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Abstract: Graphene oxide-decorated silver nanoparticles growing on titania nanotube array (GO/Ag/TiO2

NTA) were designed as active Surface-enhanced Raman scattering (SERS) sensor substrates for sensi-
tive determination of the organic compound bisphenol A. The theoretical simulation calculation and
experimental measurements have been adopted to investigate the electronic and sensing properties
of GO/Ag/TiO2 NTA SERS substrate. The molecule adsorption and surface energy are applied to
investigate the interfacial interaction between the SERS substrate and the organic molecule. The
Raman spectrum response intensity and the electron transfer behavior are applied to investigate
sensing activity of GO/Ag/TiO2 NTA SERS substrate. The specific adsorption amount of BPA
is 3.3, 7.1, and 52.4 nmol cm−2 for TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA, respectively, present-
ing superior adsorption and aggregation capability. GO/Ag/TiO2 NTA SERS sensor accordingly
achieves the low detection limit of 5 × 10−7 M for bisphenol A molecule. The density functional
theory simulation calculation proves that GO/Ag/TiO2 reveals a higher density of states, lower
HOMO-LUMO gap, stronger electrostatic interaction, and similar band gaps in comparison with
Ag/TiO2. Binary-interfaced GO/Ag/TiO2 presents a more declined molecule structure surface
energy of 5.87 eV rather than 4.12 eV for mono-interfaced Ag/TiO2. GO/Ag/TiO2 also exhibits a
more declined surface adsorption energy of 7.81 eV rather than 4.32 eV for Ag/TiO2 in the adsorption
of bisphenol A. The simulation calculation verification results well confirm the superior activity of
GO/Ag/TiO2 NTA substrate for sensitive detection and quantitative determination of the organic
compound bisphenol A.

Keywords: SERS sensor substrate; simulation calculation; graphene oxide/silver/titania nanotube
array; organic compound determination

1. Introduction

Surface-enhanced Raman scattering (SERS) is regarded as an ultrasensitive analytical
method for molecular detection and determination [1]. A lot of preparation methods are
reported to form SERS substrates, which include e-beam lithography, electrochemistry and
laser ablation. These SERS substrates reveal great Raman signal stability and good detection
limits that even allow detecting low concentrations down to single molecule level [2–6].
Raman enhancement mechanisms of the SERS effect include the electromagnetic enhance-
ment and chemical enhancement [7]. Raman electromagnetic enhancement is achieved
when the localized surface plasmon, excited from the surface of noble metal nanoparticles,
generates a strong local electromagnetic field. Raman chemical enhancement is achieved by
the charge transfer between the noble metal substrate and surface-adsorbed molecules [8].
SERS sensing performance is usually related to the hot spots of rough noble metals and
the adsorption properties of organic molecules on noble metals. The nanostructured rough
noble metals, such as Au or Ag nanoparticles, are regarded as effective SERS substrates.
Titanium dioxide nanotube array (TiO2 NTA) with high surface area has been proven to act
as an effective supporting substrate to noble metal nanoparticles [9]. It has been reported
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that Ag/TiO2 with various structures has been developed as active SERS substrates for
sensitive detection and accurate determination applications [10,11].

Concerning the Raman chemical enhancement effect, the interfacial affinity between
SERS substrates and organic molecules plays an important role in influencing the Raman
enhancement effect. The surface microstructure and adsorption properties of substrate ma-
terials highly affect SERS detection and determination performance [12,13]. The molecule
4,4′-(Propane-2,2-diyl)diphenol (Bisphenol A, BPA) with two hydroxyl groups has been
regarded as a typical aromatic compound among various endocrine disruptors, which
are used as representative organic compounds for SERS-sensing detection [14]. The SERS-
sensing BPA molecule becomes invalid on the base of bare noble metal substrates since
the BPA molecule has very low adsorption and aggregation properties. The interfacial
interaction usually plays an important role in improving the activities of substrate materi-
als [15,16]. Graphene oxide (GO) is used to dissolve the organic molecules with insufficient
adsorption and low affinity onto the plasmonic noble metals. GO keeps oxygen-containing
functional groups (such as epoxide, hydroxyl, carboxyl, and carbonyl groups) on the sur-
face [17]. GO has a high adsorption capability toward organic aromatic compounds on
the SERS substrate [18]. It was also reported that the graphene-modified SERS substrate
is able to generate the SERS chemical enhancement effect [19,20]. An Ag/TiO2 composite
is suitable for SERS substrate application since both Ag and GO composites have SERS
activity [21,22]. Our previous works had proven that GO modification of Ag/TiO2 NTA
could be used for SERS-sensing detection of organic aromatic ring molecules [23]. It is
believed that GO/Ag/TiO2 becomes a reasonable choice as a SERS substrate [24,25].

