abun-
dant Vp induced by the electrochromic process facilitates the CT
between the substrate and adsorbed molecules, thus enhancing
their SERS activity. Especially, the as-proposed substrates were
largely scalable, and their Raman signals were reproduced by con-
trolling the applied bias voltage, thus providing an easily assess-
able and low-cost platform for in-situ monitoring of the reactions
at the solid/liquid interfaces.
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