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SERS performance of graphene oxide decorated silver
nanoparticles/titania nanotube array

Yibing Xie*"* Yujie Meng®®

Graphene oxide (GO) decorated silver nanoparticles/titania nanotube array (Ag/TiO, NTA) had been designed as a surface-enhanced
Raman scattering (SERS) substrate for a sensitive detection of organic molecules. Anatase TiO, NTA was synthesized by controlled
anodic oxidation and annealing treatment processes. Ag/TiO, NTA was formed by depositing silver nanoparticles (Ag NPs) on the
surface of anatase TiO, NTA through the polyol process. GO/Ag/TiO, NTA was prepared by decorating GO on the surface of
Ag/TiO, NTA through an impregnation process. Methyl blue (MB) was used as the probe molecule to evaluate the adsorption
capability and SERS activity of the as-prepared SERS substrates. The adsorption ratio of MB was increased from 25.2% for Ag/TiO,
NTA up to 38.0% for GO/Ag/TiO, NTA, presenting an obvious improvement of the adsorption capability. The analytical
enhancement factor was increased from 1.06x10* for Ag/TiO, NTA up to 3.67x10* for GO/Ag/TiO, NTA, presenting an obvious
improvement of SERS detection performance. GO/Ag/TiO, NTA substrate accordingly achieved a very low detection limit of
1.0x10"° M MB. GO/Ag/TiO, NTA also exhibited good adsorption capability to bisphenol A (BPA) with a weak affinity, presenting
SERS detection limit of 5x10 7 M BPA. Moreover, GO/Ag/TiO, NTA was able to achieve self-cleaning function through
photocatalytic degradation of organic molecule adsorbed on SERS substrate under solar light irradiation. GO/Ag/TiO, NTA having
good adsorption capability, self-cleaning property, reproducibility and cycleability contributed to a promising application for

sensitive and recycling SERS detection.

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy, as a quite powerful tool, has been applied in environmental monitoring,
chemical analysis and biomedical research due to its supersensitivity, rapid response and fingerprint effect 1. Two main mechanisms
generally contribute to the Raman scattering enhancement observed in SERS, which involve the electromagnetic mechanism and the
chemical enhancement mechanism. The former is based on the enhancement of the local electromagnetic field, whereas the latter is
based on charge transfer between absorbed molecules and metal surface . Since the surface morphologies and structures of the
substrates determine the generation and intensity of Raman signals, the substrates play a vital role in SERS detection °. An efficient
SERS substrate can not only provide strong surface enhancement of Raman scattering, but also stable, reproducible and recyclable
SERS detection ® 7. It is well known that the nanostructured noble metals (such as silver and gold) can be well used as SERS
substrates to generate strong SERS effect & °. Such noble metals with well-controlled nanoarray structure can further improve the
sensitivity and reproducibility of SERS detection ** !, TiO, or TiN nanotube or nanopore arrays with well ordered and aligned
nanostructure have been well fabricated as feasible supporting materials for versatile applications **%. It has been found that TiO,
can also generate weak SERS activity 2*. In addition, anatase TiO, has been extensively used for photocatalytic degradation of
organic compounds because of its high photocatalytic activity, nontoxicity and stability 22 Therefore, it is reasonable to fabricate
noble metal decorated TiO, for both SERS detection and photocatalysis application. After SERS measurements, the substrates can
achieve a self-cleaning function by a photocatalytic process and recycled for subsequent SERS detection 2 %,

In addition to the nanostructured noble metals, the sensitivity of SERS detection also relies on the amount of analyte molecules
in the enhancement region %. In other words, SERS effect is observed when organic molecules are adsorbed on the SERS substrate.
The insufficient molecule adsorption usually causes low electromagnetic enhancement and chemical enhancement effect. Therefore,
SERS substrate with high adsorption capacity is essential for sensitive SERS detection. Grapheme oxide (GO) is a one-atom-thick
and two dimensional carbon network containing carboxylic acid groups at the sheet edges, as well as hydroxyl and epoxy groups on
the graphite plane %. Owing to the presence of aromatic domains and high specific surface area, GO is an ideal host material to
adsorb a wide variety of organic molecules. Moreover, GO can chemically enhance the Raman signals of adsorbed molecules
because the graphene has been recently reported to be used as a substrate with Raman enhancement effect. The observed SERS
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phenomenon has been ascribed to chemical enhancement mechanism 2”. Recently, it is reported that a noble metal/graphene oxide as
SERS substrate is capable of sensitive detection of a variety of organic molecules, especially aromatic compounds keeping high
affinity toward GO 2. AgNPs/GO hybrid material can be applied for SERS detection, showing 2-3 times of Raman signal
enhancement when compared to pure Ag NPs 2. Ag NPs/reduced graphene oxide on silicon surface as the substrate can be used as
an efficient SERS substrate to detect aromatic molecules with a low detection limit at scale of 10°° M %°.

