Hindawi

Adsorption Science & Technology

Volume 2021, Article ID 1169599, 13 pages
https://doi.org/10.1155/2021/1169599

Research Article

®SAGE

Publishing

Improving SERS Sensing Efficiency and Catalytic Reduction
Activity in Multifunctional Ternary Ag-TiO,-GO Nanostructures:
Roles of Electron Transfer Process on Performance Enhancement

Mai Quan Doan ©,' Nguyen Ha Anh®,' Hoang Van Tuan(,' Nguyen Cong Tu (),
Nguyen Huu Lam (9, Nguyen Tien Khi®,"* Vu Ngoc Phan®,"> Pham Duc Thang,"*

and Anh-Tuan Le ®"*

'Phenikaa University Nano Institute (PHENA), Phenikaa University, Hanoi 12116, Vietnam

2School of Engineering Physics (SEP), Hanoi University of Science and Technology, Hanoi 10000, Vietnam
*Faculty of Biotechnology, Chemistry and Environmental Engineering, Phenikaa University, Hanoi 12116, Vietnam
4Faculty of Materials Science and Engineering, Phenikaa University, Hanoi 12116, Vietnam

Correspondence should be addressed to Mai Quan Doan; doan.maiquan@phenikaa-uni.edu.vn

and Anh-Tuan Le; tuan.leanh@phenikaa-uni.edu.vn

Received 10 August 2021; Revised 7 September 2021; Accepted 9 September 2021; Published 1 October 2021

Academic Editor: Ngo Nghia Pham

Copyright © 2021 Mai Quan Doan et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Multifunctional nanocomposites have received great attention for years; electron transfer (ET) is considered as an explanatory
mechanism for enhancement of performance of these nanostructures. The existence of this ET process has been proved in
many studies using either experimental or computational approaches. In this study, a ternary nanocomposite system of
Ag/TiO,/GO was prepared to evaluate the performance enhancement in two experimental models: a physical model (i.e.,
surface-enhanced Raman scattering (SERS) sensor) and a chemical one (i, catalytic reduction reaction). The
metal/semiconductor heterojunction between Ag and TiO,, as well as Ti-O-C bonds, has allowed plasmonic hot electrons to be
transferred in the internal structure of the material. An investigation on the role of Ag content on the SERS sensing and
catalytic reduction efficiency of Ag/TiO,/GO was performed in both models. Interestingly, they all resulted in the same optimal
Ag content of 50 wt%. It was then further discussed to provide a convincing evidence for the plasmon-induced electron
transfer phenomena in the Ag/TiO,/GO nanostructure. These findings also suggest a pathway to design and develop high-
performance, cost-effective, facile-preparation, and eco-friendly multifunctional nanostructures for detecting and removing
contaminants in environment.

1. Introduction

It is now widely accepted that electron-transfer (ET) mecha-
nism in metal-semiconductor (MS) nanocomposites/nano-
hybrids must be involved to explain the enhancement of
their contaminant detection/degradation performance, in
comparison to single metals or semiconductors [1-5]. ET
naturally occurs in connection with the transduction of
energy. In MS materials, ET process takes place in a dual-
mode pathway. It means electrons can be transferred from
metals to semiconductors or from semiconductors to metals,

which depends directly on the wavelengths of excitation
sources [2-4, 6]. When a metal nanostructure contacts with
a semiconductor, a specific space-charge region is created
in MS interface, which leads to the band bending in the semi-
conductor and gives rise to a Schottky transition [2, 6]. Due
to the light-matter interaction between ultraviolet (UV) light
and the semiconductor, electrons are excited and then, they
can be injected into the metal via the Schottky transition,
causing the increase of the electron lifetime [6]. Meanwhile,
localized surface plasmon resonance (LSPR) of the metal
plays a central role in the generation of hot electrons when
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interacting with a visible or infrared light, followed by injec-
tion of the hot electrons into the semiconductor [1, 3, 5]. Asa
result, a large number of active electrons were created, lead-
ing to the improvements in the efficiency of various applica-
tions such as sensing devices [4], photocatalysis [2], solar
cells [3], photovoltaics [1], and photothermal therapies [5].

For several decades, many reports on ET process in MS
structures, including both experimental and computational
ones, have been published to clarify the importance of ET
in the enhancement mechanisms of various technological
applications [7-10]. For instance, Furube et al. utilized fem-
tosecond transient absorption spectroscopy on Au/TiO, to
observe plasmon-induced ET from Au nanodots to TiO,
nanoparticles (NPs) [8]. Iida et al. proposed a directly trans-
ferred pathway of electrons from Ag nanoclusters to TiO,
layers without passing through the conduction band of the
Ag nanoclusters, using a computational approach [9]. Filip-
pin et al. reported on another approach, in which they
employed surface-enhanced Raman scattering (SERS) plat-
form as an experimental model to investigate the enhanced
Raman signals of R6G using TiO, nanotubes decorated with
Ag NPs, resulting in 9 x 107 of Raman enhancement factor
(EF) [7]. Yazid et al. investigated the enhanced catalytic
reduction of 4-nitrophenol (4-NP) using AuNPs immobi-
lized on the TiO, support; Au/TiO, exhibited superior cata-
Iytic activity in reduction of 4-NP, compared to AuNPs only
[10]. Those reports have clarified the ET process in MS
interfaces. However, each of those reports only focused on
one kind of material for one specific application while ET
process in MS materials may have led to the enhancement
of the performance of various applications. Therefore, using
different experimental models to investigate the enhance-
ment of the performance efficiency of different applications
with one material structure may answer the question if ET
process in MS structures would exhibit the same effects on
those distinct applications. Furthermore, it would provide
more convincing evidence for the ET process in internal
MS structures.