The theoretical basis is still sufficient to support high sensing performance of GO/Ag/TiO2
SERS sensor substrate. The simulation calculation on the basis of the Density Functional
Theory (DFT) is an effective approach to disclose the electronic properties, which are
related to Raman electromagnetic enhancement, and the interfacial adsorption energy,
which is related to Raman chemical enhancement [26–29]. In this study, GO-decorated
Ag nanoparticles/TiO2 nanotube arrays (GO/Ag/TiO2 NTA) were designed as active
SERS sensor substrates for sensitive detection and determination of the organic compound
BPA. The experimental measurement and theoretical simulation calculation have been
adopted to investigate the sensing properties of GO/Ag/TiO2 NTA SERS substrate. The
interfacial adsorption and interfacial energy are applied to investigate the interaction
between the SERS substrate and the organic molecule. The Raman spectrum-response
intensity and the electron transfer behavior are applied to investigate the sensing activity
of the SERS substrate.

2. Experimental Measurement and Theoretical Calculation Section
2.1. Experimental Measurement and Characterization

Ag/TiO2 NTA was fabricated by depositing Ag nanoparticles on the surface of TiO2
NTA through a polyol reduction process, where TiO2 NTA was immersed in a polyvinyl
pyrrolidone, ethylene glycol, and water mixture solution containing AgNO3 precursor.
GO/Ag/TiO2 NTA was fabricated by decorating Ag/TiO2 with graphene oxide (GO)
through an impregnation process, where Ag/TiO2 NTA was immersed in GO aqueous
solution; we then conducted a thermal treatment. The organic compound bisphenol A (BPA)
was used as a probe molecule, and GO/Ag/TiO2 NTA was used as the SERS substrate
for the SERS sensor application. The surface adsorption between the GO/Ag/TiO2 SERS
substrate and the BPA molecule was investigated by UV-vis spectrometry. The SERS sensing
of BPA was investigated through Raman spectrum measurements.

The surface microstructure characterizations of TiO2, Ag/TiO2, and GO/Ag/TiO2
NTA were carried out by a Field Emission-Scanning Electron Microscope (FE-SEM, Zeiss
Ultra-Plus, Oberkoche, Germany). UV-Vis absorption spectrum measurements were con-
ducted by UV/Vis Spectrometer (Shimadzu UV-2100 UV/Vis Spectrometer, Kyoto, Japan).
Raman spectrum measurements were conducted by Renishaw Invia Reflex System Raman
spectrometer (London, UK).
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2.2. Theoretical Calculation Section

The density functional theory (DFT) simulation calculation was applied to investigate
the electronic properties of Ag/TiO2 and GO/Ag/TiO2 NTA SERS substrate. The inter-
facial adsorption interaction of Ag/TiO2 and GO/Ag/TiO2 with organic molecules was
investigated. The total density of states (DOS), highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), charge density difference, Mulliken charge
population, and interfacial binding energy were fully investigated for better understanding
of the electrostatic interfacial interaction in the SERS substrates.

A detailed first-principles calculation was performed to investigate the electronic
properties of GO/Ag/TiO2. The DMol3 and CASTEP packages of Materials Studio were
employed to perform geometry optimization and energy calculations. The dispersion-
corrected density functional theory was utilized for structure optimization and energy
convergence. In view of the exchange–correlation functional, the Perdew–Burke–Ernzerhof
generalized gradient approximation was conducted via combination with Grime’s long-
range dispersion correction. The wave functions of systems were described using the
double numeric plus polarization basis set. The thresholds of the convergence tolerance
included the following setup values: the convergence tolerance of the energy under 10−5

hartree (1 hartree = 27.21 eV) was 0.005 Å for the maximum allowable displacement
and 0.002 hartree/Å for the maximal force. The 1 × 2 × 2 Monkhorst–Pack grid in the
Brillouin zone was used, and a cutoff radius of 12.5 Å was applied. Furthermore, the
systematically theoretical calculations, including energy gap, density of states (DOS),
electrostatic potential (ESP), surface energy, and highest occupied molecular orbital to
lowest unoccupied molecular orbital (HOMO-LUMO) gap, were performed to explore the
electrical properties of GO/Ag/TiO2.