In this study, GO decorated Ag/TiO, NTA (GO/Ag/TiO, NTA) was design as a stable and recyclable SERS substrate for
sensitive SERS detection of organic compounds and photocatalytic self-cleaning *°. Fig. 1 shows the schematic displaying the
fabrication process of GO/Ag/TiO, NTA substrate. Briefly, highly ordered anatase TiO, NTA was synthesized by a controlled anodic
oxidation and annealing treatment process. The well-dispersed Ag NPs were deposited on the surface of anatase TiO, NTA to form
Ag/TiO, NTA via the polyol process 3. GO was then decorated on the surface of Ag/TiO, NTA to form GO/Ag/TiO, NTA through
an impregnation process *. The adsorption capability and SERS activity of Ag/TiO, NTA and GO/Ag/TiO, NTA were investigated.
The sensitivity and recyclability of GO/Ag/TiO, NTA were fully evaluated using methyl blue as the probe molecule. GO/Ag/TiO,
NTA was also used for SERS detection of bisphenol A with a weak adsorption affinity.

Anodic oxidation

Annealing treatment

Ti sheet

TiO, NTA

Depositing
Ag NPs

Decorating GO
L]

GO/Ag/TiO, NTA Ag/TiO, NTA

Fig. 1 Schematic displaying the fabrication process of GO/Ag/TiO, NTA substrate.

2. Experimental

2.1 Material

Titanium sheet (Ti, thickness of 0.2 mm, purity >99.6%) was purchased from Good fellow Cambridge Ltd. Ethylene glycol (EG),
ammonium fluoride (NH4F), phosphoric acid (H3POy) silver nitrate (AgNOs), sodium borohydride (NaBH,), polyvinylpyrrolidone
(PVP) and methyl blue (MB) bisphenol A (BPA) and ethanol purchased from Sinopharm chemical company are analytical grade and

used without further purification. Distilled water was fully used in all experiments.

2.2 Preparation of GO/Ag/TiO, NTA

TiO, NTA was fabricated by anodic oxidation of titanium sheet. The anodization process was conducted at 30 V for 2 h in water and
ethylene glycol mixture solution (volume ratio, 1:1) containing 0.5 M H3PO, and 0.2 M NH,4F in a two-electrode cell using Ti foil as
the working electrode and a Pt sheet as the counter electrode. The obtained amorphous TiO, was annealed at 450°C for 2 h to form
anatase TiO, NTA with photocatalytic activity. Ag/TiO, NTA was fabricated by depositing Ag NPs on the surface of TiO, NTA
through the polyol process. Briefly, the as-prepared TiO, NTA was immersed in water and ethylene glycol mixture solution (volume
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ratio, 1:1) containing 0.001 M PVP, 0.035 M NaBH,, 0.055 M AgNO; at ambient temperature for 7 h, and subsequently rinsed with
DI water and dried in vacuum. GO was prepared through chemically oxidizing graphite powders by a modified Hummers method *.
The GO/Ag/TiO, NTA was obtained by decorating GO on Ag/TiO, through an impregnation method. Typically, the as-prepared
Ag/TiO, NTA was immersed in a 0.5 mg mL™* GO aqueous solution for 3 h, and subsequently rinsed with DI water and dried in
vacuum. For a comparison, GO/TiO, NTA was also fabricated by coating GO on the surface of TiO, NTA using the same above

method.

2.3 Characterization

The surface morphologies of TiO,, Ag/TiO,, and GO/Ag/TiO, NTA were characterized by the Field-Emission Scanning Electron
Microscope (FE-SEM, Zeiss Ultra-Plus). UV-vis spectrum was measured to analyze MB concentration by UV/Vis Spectrometer
(Shimadzu UV-2100 UV/Vis Spectrometer). Raman spectrum was measured to investigate SERS substrates using a Renishaw Invia
Reflex System Raman spectrometer. The single layer structure of graphene oxide was investigated using a transmission electron
microscope (TEM, JEOJ-2010) with an acceleration voltage of 200 kV. The excitation wavelength was 785 nm. The 50x objective

lens was used to focus the laser light on the samples. The laser power was 1%, and integration time for each sample was 10 s.