However, one of the main drawbacks of MS structures is
their low adsorption capacity due to the poor adsorption
capacity of their components (i.e., metals and semiconduc-
tors) [11]. Unfortunately, many popular applications includ-
ing SERS sensors [12], photodegradation [13], and catalytic
reaction [14] require an intimate interaction between the
target molecules and the surface of the MS structures.
Because of the poor adsorption capacity, only few target
molecules can be adsorbed on MS surfaces to interact with
active electrons, leading to the low performance of the appli-
cations using MS materials [12, 13]. Therefore, it is neces-
sary to improve the adsorption capacity of MS materials to
enhance their performance in those applications.

In the effort to find out an effective solution to improve
the adsorption capacity of the MS structures, the introduc-
tion of graphene oxide (GO) to the nanocomposite struc-
tures has been regarded as a promising approach [15, 16].
GO is a two-dimensional carbon-based nanostructure which
exhibits excellent adsorption capacity due to the presence of
abundant oxygen functional groups such as hydroxyl, epoxy,
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and carboxyl groups on its surface [16]. Wang et al. claimed
that the photodegradation activity of TiO,/GO composites
was remarkably superior to that of TiO, due to the strong
absorption capacity of GO [17]. In addition, GO can serve
as an electron transporter. Gillespie et al. employed hybrid
density functional theory calculations to propose that
reduced-GO (rGO) in TiO,/rGO had acted as a photoelec-
tron trap (electron acceptor) via Ti-O-C bonds, leading to
extended lifetimes of photoexcited charge carriers in
TiO,/rGO composites and improved photocatalytic effi-
ciency [18]. Electrons should have continued to be trans-
ferred from TiO, to the GO sheets, leading to a stronger
enhancement in the performance of TiO,/rGO nanocom-
posites, in comparison to bare TiO, NPs. This study sug-
gested an idea to fabricate other MS/GO nanocomposites,
in which electrons can be transferred from metals to semi-
conductors and then GO sheets and improve the overall per-
formance of their applications.

In this work, we prepared a set of Ag/TiO,/GO nano-
composites (as MS/GO nanocomposites) to investigate their
ET process. However, instead of focusing on specific mea-
surements, such as femtosecond transient absorption spec-
troscopy [8], we stressed on the enhancement of the
performance of the MS/GO structures and the repeat of this
phenomenon in different experimental models. Thus, we
aimed to discuss in detail about the correlation between
the ET process and the performance of these empirical
models. In more detail, we employed two experimental
models including a physical model (i.e., SERS sensor) and
a chemical model (i.e., catalytic reduction). Using a set of
MS nanostructures that differed in Ag ratios, we further clar-
ified the effects of Ag content in the composite structure on
the performance of Ag/TiO,/GO in each model. Moreover,
the roles of TiO,, GO in the performance enhancement were
also discussed. The similar optimal Ag content in two
models provided a convincing evidence for the ET process
in multifunctional Ag/TiO,/GO nanostructures.

2. Experimental Procedures

2.1. Materials. Silver nitrate (AgNO,;, >99.0 wt%), sodium
borohydride (NaBH,, 99wt%), titanium tetrachloride
(TiCl,, =99.8 wt%), ammonium hydroxide (NH,OH, 28.0-
30.0% NH,), ethanol (C,H,OH, 98 v/v%), methylene blue
(MB, C,(H,CIN,S), and 4-nitrophenol (4-NP, C;H.NO;)
were purchased from Shanghai Chemical Reagent and used
directly without further purification. Graphene oxide (GO)
was prepared using a modified Hummers method. Double
distilled water was used throughout the experiments.

2.2. Synthesis of Ag/TiO,/GO Nanocomposites. Ag/TiO,/GO
nanocomposites (ATG Nces) were synthesized through a
facile wet chemistry approach as described in Scheme 1.
First, pure TiO, NPs were fabricated via a modified sol-gel
method based on TiCl, precursors [19]. Gel solution was
obtained by aging for 12h at room temperature, followed
by the annealing process at 400°C for 4h, which induced
the crystallization of TiO, NPs. The crystalline TiO, (0.2 g)



Adsorption Science & Technology

amorphous

ScHEME 1: Schematic illustration of the synthesis steps for Ag/TiO,/GO ternary nanocomposite.