3. Results and Discussion

Figure 1 shows the schematic diagram of the forming process of the GO/Ag/TiO2
NTA SERS substrate and corresponding SEM microstructures of TiO2, Ag/TiO2, and
GO/Ag/TiO2 NTA. The forming process of GO/Ag/TiO2 NTA is shown below. The Ag
nanoparticles were well-dispersed on the surface of anatase TiO2 NTA to form Ag/TiO2
NTA. The surface of Ag/TiO2 NTA was then decorated with GO to form GO/Ag/TiO2 NTA.
The adsorption capability and SERS sensing activity of the GO/Ag/TiO2 NTA substrate
were investigated for the detection and determination of bisphenol A (BPA).

Figure 1. Schematic diagram of the forming process of GO/Ag/TiO2 NTA SERS substrate and
corresponding top view of SEM images of TiO2, Ag/TiO2, and GO/Ag/TiO2.

Concerning the morphology of TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA shown in the
top view of the SEM images, TiO2 NTA exhibits highly ordered, vertically aligned nanotube
microstructure. Ag/TiO2 NTA shows that Ag nanoparticles are evenly dispersed on the



Chemosensors 2022, 10, 507 4 of 10

pore mouth of TiO2 nanotubes. GO/Ag/TiO2 NTA shows that the semi-transparent GO
monolayer coats the top surface of Ag/TiO2 NTA. The GO keeps semi-transparent covering
layer structure. Such a GO layer induces the activation modification of Ag nanoparticles.
Ag/TiO2 keeps a mono interface and GO/Ag/TiO2 keeps binary interfaces.

The Raman electromagnetic and chemical enhancements are highly related to the
electronic structures of the SERS substrates. The DFT simulation calculation is applied
as the effective and useful approach to investigate the interfacial electron transfer and
charge distribution of the binary composite material of GO/Ag/TiO2 [13,30]. Figure 2A,B
show molecule structure models of Ag/TiO2 and GO/Ag/TiO2 SERS substrates. The
molecular structure model of Ag/TiO2 involves the mono interface, which is related to
the {1, 0, 1} crystal lattice plane of anatase TiO2 and the face-centered cubic crystal plane
of Ag. The molecular structure model of GO/Ag/TiO2 involves the binary interfaces of
the as-described Ag/TiO2 and GO/Ag, which are related to the sp2-hybridized hexatomic
carbon ring of GO and the cubic crystal plane of Ag. Additionally, GO includes hydroxyl
and epoxy functional groups distributed on the surface, which can conduct the interfacial
interaction with Ag nanoparticles and the organic molecule BPA [22,31].

Figure 2. Cont.
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Figure 2. (A,B) Molecule structure models, (C,D) band structures, (E,F) total density of states, (G,H)
charge density differences, and (I,J) Mulliken charge distributions of Ag/TiO2 and GO/Ag/TiO2

SERS substrates.

Figure 2C,D show band structures of the Ag/TiO2 and GO/Ag/TiO2 SERS substrates.
Both band gaps of Ag/TiO2 and GO/Ag/TiO2 are close to zero, indicating highly electronic-
conducting properties. This indicates that their band gaps are mostly dependent on the
conducting Ag metal. Comparatively, GO/Ag/TiO2 reveals more sufficient distribution lev-
els of electron energy states above and below Fermi energy than does Ag/TiO2, indicating
more electron energy states within GO/Ag/TiO2.