2.4 Adsorption measurement

TiO,, Ag/TiO,, GO/TiO,, and GO/Ag/TiO, NTA were respectively immersed in freshly prepared 1.0x10° M MB and 2.2x10* M
BPA solution for 2 h in the dark at ambient temperature to achieve the adsorption equilibrium. The concentration change of MB and
BPA solution before and after the adsorption on different substrates was analyzed according to the of characteristic peak intensity of

UV-vis spectrum.

2.5 SERS measurement

All SERS substrates were immersed in freshly prepared MB or BPA solution with controlled concentration for 2 h in the dark, then
rinsed with solvent and dried in vacuum for the Raman spectrum measurements. The Ag/TiO,, GO/TiO, and GO/Ag/TiO, NTA were
used for SERS detection of 10°M MB solution. The GO/Ag/TiO, NTA was used for SERS detection of MB solution with different
concentration from 10 to 10* M. The Ag/TiO, and GO/Ag/TiO, NTA were used for SERS detection of 5x10“ M BPA solution.
The GO/Ag/TiO, NTA was used for SERS detection of BPA ethanol solution with different concentrations from 5x107 M to 5x10™
M.

3. Results and discussion

3.1. Characterization of Ag/TiO, NTA and GO/Ag/TiO, NTA

Fig. 2(A-E) shows the SEM images of TiO,, Ag/TiO, NTA and GO/Ag/TiO, NTA. TiO, NTA exhibited highly ordered, vertically
aligned nanotube microstructure with tube diameter of 100 - 120 nm, tube length of 850 - 950 nm and tube wall thicknesses of 15 -
20 nm. The interspace between the neighboring tubes is 40 - 60 nm. (see Fig. 2(A and B)). Concerning Ag/TiO, NTA, Ag NPs with
average diameter of 10 - 15 nm were evenly distributed on the pore mouth of TiO, NTA. Such Ag NPs were hardly observed on the
tube walls of TiO, NTA (see Fig. 2(C and D)). Concerning GO/Ag/TiO, NTA, a continuous and transparent GO monolayer film was
well coated on the top surface of Ag/TiO, NTA (see Fig. 2(E and F)). Fig. 2G shows the TEM image of GO. Obviously, GO kept a
transparent and well expanding monolayer structure. Such a GO was very suitable for functional modification of Ag NPs to achieve
good adsorption capability and SERS activity as well.
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Fig. 2 SEM images of (A, B) TiO, NTA; (C, D) Ag/TiO, NTA and (E, F) GO/Ag/TiO, NTA; TEM image of GO.

Raman spectroscopy was employed to further confirm the transparent GO coating layer on the surface of Ag/TiO, NTA. Fig. 3
shows the Raman spectra of Ag/TiO, NTA and GO/Ag/TiO, NTA. The Raman characteristic peaks at 155, 396, 517, 638 cm™* were
observed in both samples, which were assigned to the E,, By, By or Ay, E, modes of anatase TiO,, respectively *. For the
GO/Ag/TiO, NTA, the two additional prominent peaks at 1320 cm™ and 1597 cm™® were regarded as the characteristic D band and G
band of GO. The G-band appearing at around 1597 cm™ was a significant characteristic of sp® hybridized carbon, which could
provide the information on the in-plane vibration of sp?-bonded carbon domains *. The D-band appearing at around 1320 cm™
revealed the presence of sp* defects within the hexagonal graphitic structure *, which was associated with the amorphous carbon, or

edges that break the symmetry and selection rule 3. Such characteristics demonstrate that the expanding GO sheets were really
decorated on the Ag/TiO, NTA.

Eg (a) AgITIO, NTA
(b) GO/AY/TIO, NTA

. D-Band

Raman intensity (a.u)
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Fig. 3 Raman spectra of (a) Ag/TiO, NTA and (b) GO/Ag/TiO, NTA.