was added into 50 ml of C,H.OH. Subsequently, to arrive at
different Ag contents in the nanocomposites, 10ml of
AgNO; solution at different concentrations of AgNO,
(62mM, 91 mM, 185mM, and 555mM) was added to the
solutions. The mixture was subjected to vigorous stirring at
room temperature for 1h, allowing the adsorption of Ag"
ions onto the TiO, NP’s surface. A required 10 ml volume
of NaBH, (62mM, 91mM, 185mM, and 555mM) was
added to reduce ions Ag* to Ag”’ metals in each solution.
After 2 hours of reduction, the as-synthesized Ag/TiO,
NPs were purified by three washing cycles (1000 rpm) using
deionized water and were dried at 60°C for 4h. Then, GO
nanosheets were synthesized using the modified Hummers’
method reported by Paulchamy in 2015 [20]. A simple
self-assembly approach was employed to decorate GO nano-
sheets with functional Ag/TiO, NPs. A homogeneous solu-
tion containing Ag/TiO, NPs was prepared by an
ultrasonic homogenizer for 20 min. Then, the self-assembly
of Ag/TiO, on the GO (3ml, 2mg/ml) surface occurred
under constant stirring at 200rpm for 2h. Finally, we
obtained a set of ATG Nces with varied ratios of Ag includ-
ing 25, 33, 50, and 75 wt%, named as A1TG, A2TG, A3TG,
and A4TG, respectively. GO content is fixed to be 6 wt% in
every kind of ATG Nces investigated in this study.

2.3. Characterizations. The crystal phase and composition of
Ag/TiO,/GO were investigated by X-ray diffraction (Bruker
D5005 X-ray diffractometer, Cu K, A = 1.5406 A) under a
voltage of 40kV and a current of 30 mA. The morphologies
of Ag/TiO,/GO were analyzed using scanning electron
microscopy (SEM Hitachi S-4800) operating under an accel-
eration voltage of 5kV and transmission electron micros-
copy (TEM JEOL JEM-1010) at an accelerating voltage of
80kV. Chemical analyses of the nanocomposite were per-
formed by Fourier-transform infrared spectroscopy (FTIR

HL ReactIR 45P), Raman spectroscopy (Horiba Macro-
RAM™) with 785 nm laser excitation, and Energy Dispersive
X-ray Spectroscopy (EDS). Optical analyses were carried out
using a UV-Vis spectrophotometer (JENWAY 6850), and
10mm path length quartz cuvettes were used for the mea-
surements of absorption ranges.

2.4. Investigated Experimental Models: SERS Sensor,
Catalytic Reduction. To investigate the enhanced electron
transfer in ATG Nces, two experimental models with differ-
ent electronic excitation/providing sources were undertaken.
The first model was a SERS sensor based on the electronic
excitation of a high-energy laser beam on Ag nanoparticles.
To evaluate the SERS activity of ATG Nces, methylene blue
(MB) was selected as a reporter molecule. Solutions at vari-
ous concentrations of MB (10 to 10° M) were prepared
in water. The substrates were fabricated through a few facile
steps, in which square aluminum (Al) substrates were pre-
pared with the dimension of 1x 1cm” and surface-active
circular area with a diameter of 0.2 cm. ATG Nces with dif-
ferent contents of Ag was dispersed in water, then coated on
the surface-active of Al substrate by a drop-casting method,
and dried naturally at room temperature. MB reporter with
various concentrations was dropped directly onto the ATG
Nces-Al substrate, followed by the natural evaporation of
water. SERS measurements were acquired via Raman spec-
troscopy under an excitation wavelength of 785nm by
means of a 100x objective lens with a 0.90 numerical aper-
ture. The laser power was set to be 45 mW at 45° of contact-
ing angle, with a diffraction-limited laser spot diameter of
1.1 ym (1.22 A/NA, where A is the wavelength of the laser,
and NA is the numerical aperture of the microscope objec-
tive) and focal length of 115nm. The expose time for each
measurement was 10 seconds with 2 accumulations. A base-
line calibration was conducted to obtain the final spectrum.



The second experimental model was based on the cata-
lytic reduction property of ATG Nces with BH, ions as an
electron donor. The reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) by NaBH, was selected as a model
reaction for evaluating the catalytic reduction performance
of our ATG Nces. First, 5ml of 4-NP (2 x 10™* M in water)
was mixed with 5ml NaBH, (0.01 M in water); the solution
turned from light yellow to bright yellow rapidly. Subse-
quently, 0.8 mg of ATG Nces with different contents of Ag
was added to the solution. Time-dependent absorption spec-
tra were recorded by UV-Vis spectroscopy. The degradation
rate catalytic reduction model was calculated by using the
following equation:

C,-C

Percentage of degradation (%) = £'x100, (1)

0

where C, and C, represent, respectively, the initial 4-NP
concentration and that at time ¢ of degradation.

3. Results and Discussion

3.1. Characterizations of Ag/TiO,/GO. Scheme 1 demon-
strates the formation of ATG nanostructures. Firstly, the
Ag/TiO, NPs were fabricated due to the reduction of Ag"
ions adsorbed onto TiO, crystal matrix. Then, the as-
synthesized Ag/TiO, NPs were self-assembled onto the sur-
face of the GO sheets via electrostatic interactions. The mor-
phology of ATG has been revealed in TEM and SEM images
(Figure 1). Figure 1(a) shows the TEM image of ATG Nces
with the presence of three types of materials with distinct
shapes and sizes marked as Type 1, Type 2, and Type 3. Both
Type 1 and Type 2 are spherical nanostructures but differed
in size. The distribution histograms of SEM result shown in
Figure 1(c) reveals the average diameters of Type 1 and Type
2 nanoparticles to be 50 nm and 100 nm with frequencies of
35% and 65%, respectively. Besides, Figure 1(b) shows the
presence of Type 1 on the surface of Type 2. Thus, it can
be assumed that Type 1 nanostructures represent Ag nano-
particles while Type 2 ones represent TiO, nanoparticles.
In addition, Figure 1(c) and its magnified image
(Figure 1(e)) also exhibit a sheet-like structure which
reminds of the two-dimensional structure of GO-pristine
(Figure 1(d)). The presence of Ag and TiO, nanoparticles
on the surface of this sheet-like structure reveals the struc-
ture of Ag/TiO,/GO, in which the Ag/TiO, nanostructures
have been situated on the surface of GO sheets. The presence
of GO in the nanocomposite can be also observed in the
TEM image (Figure 1(a)) as large and plane nanostructures
(Type 3).