Figure 2E,F show total density of states (TDOS) of the Ag/TiO2 and GO/Ag/TiO2
SERS substrates. The TDOS curves of Ag/TiO2 and GO/Ag/TiO2 show that electron states
cross from the valence band to the conducting band, indicating good electronic conductivity,
which is consistent with the above result of band structures. Comparatively, GO/Ag/TiO2
has a higher TDOS level at the Fermi energy of 0 eV in comparison with Ag/TiO2, indicating
more electron energy states for feasible electron transfer in GO/Ag/TiO2.

Figure 2G,H show charge density differences of the Ag/TiO2 and GO/Ag/TiO2
SERS substrates. The polarization effect causes the partial potential distribution of atoms.
Concerning the charge density difference of Ag/TiO2, the oxygen atoms of TiO2 present
the negative charge and silver atoms present the positive charge at the interface between
TiO2 NTA and Ag nanoparticles, which leads to the electrostatic adsorption interaction of
Ag/TiO2. Concerning the charge density difference of GO/Ag/TiO2, the oxygen atoms of
GO present the negative charge and silver atoms present the positive charge at the interface
between GO layers and Ag nanoparticles, which leads to additional electrostatic adsorption
interaction of GO/Ag.

Figure 2I,J show the Mulliken charge distributions of the Ag/TiO2 and GO/Ag/TiO2
SERS substrates. Concerning the partial charge distribution of atoms in Ag/TiO2, the
negative charge of oxygen atoms in TiO2 NTA ranges from −0.49 to −0.64 V. The positive
charge of silver atoms in the Ag nanoparticles ranges from 0.04 to 0.41 V. Concerning the
partial charge distribution of atoms in GO/Ag/TiO2, the GO involves hydroxyl and epoxy
groups, which keep a positive charge of +0.38 V for hydrogen and a negative charge from
−0.44 to −0.53 V for oxygen. Additionally, GO also involves the positive charge of carbon
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atoms, ranging from 0.04 to 0.11 V, and the negative charge of carbon atoms, ranging from
−0.02 to −0.06 V. This Mulliken charge distribution result is consistent with the above
charge–density difference, proving the formation of electrostatic interaction at the binary
interfaces of GO/Ag/TiO2.

Raman electromagnetic enhancement is mostly dependent on the microstructure of Ag
nanoparticles in the GO/Ag/TiO2 SERS substrate. In addition, Raman chemical enhance-
ment is achieved by the charge transfer between the GO/Ag/TiO2 NTA SERS substrate and
the surface-adsorbed BPA molecule. Thus, the SERS sensor performance of GO/Ag/TiO2
NTA is highly dependent on the surface adsorption and aggregation of organic molecules
on its active SERS substrates. Figure 3 shows HOMO and LUMO frontier molecular orbital
energy level diagrams of BPA/Ag on Ag/TiO2 substrate and BPA/GO on GO/Ag/TiO2
substrate. The BPA adsorption on the Ag/TiO2 and GO/Ag/TiO2 SERS substrates in-
volves the interfacial interactions of BPA/Ag and BPA/GO. Concerning BPA/Ag, both
the HOMO and LUMO frontier molecular orbital energy levels of BPA/Ag are located
on Ag. The electron transfer between BPA and Ag is unlikely to occur in BPA/Ag, indi-
cating the weak interfacial interaction of BPA adsorption on Ag/TiO2. Comparatively,
concerning BPA/GO, the HOMO molecular orbital energy level is located on GO and the
LUMO molecular orbital energy level is located on BPA. The electron transfer between BPA
and GO is likely to occur in BPA/GO, indicating the strong interfacial interaction of BPA
adsorption on GO/Ag/TiO2. In addition, the HOMO and LUMO energy levels of BPA/Ag
are −0.1298 eV and −0.1159 eV, respectively. The corresponding HOMO–LUMO gap is
0.139 eV for BPA/Ag. Comparatively, the HOMO and LUMO energy levels of BPA/GO
are −0.1624 eV and −0.1551 eV, respectively. The corresponding HOMO–LUMO gap is
0.073 eV for BPA/GO. This indicates the electron transfer is more feasible in BPA/GO than
in BPA/Ag, which is highly ascribed to the strong interfacial adsorption between BPA and
GO. It is believed that the promoted Raman chemical enhancement effect contributes to
improving SERS sensing performance of the GO/Ag/TiO2 NTA SERS substrate for the
sensitive and accurate determination of BPA.