3.2 Adsorption capability of GO/Ag/TiO, NTA

The adsorption capability of Ag/TiO, NTA and GO/Ag/TiO, NTA were investigated by immersing these substrates in 1.0x10° M
MB solution for 2 h in the dark. MB concentration was evaluated before and after adsorption according to the characteristic peak
intensity at 664 nm using UV-Vis spectrophotometer. Fig. 4(A) shows UV-vis spectra of MB solution before and after adsorption on
different SERS substrates. They demonstrated different adsorption effects. Fig. 4(B) shows the adsorption ratio of MB on different
SERS substrates. The adsorption ratio of MB followed the decreasing order of GO/Ag/TiO, > GO/TiO, > Ag/TiO,, Obviously, both
Ag/TiO, NTA and GO/TiO, NTA exhibited a similar adsorption capacity, but much higher than TiO, NTA. The covalent bonding
between Ag NPs and MB molecule contributed to improving the adsorption capability of Ag/TiO, NTA *. Moreover, GO/Ag/TiO,
NTA showed the highest adsorption capacity. This is owing to the unique chemical structure of GO. The highly negative charged GO

possesses the oxygen-containing functional groups, which can interact with the positive charged MB molecule through

39

electrostatic-interaction *°. In addition, GO with aromatic domains, can also form strong n-m stacking interactions with

n-electron-rich MB molecule *°. GO/Ag/TiO, NTA exhibited higher adsorption capability than GO/TiO, NTA, indicating that the
introduction of Ag NPs between TiO, NTA and GO enlarged the specific surface area of the composite **.

Fig. 4(C) shows UV-vis spectra of 2.2x10* M BPA solution before and after adsorption on SERS substrates. The similar trend
was obtained for the adsorption ratio of MB and BPA on SERS substrates. Comparatively, due to the weak adsorption affinity to the
substrate, BPA exhibited weaker adsorption capability than MB. Fig. 4(D) shows the adsorption ratio of BPA on different SERS
substrates. Both TiO, NTA and Ag/TiO, NTA had similar and comparable adsorption ratio of BPA, presenting low adsorption
capability. This was owing to the weak affinity between Ag NPs and BPA. However, the adsorption capability of both GO/TiO,
NTA and GO/Ag/TiO, NTA was much higher than that of Ag/TiO, NTA. This indicates that GO played an important role on the
adsorption of BPA. The benzene rings of BPA could interact with GO through n—= interaction. The hydroxyl groups of GO could

form hydrogen bonds with hydroxyl groups of BPA “2. These results suggest that GO/Ag/TiO, NTA indeed exhibited higher
adsorption capability.
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Fig. 4 UV-vis spectra and adsorption ratio of (A, B) 10°M MB solution and (C, D) 2.2x10*M BPA solution on the substrate of TiO,

NTA, Ag/TiO, NTA, GO/TiO, NTA and GO/Ag/TiO, NTA.

3.3 SERS performance of Ag/TiO, NTA and GO/Ag/TiO, NTA

The SERS activity of the Ag/TiO, NTA and GO/Ag/TiO, NTA was evaluated using MB as probe molecule. Fig. 5(A) shows the
SERS spectra of 10°M MB aqueous solution adsorbed on Ag/TiO,, GO/TiO, and GO/Ag/TiO, NTA. Obviously, SERS signals of
MB molecule on all SERS substrates were observed and the characteristic bands could be clearly distinguished. The Raman peaks at
1622 cm™ and 1397 cm™* were corresponding to the C-C ring stretching vibration and C-N-C skeletal bending vibration of MB
molecule, respectively “*. Concerning GO/Ag/TiO, NTA and GO/TiO, NTA, the additional prominent peak at 1320 cm™ was the
characteristic D band of GO. On the other hand, the G band overlapped significantly with the C-C ring stretching vibration of MB
molecule at 1622 cm™, making it difficult to distinguish above two vibration modes from each other. The SERS peak intensity
obtained on the GO/Ag/TiO, NTA and Ag/TiO, NTA were far higher than that on GO/TiO, NTA. This indicates that the SERS
chemical enhancement effect of GO was much weaker than SERS electromagnetic field enhancement effect of Ag NPs. The SERS
peak intensity at 1622 cm* obtained on the GO/TiO, NTA was only 3.6% of that on GO/Ag/TiO, NTA. The contribution of GO
layer to the Raman intensity of 1622 cm™ was so small that it could be ignored in the calculation of SERS enhancement factor.
Moreover, GO/Ag/TiO, NTA had better SERS performance than Ag/TiO, NTA. Firstly, it is reported that graphene coating layer did
not alter the plasmonic properties of Ag NPs, causing less influence on its electromagnetic SERS enhancement . Therefore, the
ultrathin GO layer coating on the Ag NPs did not impede SERS enhancement of Ag NPs *. Secondly, GO was regarded as a
favorable SERS platform. When MB was adsorbed on GO, the charge transfer process occurred between the oxygen-functional
groups and MB molecule, which was the dominant mechanism contributing to the additional SERS enhancement. It was reported that
the Raman peak intensity of the probe molecules descended along with the increase of the reduction degree of GO when GO was
converted to reduced graphene oxide (RGO) “°. The chemical enhancement of SERS using GO would arise from m-n stacking and
charge transfer from the oxygen-functional groups to the probe molecules. When GO was fully converted to RGO, the humber of the
oxygen-functional groups highly decreased, resulting in a corresponding decrease of the Raman peak intensity of the probe molecules
2 Thirdly, GO had a double-sided polyaromatic scaffold with an ultrahigh specific surface area and therefore was capable of
adsorbing a larger number of MB molecule. The improved adsorption of MB molecule on GO occurred in the SERS enhancement
region, leading to better SERS enhancement effect 2°.