The XRD pattern of ATG Nces is shown in Figure 2(a),
in comparison with the reference patterns of TiO,, Ag, and
Ag/TiO,. The position of the diffraction peaks at 20 =
38.010, 44.09°, and 64.03° can be assigned to the (111),
(200), and (220) planes of Ag NPs (ICDD file No. 01-087-
0597), respectively. In addition, the XRD pattern also shows
the diffractions of the crystal planes (101), (200), (211),
(105), and (022) at 20 = 25.410, 47.830, 54.990, 53.800, and
62.660, which correspond to anatase TiO, (ICDD file No.
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01-086-1175). These results suggest successful formation of
both Ag NPs and TiO, NPs in our as-synthesized composite
nanomaterials. Furthermore, the diffraction peaks of ATG
Nces are well-matched with those of Ag/TiO, (ICDD file
No. 98-005-8369), which provides an evidence for the pres-
ence of Ag NPs in the TiO, crystal matrix. Besides, the
Scherrer formula was employed to calculate the average
crystal grain size of Ag NPs and TiO, NPs via their diffrac-
tion peaks [21]. The obtained results of 43nm for Ag NPs
and 125nm for TiO, NPs have confirmed the assumptions
about their sizes that we have provided from TEM and
SEM analysis.

FTIR, Raman, and EDX spectra were recorded to analyze
the chemical properties of ATG Nces. In the FTIR spectrum
of ATG Nces (Figure 2(b)), the characteristic peaks of O-H
stretching vibrations (3651 cm™, 3078cm™) and C=0
stretching vibrations (1715cm™) are in agreement with the
peaks observed in the FTIR of GO, including a broad band
appeared at 3580 cm ™' and a sharp peak at 1640 cm ™, respec-
tively [22]. It can be ascribed to GO-containing ATG Nces.
In addition, the characteristic peaks at 800cm™ and
467 cm™ indicate to Ti-O-C bonding, which demonstrates
the direct binding of TiO, onto the surface of GO sheets
[23, 24]. Figure 2(d) shows Raman spectrum of ATG Nces,
in comparison to those of GO and TiO,. The Raman spec-
trum of the nanocomposite reveals two prominent peaks
corresponding to D-band (1300cm™) and G-band
(1600 cm™) of GO, between which D-band is broad and
higher in intensity compared to G-band. The ratio of inten-
sities between D-band and G-band (I;,/I;) of ATG Nces
(1.6) is larger than that of GO-pristine (1.4). It has been
reported that a broad D-band with higher relative intensity
compared to that of G-band can be the result of high disor-
der in graphite [25]. The disorder of graphite in our mate-
rials may be due to the deposition of Ag/TiO, on the
surface of GO sheets [25]. In addition, the two bands at
156cm™' and 635cm™ are also observed in the spectrum of
TiO,, which are assigned to the E, modes of TiO, anatase
phase. These Raman spectra have reconfirmed the presence
of TiO, in the nanocomposite materials [26]. The chemical
composition of the ATG Nces surface was studied by EDX
spectroscopy. The EDX spectrum (Scheme 1) indicates the
presence of Ag, Ti, O, and C and proves the high level of
purity of ATG Nces. To analyze the optical properties of
ATG Nces, UV-Vis absorption spectra were recorded
(Figure 2(c)). The spectra of both TiO, and ATG Nces
exhibit a significant absorption band in the UV region.
However, the absorption spectrum of ATG Nces shows
higher band intensity and a red-shift in the absorption edge.
To clarify this difference in absorption edge, the optical
bandgap of TiO, and ATG Nces were determined via Tauc
plot (Figure 2(c), inset) using Kubelka-Munk function [27].
Tauc plot results indicate that the absorption edges in the
spectra of TiO, and ATG Nces correspond to optical band-
gaps of 3.15eV and 2.83 eV, respectively. The difference in
optical bandgap values between ATG Nces and TiO, can
be explained by the interactions of TiO, and Ag (via attach-
ment) and GO (via Ti-O-C bonding), which has been
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Ficure 1: TEM image of (a) Ag/TiO,/GO, (b, ¢, e) SEM images with different magnification and particle size distribution histograms of

Ag/TiO,/GO, and (d) GO-pristine.

confirmed by XRD and FTIR spectra, respectively. The for-
mation of Ag/TiO, and Ti-O-C bonds has fulfilled all the
requirements for the nanocomposite materials to be
employed to study the electronic transfer process in their
internal structures.