Figure 3. HOMO and LUMO frontier molecular orbital energy level diagrams of (A) BPA/Ag on
Ag/TiO2 substrate and (B) BPA/GO on GO/Ag/TiO2 substrate.

The interfacial molecular interaction is regarded as a critical factor in influencing the
molecule adsorption to the SERS substrates. The theoretical model calculation was carried
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out to investigate the molecular interaction. Figure 4A,B shows the side view and top
view of the optimized molecular structure model of BPA/GO. According to the DMol3
calculation result of geometry-structure optimization, two benzene rings of BPA keep a
vertical arrangement, and the hexatomic carbon rings of GO keep a twisted arrangement.
The H–O distance between the oxygen atom of the hydroxyl group in GO and the hydrogen
atom of the hydroxyl group in BPA is 1.994 Å. Moreover, the H–O distance between the
oxygen atom of the epoxy group in GO and the hydrogen atom of the hydroxyl group
in BPA is 2.057 Å. Both H–O atomic distances fall into the hydrogen bonding range [12].
Therefore, the hydrogen-bonding interaction is well-established between BPA and GO in
the BPA adsorption to the GO/Ag/TiO2 NTA substrate. This result is consistent with the
HOMO–LUMO band structure of BPA/GO.

Figure 4. (A) Side view and (B) top view of the optimized molecular structure model of BPA/GO

( oxygen atom, hydrogen atom, carbon atom).

The interfacial-bonding interaction of composite substrates is related to the SERS
activity of the GO/Ag/TiO2 NTA substrate, which can be used to evaluate the structural
stability on the basis of the change of interfacial energy. According to the CASTEP cal-
culation results, the surface energy of the individual components were determined to
be −5880.65 eV for GO, −55,906.65 eV for Ag, and −29,595.59 eV for TiO2. The final
surface energies of multi-components were calculated to be −85,498.12 eV for Ag/TiO2,
−61,784.39 eV for GO/Ag, and −91,377.02 eV for GO/Ag/TiO2. Thus, the declined surface
energy was determined to be 4.12 eV for mono-interfaced Ag/TiO2, 2.91 eV for mono-
interfaced GO/Ag, and 5.87 eV for binary-interfaced GO/Ag/TiO2. Ag/TiO2, GO/Ag,
and GO/Ag/TiO2 all showed the lowered surface energy, which indicates the interfacial
affinity of GO, Ag and TiO2 to a certain degree. GO/Ag/TiO2, with a much lower surface
energy, presents a more stable structure and a higher affinity compared to Ag/TiO2, which
is highly ascribed to the intensified electrostatic interaction of binary interfaces on GO/Ag
and Ag/TiO2 in GO/Ag/TiO2. This indicates that the binary interface of GO/Ag/TiO2
involves more intensive bonding strength compared to the mono interface of Ag/TiO2.
Furthermore, concerning the interfacial adsorption between BPA molecules and SERS
substrates, the declined surface adsorption energy of BPA was 4.32 eV for Ag/TiO2 and
7.81 eV for GO/Ag/TiO2. This indicates that the interfacial adsorption of BPA is much
more feasible on the GO/Ag/TiO2 substrate than on the Ag/TiO2 substrate.

Figure 5A shows UV-vis spectra of 2.2 × 104 M BPA on the base of TiO2, Ag/TiO2
and GO/Ag/TiO2 NTA SERS substrates. The characteristic UV absorption peaks of BPA
are obviously declined due to the intensified adsorption of BPA on TiO2, Ag/TiO2, and
GO/Ag/TiO2 NTA substrates. Figure 5B shows the specific adsorption amounts of BPA on
TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA SERS substrates. The specific adsorption amount
of BPA was 3.3, 7.1, and 52.4 nmol cm−2 for TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA
substrates, respectively. GO/Ag/TiO2 NTA presents much higher adsorption capability
than TiO2 and Ag/TiO2 NTA. This result is mostly ascribed to high interfacial affinity
between GO and BPA, which has been proven by the theoretical calculation result of the
more declined surface adsorption energy in GO/BPA. GO plays an important role on the
interfacial adsorption of BPA. The π-π stacking interaction can be well-established between
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benzene rings of the BPA molecule and hexatomic carbon rings of the GO molecule [32].
Furthermore, hydrogen bonds can be formed between the hydroxyl groups of GO and the
hydroxyl groups of BPA [33]. Concerning strong surface adsorption and superior affinity
between GO/Ag/TiO2 NTA and BPA molecules, GO/Ag/TiO2 NTA indeed exhibits a
higher adsorption and aggregation capability of organic compound molecules, which,
accordingly, contributes to higher SERS sensing activity.