The enhancement effect of SERS substrates was estimated by calculating enhancement factor (EF) and analytical enhancement
factor (AEF) using the equations of EF= (Isgrs/Nsurface)/(Irs/Npui) and AEF= (Isers/Csers)/(Irs/Crs) +7. Herein, lggrs and Igg are the
intensities of SERS signal and normal Raman signal at 1622 cm™; Crs and Csers are MB concentration under normal Raman and
SERS condition; Npyk and Ngyace are MB molecule number illuminated by the laser focus spot under normal Raman and SERS
condition. The adsorption quantity per unit area can be calculated using the equation of Q.=[(C,-C,)*V]/S, where Cy and C.are MB
concentration before and after adsorption by Ag/TiO, NTA or GO/Ag/TiO, NTA; V is the volume of MB solution; S is the surface
area of Ag/TiO, NTA or GO/Ag/TiO, NTA. The C, was determined to be 10° M. C,was calculated according to the absorbance
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change before and after adsorption and Lambert-Beer Law. The laser spot has a diameter of 1.0 um and surface area of about
7.9x10° cm. The volume of laser focus spot is 7.9x10™° L. Fig. 5 shows SERS spectra of 10° M MB on Ag/TiO, NTA,
GO/Ag/TiO, NTA and normal Raman spectra of 102 M MB. The MB concentration was determined to be 10° M for Cggrs and 107
M for Crs The adsorption quantity per unit area was estimated to be 1.0 nmol cm? for Ag/TiO, NTA and 1.8 nmol cm? for
GO/AQITiO, NTA. Ngyriace Was accordingly calculated to be 4.8x10° and 8.5x10°. Ny, was calculated to be 4.8x10'2. As a result, the
EF values of Ag/TiO, NTA and GO/Ag/TiO, NTA were estimated to be 1.0x10” and 2.1x10". The corresponding AEF values were
estimated to be 1.06x10* and 3.67x10* For a comparison, the Raman peak at 1397 cm™ was also used for the enhancement factor
calculation because it was free from potential signal interference that may arise from GO. On the base of Raman peak at 1397 cm™,
the EF values of Ag/TiO, NTA and GO/Ag/TiO, NTA were estimated to be 2.2x10" and 3.6x10’. The corresponding AEF values
were estimated to be 2.2x10* and 6.4x10*. Similar results of the enhancement factor were obtained according to the different Raman
peaks at 1622 and 1397 cm™. The Raman signal of MB was enhanced about 2-3 times using GO/Ag/TiO, NTA instead of Ag/TiO,
NTA, indicating an improved SERS enhancement effect. It was also reported that GO coated on Ag octahedron was used as SERS
substrate for 4-aminothiophenol detection and the EF value of GO/Ag substrate was about 10° 28, The SERS activity of GO/Ag/TiO,

NTA substrate was comparable with or even superior to as-reported GO/Ag substrate.
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Fig. 5 (A) SERS spectra of 10° M MB aqueous solution adsorbed on (a) GO/Ag/TiO, NTA, (b) Ag/TiO, NTA and (c) GO/TiO,
NTA; (B) Normal Raman spectra of 102 M MB aqueous solution.

3.4 SERS performance of GO/Ag/TiO, NTA

The Raman enhancement effect of GO/Ag/TiO, NTA was further investigated through SERS detection of MB solution with different
concentration. Fig. 6(A) shows the Raman spectra of 10° M to 10* M MB solution adsorbed on GO/Ag/TiO, NTA substrate. The
Raman characteristic peak intensity at 1622 cm™ was quite sensitive to MB concentration. The corresponding Raman peak intensity
descended along with the decrease of MB concentration. Fig. 6(B) shows the Raman characteristic peak intensity at 1622 cm™ in
terms of MB concentration. A quasi-linear relationship was determined at a low concentration range from 10° to 10" M. It indicates
that the SERS active sites were enough for the full adsorption of MB in this concentration range. However, such an increase of
Raman peak intensity would become insignificant at the higher concentration above 10° M due to the saturated coverage of SERS
active sites. The Raman signals of MB could still clearly be observed at a concentration as low as 10”° M. The low detection limit at a
scale of 10° M demonstrated the high sensitivity of SERS detection performance using GO/Ag/TiO, NTA substrate. The similar
result with a detection limit of 10”° M was also reported when using Ag NPs-decorated single-layer reduced graphene oxide film on