3.2. SERS Sensor Model. SERS sensor was the first model that
we employed to investigate the enhanced electron transfer in
ATG Nces, taking advantages of the unique plasmonic prop-
erties of Ag and enhanced Raman scattering caused by
chemical enhancement of the nanocomposite materials [4,
12, 28]. As the plasmonic properties of Ag are the key to fab-
ricate SERS sensors based on ATG Nces, a set of samples
with distinct contents of Ag has been employed for SERS
measurements as mentioned in Section 2, including A1TG,
A2TG, A3TG, and A4TG. Figure 3(a) exhibits the SERS sig-
nals of MB in the presence of 4 kinds of nanomaterials as
active substrates. On the substrate with 25wt% of Ag
(A1TG), the SERS spectrum reveals two characteristic peaks
of GO (1300cm™ and 1600 cm™) at high intensity. In con-
trast, the intensity of the characteristic peak of MB at
450cm™ is much lower. In the increase of Ag contents, the
SERS spectra of MB on A2TG and A3TG do not show such

significant peaks of GO but the characteristic peaks of MB at
450, 505, 1396, and 1620 cm™, which corresponds to vibra-
tions of C-N-C skeletal deformation, C-S-C skeletal defor-
mation, C-H in-plane ring deformation, and C-C
stretching ring, respectively [29]. Unexpectedly, when the
Ag content increases up to 75 wt%, the intensity of the char-
acteristic peaks of MB suffered a great loss, compared to
A3TG. It has to be stressed that the concentration of MB
solution for every measurement was the same; thus, it is
undeniable that the Ag content has a great effect on SERS
activity of the nanocomposite material. In this case, the
highest intensity of the MB characteristic bands allows
A3TG to be the most SERS-effective substrate, compared
to AITG, A2TG, and A4TG.

Enhancement factor (EF) of ATG Nces with varied con-
tents of Ag was calculated to further testify the SERS perfor-
mance (Figure 3(a)). The SERS EF was observed in
agreement with the previous report following the equation
below [30]:

1 N,
EF = SERS % 5 bulk , (2)

I Raman surface



Adsorption Science & Technology

= Ag/TiO,/GO

g
iy

Inensity (a.u)

Ag - 01-087-0597

1380
—" C-OH

_OH GO-pristine

Transmittance (%)

[ Ag/TIO, - 98-005-8360

-OH Ag/TiO,/GO

T T T T T
4000 3500 3000 2500 2000 1500 1000 50

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degree)
()

Wavenumber (cm™)

— TiO, (1)
—— Ag/Ti0,/GO (2)

Absorbance (a.u)

—_—
350 400 450 500 550 600 650 700 750 800
A (nm)

— TiO, (1)
—— Ag/TiO/GO (2)

()

- :[Ti0
™~156 coo=

8 635 Lo
/ Eg X !

Intensity (a.u)

A
. 1301 o

500 1000 1500 2000

Raman shift (cm™)

(d)

FIGURE 2: XRD pattern of Ag/TiO,/GO (a), FTIR spectra of GO-pristine and Ag/TiO,/GO (b), UV-Vis spectra and Tauc plot of TiO, and

Ag/TiO,/GO (c), Raman spectra of GO, TiO,, and Ag/TiO,/GO (d).

where Igpg and Iy, are Raman signal intensities of MB
reporter with and without SERS from ATG Nces, respec-
tively, and Ny, is the average number of MB molecules in
the scattering volume for the non-SERS measurement;
Ngurface i the number of the average number of MB mole-
cules in the surface-active area for the SERS experiments
(see Supporting information).

The EF values of A1TG, A2TG, A3TG, and A4TG were
calculated to be 9.7 x10% 2.1x10°, 3.6x 10>, and 1.3 x
10°, respectively. This calculation reconfirms that A3TG
Nces is the highest SERS-effective substrate. In addition to
the impressive enhancement factor of A3TG, the limit of
detection for MB deposited on this SERS substrate was down
to 0.93nM with a linear range from 10°M to 10*M
(Figure 3(b)). It is obvious that Ag content has a great effect
on the performance of SERS sensor using ATG Nc sub-
strates. In this case, the optimal Ag content is 50 wt%. Simi-
lar results have been reported in previous studies on other
composites such as ternary Au@Cu,O-Ag nanocomposite

and Ag-TiO, composite [31, 32]. In Section 3.1, we have
pointed out that the formation of Ag/TiO, structures and
Ti-O-C bonds, which might be convenient charge-
separation pathways to increase the hot-electron age. Due
to the local surface plasmon resonance (LSPRs) phenome-
non, in which coherent electrons oscillate around the Ag
NP surface formed hot electrons, it is reasonable that higher
Raman intensity of MB was achieved when Ag content in
ATG Neces increased (A1TG, A2TG, and A3TG). However,
the unexpected decrease in the Raman signal of MB in the
presence of A4TG might be explained by the surplus of
Ag, which led to the decrease of TiO, and GO contents, as
well as the formation of Ag/TiO, structures and Ti-O-C
bonds. As a result, the electron transfer rate in the charge-
separation pathway in the internal structure of ATG Nces
might have been reduced. In addition, the EF value of
A3TG is no more than 5 times higher than that of AITG,
A2TG, and A4TG. These small differences cannot be due
to electromagnetic mechanism as it is usually related to large
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enhancement (10°~10'° or even more) [30]. Instead, it can
be explained by chemical mechanism, of which EFs are in
the range of 10'-10° [33]. It is worth mentioning that CM
is directly related to electron transfer. Thus, in addition to
the presence of Ag, the electron transfer through Ag/TiO,
contacts and Ti-O-C bonds may be another factor causing
the differences in the enhancement of Raman signal of MB
on the ATG Nces containing varied Ag content.