Figure 5. (A) UV-vis spectra of 2.2 × 104 M BPA on the base of TiO2, Ag/TiO2, and GO/Ag/TiO2

NTA SERS substrates; (B) Specific adsorption amount on TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA
SERS substrates.

GO/Ag/TiO2 NTA was applied as a SERS sensor substrate for sensitive detection and
determination of BPA. Figure 6A shows the Raman spectra of BPA with a concentration
from 5 × 10−7 M to 5 × 10−4 M. The characteristic Raman peaks of BPA are observed,
which are ascribed to phenyl ring vibration, C-C-C asymmetric stretching vibration, and
=C-C bending vibration [34]. In addition, the characteristic Raman peaks of GO are also
observed, which are ascribed to the D band and G band. The Raman-peak intensity
of GO is unchanged. The characteristic Raman-peak intensity of BPA declines along
with the decrease in BPA concentration, which is applied for SERS determination of BPA.
Figure 6B shows characteristic Raman-peak intensity in terms of the BPA concentration
curve of GO/Ag/TiO2 SERS sensor for BPA determination. Such a SERS signal peak of
BPA is still observed even at its low concentration of 5 × 10−7 M. This experimental result
proves that the GO/Ag/TiO2 NTA SERS substrate is suitable for determination of organic
compound BPA.

Figure 6. (A) Raman spectra and (B) characteristic Raman-peak intensity in terms of BPA concentra-
tion curve of GO/Ag/TiO2 SERS sensor for BPA determination of (a) 5 × 10−4 M, (b) 5 × 10−5 M,
(c) 5 × 10−6 M, and (d) 5 × 10−7 M.

4. Conclusions

GO/Ag/TiO2 NTA was designed as an active SERS sensor substrate for sensitive
determination of the organic compound bisphenol A. The experimental measurement and
theoretical simulation calculation were adopted to investigate the sensing properties of
the GO/Ag/TiO2 NTA SERS substrate. The interfacial adsorption energy and interfacial
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affinity energy were applied to investigate the interaction between the SERS substrate
and organic molecule. The Raman spectrum response intensity and the electron transfer
behavior were applied to investigate sensing activity of the GO/Ag/TiO2 NTA SERS sub-
strate. The specific adsorption amount of bisphenol A was 3.3, 7.1, and 52.4 nmol cm−2

for TiO2, Ag/TiO2, and GO/Ag/TiO2 NTA, respectively, presenting superior adsorption
and aggregation capability of the bisphenol A molecule. The GO/Ag/TiO2 NTA SERS
sensor, accordingly, achieves the low detection limit of 5 × 10−7 M for bisphenol A. The
density functional theory simulation calculation proves that GO/Ag/TiO2 reveals a higher
density of states, lower HOMO–LUMO gap, and stronger electrostatic interaction than
does Ag/TiO2, but exhibits similar electronic band gaps. Binary-interfaced GO/Ag/TiO2
presents a more declined molecular structure surface energy of 5.87 eV, rather than 4.12 eV
for mono-interfaced Ag/TiO2. GO/Ag/TiO2 also exhibits a more declined surface adsorp-
tion energy of 7.81 eV, rather than 4.32 eV for Ag/TiO2, in the adsorption of bisphenol A.
The simulation calculation verification results well confirm the superior performance of
the GO/Ag/TiO2 NTA SERS sensor for sensing detection and determination of organic
compound bisphenol A. The superior SERS performance of the GO/Ag/TiO2 NTA sub-
strate is caused by the localized electromagnetic field enhancement of Ag nanoparticles,
the charge-transfer chemical enhancement of GO, and the light-scattering enhancement of
the highly aligned TiO2 NTA microstructure.
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