silicon surface as the substrate for Raman spectrum detection of MB %,
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Fig. 6 (A) Raman spectra of 10°M to 10 M MB adsorbed on GO/Ag/TiO, NTA; (B) The intensity of Raman characteristic peaks at

1622 cm™ in terms of MB concentration.

3.5 Stability of GO/Ag/TiO, NTA

The stability of Ag/TiO, NTA and GO/Ag/TiO, NTA substrates were investigated through exposure treatment under ambient
condition. Fig. 7 shows Raman spectra of 10“* M MB solution adsorbed on Ag/TiO, NTA and GO/Ag/TiO, NTA with exposure
treatment for O day and 60 days. Concerning freshly prepared Ag/TiO, NTA and GO/Ag/TiO, NTA substrates, the Raman
characteristic peaks of MB at 1622 cm™ and 1397 cm™ could be clearly detected. In view of the same substrates with exposure
treatment for 60 days, The Raman characteristic peak intensity at 1622 cm™ decreased 55% for Ag/TiO, NTA and only 5% for
GO/Ag/TiO, NTA. It indicates that the GO coating on the Ag NPs surface indeed could enhance the stability of Ag/TiO, NTA
substrate and maintained comparable detection sensitivity. It is well known that Ag NPs are easily oxidized when exposed to ambient
condition. The oxidation of the Ag NPs results in significant changes of plasmonic properties and thus will greatly affect their SERS
performance “®. Besides, the photobleaching phenomenon raised from the decomposition or carbonization of the organic molecules
can cause a significant decrease of the SERS activity *°. Concerning GO/Ag/TiO, NTA substrate, the highly impermeable GO serves
as a barrier isolates Ag NPs from the oxygen in ambient environment. The GO coating layer on Ag NPs is able to prevent Ag NPs
from oxidation. Meanwhile, the GO also stabilizes the probe molecule via n—= interaction. This interaction enables the charge
transfer between GO and MB molecule. MB molecule can be excited from ground state to excitation state when absorbing suitable
photon energy. The GO in the GO/Ag/TiO, NTA provides additional path for the MB molecule to relax from excitation state to

ground state, avoiding the probability of photobleaching phenomenon *°.
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Fig. 7 Raman spectra of 10*M MB solution adsorbed on (A) Ag/TiO, NTA and (B) GO/Ag/TiO, NTA with exposure treatment for
(a) 0 day and (b) 60 days.

3.6 Self-cleaning performance of GO/Ag/TiO, NTA
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The recyclability of SERS substrate is very important for practical SERS spectrum detection application. The GO/Ag/TiO, NTA
showed the SERS detection limit of 1.0x10"° M MB. The SERS activity of GO/Ag/TiO, NTA substrate was comparable and even
superior to some reported Ag-based substrates %% °%. Furthermore, GO/Ag/TiO, NTA substrate could achieve self-cleaning function
through photocatalytic degradation of organic molecules absorbed on the surface of SERS substrate. The self-cleaning performance
of GO/Ag/TiO, NTA was investigated through photocatalytic decomposition of MB molecule under solar light irradiation. A 150 W
Xenon arc lamp served as a simulated solar light source. Prior to solar light irradiation, both GO/Ag/TiO, NTA and Ag/TiO, NTA
were immersed in 1.2x10° M MB solution for 2 h in the dark to reach adsorption equilibrium. The solution samples were collected at
regular intervals to analyze MB concentration during photocatalytic degradation of MB. Fig. 8(A-C) shows the UV-Vis spectra of
MB during direct photolysis, Ag/TiO, NTA and GO/Ag/TiO, NTA photocatalysis processes. The Raman characteristic peak intensity
at 664 nm was slightly decreased during direct photolysis process. The degradation ratio was about 10% after 150 min.
Comparatively, the Raman characteristic peak almost completely disappeared after 150 min during Ag/TiO, NTA and GO/Ag/TiO,
NTA photocatalysis processes. Fig. 8(D) shows the photocatalytic degradation curves of MB on the base of Ag/TiO, NTA and
GO/Ag/TiO, NTA under solar light irradiation. The degradation ratio of MB was 85.3% for the Ag/TiO, NTA and 92.3% for
GO/AgQ/TiO, NTA. So, the GO/Ag/TiO, NTA exhibited the higher photocatalytic degradation efficiency than Ag/TiO, NTA. In
general, TiO, photocatalysis degradation reaction often follows the pseudo first-order kinetic law 2. The photocatalysis degradation
curves is generally fitted using a Langmuir-Hinshelwood kinetic equation of InC/Cy=kt, where C/C, is the degradation ratio of MB; t
is reaction time; and k is the apparent reaction-rate constant >
min™ for Ag/TiO, NTA and 0.0165 min™ for GO/Ag/TiO, NTA. GO/Ag/TiO, NTA had higher photocatalysis reactivity than
Ag/TiO, NTA to form a self-cleaning surface of SERS substrate. For Ag/TiO, NTA, the work function of Ag (4.26 eV) is lying
below the conduction band of TiO, (4.2 eV) %, the Schottky barriers are formed between Ag NPs and TiO, NTA. As a result, the
photogenerated electrons facilely transfer from the conduction band of TiO, NTA to Ag NPs. For GO/Ag/TiO, NTA, both Ag NPs