The important role of TiO, and GO in the improvement
of the SERS sensitivity of ATG Nces was confirmed by a
comparison among the SERS spectra of MB (10° M) in the
presence of only Ag NPs, Ag/TiO,, Ag/GO, and
Ag/TiO,/GO (A3TG) (Figure 3(b)). Instead of 4 characteris-
tic bands as mentioned previously, MB only exhibits 2 weak
peaks at 450 cm ™ and 1620 cm™ in the presence of only Ag
NPs. The use of Ag/TiO, (50:50 wt%) obviously improves
the sensitivity of the SERS sensing due to the presence of
all characteristics. However, the intensity and the sharpness
of the peaks are relatively lower than those using
Ag/TiO,/GO as SERS substrate. The utilization of Ag/GO
also results in high intensity of SERS signal. However, D-
band and G-band of GO overlap the peaks at 1393 cm™
and 1620cm™ of MB while two other ones at 450 cm™ and
505cm’™ are not as clear as those in the use Ag/TiO,/GO.
This comparison has emphasized the role of TiO, and GO
to enhance the SERS performance in the nanocomposite
materials. Moreover, the materials achieved the highest effi-
ciency in the presence of both TiO, and GO. It would con-
firm the hypothesis above about the impacts of the

electron transfer through Ag/TiO, contacts and Ti-O-C
bonds of ATG Nces in their SERS performance
improvement.

3.3. Catalytic Reduction Model. In addition to the physical
model, we also generated a chemical one to answer the ques-
tion of whether the electron transfer in the ATG Nces has
any influences on other applications and how it affects their
performance. A model of catalytic reduction was selected as
its performance is directly related to electron transfer phe-
nomena. The catalytic reduction model was studied through
the reduction of 4-NP to 4-AP using NaBH, as an electronic
providing source from BH, to investigate the catalytic
reduction properties of ATG Nces [34]. To clarify the role
of TiO, and GO on the catalytic reduction performance of
ATG Nces, we prepared two sets of samples. One set
included Ag, Ag/TiO,, Ag/GO, and Ag/TiO,/GO. The other
one consisted of ATG Nces containing varied Ag contents.
The materials from each set were employed as catalysts for
the reduction of 4-NP to 4-AP in the same experimental
conditions as mentioned in Section 2.4. For each compari-
son, we used the same experimental conditions as the mass
of catalyst material (0.8mg), the concentration of 4-NP
(2x 107 M), NaBH,, (0.01 M), and catalytic reduction reac-
tion time (305s). The absorption spectra of the reaction solu-
tions in the presence of different catalysts were then
recorded using UV-Vis spectroscopy. The peak at 400 nm
in UV-Vis spectra, which is ascribed to 4-nitrophenolate
ions, would be decreased gradually with time in the presence



of catalytic materials, signifying the degradation of 4-NP.
Contemporaneously, the appearance of a new band at
300nm represents the formation of 4-AP [34]. Figure 4
demonstrates the absorption spectra of the reaction sam-
ples using different catalytic materials in the two experi-
mental sets.

Concerning the first set including Ag, Ag/TiO,, Ag/GO,
and Ag/TiO,/GO, the 4-NP degradation efficiency of these
four materials can be calculated based on the intensity of
the absorption band at 400 nm (Figure 4(a)). Using Ag as
the catalysts, the obtained absorption spectrum only exhibits
a small decrease in the band at 400 nm, which represents the
degradation efficiency of about 10% which is much lower
than those of Ag/GO (~28%) and Ag/TiO, (~80%). Mean-
while, under the same reaction conditions, in the presence
of Ag/TiO,/GO, 4-NP was nearly completely degraded with
the disappearance of the 400 nm band. The reduction of 4-
NP to 4-AM is also confirmed by the increase in intensity
of the 300 nm band. As expected, the absorption spectrum
of reaction solution in the presence of Ag/TiO,/GO shows
the highest intensity at 300 nm, in comparison to the others.
The differences in catalytic degradation efficiencies of the
reaction using four distinct catalytic materials demonstrate
the great effect of TiO, and GO on catalytic reduction per-
formance of ATG Nces. In addition, Ag content also influ-
ences the performance of this application (Figure 4(b)).
Thanks to the presence of Ag, TiO,, and GO in the compos-
ite structures, it is not surprising that the 4-NP degradation
efficiencies of A1TG, A2TG, A3TG, and A4TG are relatively
high. However, the differences appear in the 300 nm band as
the reaction solution using A3TG results in the highest
intensity compared to the other one. Therefore, in the cata-
Iytic reduction model, 50% wt is still the optimal content of
Ag in ATG Nces.

As negatively charged 4-nitrophenolate and BH,™ prefer-
ably interact with the metallic catalyst and facilitate the
hydrogenation process on the 4-nitrophenolate, it is obvious
that Ag is the key component in ATG Nces, which has the
highest effect on catalytic performance. However, the pres-
ence of TiO, in Ag/TiO, has also enhanced catalytic perfor-
mance. Moreover, the addition of GO has continued
improving this performance. When discussing about the
characterization of ATG Nces and the SERS sensor model,
we have demonstrated the formation of Ag/TiO, nanostruc-
tures and Ti-O-C bonds as well as their effects on SERS sens-
ing efficiency. Once again, TiO, and GO have exhibited their
importance in the performance of another application using
the ATG Nces. Furthermore, the same optimal Ag content in
ATG Nces in both SERS and catalytic reduction models sug-
gests a similarity in the mechanism of performance enhance-
ment in both models. As mentioned in the previous section,
this mechanism is based on the separation pathway in the
internal structure of ATG Nces through Ag/TiO, nanostruc-
tures and Ti-O-C bonds. It has been claimed in previous
studies that when a metal oxide contacted with a metal inti-
mately, a Schottky junction would be formed and Fermi level
alignment would lead to charge redistribution, which was
also known as the electron transfer process [2, 34]. Besides,
other reports stated that an additional band edge and a
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bandgap tuning were created due to the formation of Ti-
O-C bonds and provided a conductive pathway for electron
transfer from TiO, to GO [18, 35].

3.4. Relationship of SERS Sensor Model and Catalytic
Reduction Model: Effects of Electron Transfer on Their
Performance. The interesting similarity in optimal Ag con-
tent in both models has triggered us to further analyze the
relationship between their performances and clarify the
effect of electron transfer process on their performance.
The comparisons of EFs in the SERS model and degradation
efficiencies in the catalytic reduction model using ATG Nces
with varied Ag contents are shown in Figures 5(a) and 5(b),
respectively. A similar trend can be observed in the two
graphs as EFs and degradation efficiencies both increase in
the increase of Ag content and reach the highest peak at
the content of 50 wt% (A3TG). Then, both of them decrease
dramatically when the content of Ag rises to 75% (A4TG).
Moreover, the similarity in impacts of TiO, and GO in the
improvement of ATG Nces performance in both models is
also worth mentioning. It may be an evidence for the ET
pathway that will be further discussed in this section.
Concerning the SERS sensor model, according to quan-
tum theory, when an incident laser light interacts with Ag
NPs surface, Ag NPs serve as a light absorber, where hot
electrons are generated due to by LSPR phenomenon [2].
Previous reports have stated that the specific interaction of
the adsorbed MB molecule and the surface of Ag might lead
to electron transfer from Ag to MB molecule, named metal
to molecular transfer [12]. The superposition of energy
levels should have been formed between Ag and adsorbed
MB molecule [36]. The Fermi level of Ag was reported to
be -4.26eV [37], while the absolute energy of the lowest
unoccupied molecular orbital (LUMO) of MB is -3.328 eV
[38]. Thus, the plasmon-induced hot electrons can be trans-
ferred from Ag into the LUMO level of MB, then decay with
the SERS signal of MB. However, the adsorbed surface area
of Ag is relatively small and MB ions are positively charged,
so the absorption of MB on the Ag surface can be prevented.
Therefore, that ET process should not have been completely
responsible for the obtained SERS signal enhancement of
our materials. This hypothesis has been confirmed by a sig-
nificant loss of SERS signal when using the ATG Nces with
surplus Ag content. Another ET pathway in the internal
structure of ATG Nces, the metal-semiconductor transition,
might have taken the lead in this case. Wu et al. proposed
the ET pathway in a study about a system of CdSe-Au
hetero-nanostructures and named this hot-electron transfer
pathway a plasmon-induced interfacial charge-transfer tran-
sition (PICTT) to discriminate against the common
plasmon-induced hot-electron transfer (PHET) or direct
metal-to-semiconductor interfacial charge-transfer transi-
tion (DICTT) [39]. In PICTT, the metal serves as a light
absorber, but strong interdomain coupling and mixing of
the metal and semiconductor levels lead to a new plasmon
decay pathway. Besides, PICTT also exhibits the quantum
efficiency to be higher than 24%. In addition, lida and Noda
reported on the photoinduced silver-TiO, electronic interac-
tion that allowed the excited electrons to be directly
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FiGure 5: Comparison of enhancement factor (at 10°M) (a) and degradation efficiency (b) of Ag/TiO,/GO with different Ag contents.

transferred from the silver nanocluster to the TiO, layer
without passing through the conduction band of the silver
nanocluster. Nevertheless, it might potentially occur due to
the formation of Ag-O bonds between the silver-TiO, layers
[9] while in our nanocomposites, Ag and TiO, only form a
weak interaction due to natural deposition. Thus, the PHET
pathway might be the more suitable mechanism that has
occurred in our materials. In PHET, the metal decays into
a hot electron-hole pair through Landau damping, followed
by injection of the hot electrons into the conduction band
(CB) of the semiconductor [40]. Here, electrons might have
been transferred through Ag/TiO, interaction (Schottky
junction). Moreover, TiO, is an excellent electron acceptor
via d-orbital [41]. In addition, plasmon-induced hot elec-
trons can inject into CB of TiO, with conduction band min-
imum energy of -4.0eV [42]. Therefore, the transferred
electrons have more opportunities to interact with MB mol-
ecule. Nevertheless, electron transfer process in CB of TiO,

competes with electron relaxation through rapid electron-
electron scattering. Then again, Ti-O-C might have been
allowed electrons to be transferred from TiO, to GO sheets,
whose Fermi level is -5.02 eV [25]. Since GO is an excellent
adsorber [16], the GO sheets might have increased the direct
interaction between hot electrons to MB molecular. As a
result, many active electrons have interacted with MB
reporters via the charge-separation pathways in ATG Nces;
thus, the Raman signal of MB has been enhanced by the
chemical mechanism.