. Accordingly, the reaction rate constant was determined to be 0.0132

and GO serve as acceptors of the photogenerated electrons from TiO, NTA. Ag NPs get intimate contact with GO at the top surface
of TiO, NTA. The photogenerated electrons are transferred from Ag NPs to GO. The electrons will react with surface adsorbed
oxygen molecules or dissolved oxygen in water form various reactive oxidative radical species leading to the degradation of MB. The
electron-accepting and transporting properties of GO and the intimate contact are formed between the GO and Ag NPs, which greatly
facilitates the transfer of the photoinduced electrons *°. Additionally, GO can well adsorb MB molecule and then concentrate them
near the GO/Ag/TiO, NTA surface to promote the photocatalytic degradation of organic molecule.
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Fig. 8 UV-Vis spectra of 1.2x10° M MB through (A) direct photolysis, (B) Ag/TiO, NTA photocatalysis, and (C) GO/Ag/TiO, NTA
photocatalysis under solar light irradiation; (D) Photocatalytic degradation curves of MB on the base of Ag/TiO, NTA and
GO/Ag/TiO, NTA.

The recyclability of GO/Ag/TiO, NTA was further investigated in SERS spectrum detection application. Briefly, the
GO/Ag/TiO, NTA was immersed in 10°® M MB solution for 2 h and conducted Raman spectrum measurement. This GO/Ag/TiO,
NTA substrate with adequate chemisorption of MB was immersed in distilled water and conducted photocatalysis degradation
reaction for 150 min under solar light irradiation. The complete degradation of organic molecule caused to form the recovered
GO/Ag/TiO, NTA substrate, achieving a self-cleaning function. This recovered SERS substrate was applied for Raman spectrum
measurement again. The above procedure was denoted as one whole recycle. SERS activity and self-cleaning performance of
GO/Ag/TiO, NTA substrate was conducted for twenty recycles. Fig. 9(A) shows SERS spectra of MB for twenty recycles through
photocatalysis self-cleaning treatment of GO/Ag/TiO, NTA. Obviously, GO/Ag/TiO, NTA substrate with adequate chemisorption of
MB had similar Raman spectrum during twenty recycling applications. Comparatively, all characteristic peaks of MB were
completely disappeared in Raman spectrum after complete photocatalysis degradation of the adsorbed MB under solar light
irradiation. Herein, MB molecule adsorbed on the substrate was degraded into some small molecules such as CO, and H,0O. So, the
Raman peak could be completely neglected on the self-cleaning GO/Ag/TiO, NTA substrate. Fig. 9(B) shows Raman characteristic
peak intensity before and after self-cleaning treatment. In view of the recycling SERS detection application of GO/Ag/TiO, NTA, the
Raman peak intensity of MB decreases along with the increase of recycles. However, the Raman characteristic peaks of MB could be
fully observed to keep almost same intensity even after five recycles through photocatalysis self-cleaning process. The Raman
spectra of MB on the recovered substrate were very similar to that on a new fresh substrate. The Raman peak intensity almost kept
the similar level for the recovered GO/Ag/TiO, NTA substrate. The Raman peak intensity of MB still kept 55% of the original
intensity even after twenty recycles through photocatalysis self-cleaning process. The result revealed the good recyclability of
GO/Ag/TiO, NTA substrate. The GO/Ag/TiO, NTA was feasible to use as a recyclable SERS substrate in the SERS detection

application.
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Fig. 9 (A) SERS spectra of MB for twenty recycles through photocatalysis self-cleaning treatment of GO/Ag/TiO, NTA,; (B) Raman
characteristic peak intensity before and after self-cleaning treatment.