Concerning the catalytic reduction model, the potential
charge-separation pathway in ATG Nces should have been
an important factor to lead to the enhancement of 4-NP deg-
radation efficiency. Due to the adsorption of negatively
charged BH,™ on the surface of Ag NPs, BH,™ ions acted
as electron donors that provided active electrons to Ag. In
the same electron transfer pathway as in the SERS sensor
model, electrons would have escaped from Ag and
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TaBLE 1: Several reported AgNP-based SERS sensors to determine MB and their sensing performance (LOD, EF; nanoparticles (NPs);
graphene foam (GF); nanotube array (NTA; 4-mercaptobenzoic acid (4-MBA).

Materials Analyte Substrate LOD EF References
AgNPs/GF MB Si 10° (M) 5x10* [43]
Au@Cu,0-Ag 4-MBA — 10° (M) 7.19x10° [31]
GO/Ag/TiO, NTA MB — 10° (M) 2.1x107 [44]
Ag/TiO,/GO MB Al 3.32x 1071% (M) 7.3x 10* This work

TaBLE 2: Comparison catalytic performance of several reported AgNP-based nanomaterials to remove 4-NP (concentration, reaction time,
and removal performance); poly(acrylic acid) (PPA); reduced-GO (rGO); cellulose nanocrystals (CNC).

Catalyst 4-NP (M) NaBH, (M) Reaction time Removal efficiency (%) References
Ag@PPA 10" 0.1 300s 100 [45]
Ag-rGO 5x107° 0.1 360's 98 [46]
CuFe,0,/CNC@Ag 5x107° 0.1 360's 100 [34]
Ag/TiO,/GO 2x 107 0.01 20s 100 This work

transferred into TiO, and GO sheets. Zhang et al. suggested
that electron transfer between Ag and CuFe,0O, led to the
surplus electrons on CuFe,O,, which facilitated the capture
of electrons by 4-NP molecules [34]. Herein, the transferred
electrons in the GO sheets and TiO, might have provided a

large active-surface area to capture more BH,  and 4-
nitrophenolate ions, thus, increased the rate of the catalytic
reduction reaction.

In summary, the Ag content has a great effect on the
electron transfer process in the internal nanostructure of
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ATG Nces; therefore, it also influences the performance of
SERS and catalytic reduction of ATG Nces. The same opti-
mal Ag content, as well as the similar trend of performance
changing observed in the presence of ATG Nces containing
varied Ag content in those two models, has demonstrated
the important role of electron transfer in the enhancement
of their performance. Through the SERS sensor model and
the catalytic reduction model, we propose a potential elec-
tron transfer pathway in ATG Nces via Ag/TiO, interaction
and Ti-O-C bonds, which is exhibited in Figure 6.

Thanks to the ET process, the performance of ATG Nces
materials in different applications has been enhanced. With
a low LOD of 0.93nM, our ATG Nces-based SERS sensor
for MB detection is capable to determine MB at extremely
low levels. Table 1 presents the comparison in SERS sensibil-
ity among ATG Nces and several reported materials, in
which ATG Nces-based sensor results in the lowest LOD.
It suggests the development of high-performance SERS sen-
sors using this nanocomposite material as the substrate for
detection of other contaminants. Moreover, ATG Nces also
exhibit excellent 4-NP removal efficiency via catalytic reduc-
tion reaction with 100% of 4-NP degraded after 20, which
is competitive in comparison to several reported catalytic
materials (Table 2). Similarly, the performance of other
applications related to the electron transfer pathway, such
as photocatalysis, electrocatalysts, and solar cells, might be
also enhanced with the utilization of ATG Nces. Thus, with
a few facile steps of preparation as mentioned in Section 2,
we can fabricate a multifunctional material that consists of
nontoxic components (i.e., Ag, TiO,, and GO). Furthermore,
the synthesis can be scaled up to increase the mass produc-
tion and reduce the cost of the fabrication. It suggests a
direction to fabricate multifunctional, high-performance,
cost-effective, facile-preparation, and nontoxic materials for
detecting and removing contaminants.

4. Conclusions

In this work, Ag/TiO,/GO Nces were successfully synthe-
sized. The SEM, TEM, XRD, FTIR, Raman, UV-Vis, and
EDX results confirmed the formation of Ag/TiO, structure
and the deposition of Ag/TiO, on GO nanosheets via Ti-
O-C bonds. We investigated the electron transfer process
in Ag/Ti0,/GO Nces using two experimental models includ-
ing SERS sensor and catalytic reduction, in which the
Ag/Ti0,/GO Nces acted as SERS substrates and catalysts.
The optimal Ag content of 50 wt% was appropriate in both
models. From these results, we proposed a charge-
separation pathway in the internal structure of ATG Nces
that is suitable for both models. This study provides a clear
explanation for the electron transfer process in composite
nanostructures which leads to the enhancement of applica-
tion efliciencies.
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