3.7 SERS detection of BPA

Ag/TiO, NTA and GO/Ag/TiO, NTA were further applied for SERS detection of BPA, which was regarded as a typical endocrine
disruptor in the environment. Fig. 10(A) shows the SERS spectra of 5x10* M BPA solution adsorbed on Ag/TiO, and GO/Ag/TiO,
NTA. Raman characteristic peaks of BPA molecule were observed on GO/Ag/TiO, NTA. Comparatively, these characteristic peaks
of BPA were not observed on Ag/TiO, NTA. The affinity of BPA molecule to Ag NPs surface was rather weak, resulting in poor
SERS signals on Ag/TiO, NTA. GO was capable of adsorbing BPA molecule through n—= interaction and hydrogen bond.
Accordingly, BPA molecule could be accessibly trapped on GO/Ag/TiO, NTA in the Raman enhancement region and resulted in
better SERS activity performance.

GO/Ag/TiO, NTA substrate was used to SERS detection of BPA with different concentration. Fig. 10(B) shows the Raman
spectra of BPA with a concentration from 5x107 M to 5x10™* M. SERS signals of BPA were observed and the characteristic peaks
could be clearly distinguished. The Raman peaks at 638 cm™, 822 cm™ and 1176 cm™ were assigned to phenyl ring skeletal vibration.
The Raman peaks at 912 cm™ and 1110 cm™ were assigned to C-C-C asymmetric stretching vibration and =C-C bending vibration,
respectively *®. The Raman peaks at 1320 cm™ and 1597 cm™ were considered as the characteristic D band and G band of GO. The
intensity of Raman peaks of BPA descended with the decrease of BPA concentration, whereas the intensities of the D and G bands of
GO kept nearly unchanged. Such SERS signals of BPA could still be well observed even at a low concentration of 5x107 M. This
result indicates that GO/Ag/TiO, NTA could be used for sensitive SERS detection of these organic molecules with weak affinity to
Ag/TiO, NTA substrate.
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9000+ _ (b) 5x10° M
o (8) AGITIO, NTA 80004 () 5x10° M
580001 (b) GO/AGTIO,NTA | 5 () 5107 M
27000 Z
S 1 & 6000-
£ 6000- =
5 50001 S 40004
o 4 x
4000
] a) 9
3000 +———————————— 2000 +—————————————t]
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm'™) Raman shift (cm’™)

Fig. 10 (A) SERS spectra of 5x10“M BPA solution adsorbed on (a) Ag/TiO, NTA and (b) GO/Ag/TiO, NTA; (B) Raman spectra of
BPA at different concentration of (a) 5x10* M, (b) 5x10° M, (c) 5x10° M and (d) 5107 M adsorbed on GO/Ag/TiO, NTA.
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4. Conclusions

Graphene oxide decorated silver nanoparticles/titania nanotube array had been designed as SERS substrate for SERS detection of
organic molecules. Well-aligned TiO, NTA was fabricated by a controlled anodic oxidation process. Ag/TiO, NTA was prepared by
uniformly depositing Ag NPs on the surface of anatase TiO, NTA via a polyol process. GO/Ag/TiO, NTA were obtained by
decorating GO on the surface of Ag/TiO, NTA through an impregnation method. The GO/Ag/TiO, NTA exhibited adsorption ratio
of 38.0% MB, AEF of 3.67x10* and a detection limit of 1.0x10° M, presenting good adsorption capability and high sensitivity for
SERS detection of MB. The GO/Ag/TiO, NTA was used for SERS detection of BPA with a weak affinity, achieving good adsorption
capability of 23.8% BPA and a detection limit as low as 5x10~" M. Furthermore, the GO/Ag/TiO, NTA substrate could achieve
self-cleaning function through photocatalytic degradation of organic molecules absorbed on the surface of SERS substrate under
solar light irradiation. GO/Ag/TiO, NTA shows higher adsorption capability and better SERS performance than Ag/TiO, NTA.
Therefore, the sensitive and recyclable GO/Ag/TiO, NTA substrate presented the promising application for SERS detection of

diversified organic molecules.
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