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Immobilization of Pt Nanoparticles via Rapid and Reusable
Electropolymerization of Dopamine on TiO, Nanotube
Arrays for Reversible SERS Substrates and Nonenzymatic
Glucose Sensors

Jingsheng Cai, Jianying Huang, Mingzheng Ge, James locozzia, Zhiqun Lin,*
Ke-Qin Zhang, and Yuekun Lai*

Inspired by mussel-adhesion phenomena in nature, polydopamine (PDA) coatings
are a promising route to multifunctional platforms for decorating various materials.
The typical self-polymerization process of dopamine is time-consuming and the
coatings of PDA are not reusable. Herein, a reusable and time-saving strategy for the
electrochemical polymerization of dopamine (EPD) is reported. The PDA layer is
deposited on vertically aligned TiO, nanotube arrays (NTAs). Owing to the abundant
catechol and amine groups in the PDA layer, uniform Pt nanoparticles (NPs) are
deposited onto the TiO, NTAs and can effectively prevent the recombination of
electron—hole pairs generated from photo-electrocatalysis and transfer the captured
electrons to participate in the photo-electrocatalytic reaction process. Compared
with pristine TiO, NTAs, the as-prepared Pt@TiO, NTA composites exhibit surface-
enhanced Raman scattering sensitivity for detecting rhodamine 6G and display
excellent UV-assisted self-cleaning ability, and also show promise as a nonenzymatic
glucose biosensor. Furthermore, the mussel-inspired electropolymerization strategy
and the fast EPD-reduced nanoparticle decorating process presented herein can be
readily extended to various functional substrates, such as conductive glass, metallic
oxides, and semiconductors. It is the adaptation of the established PDA system for a
selective, robust, and generalizable sensing system that is the emphasis of this work.
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Nanostructured titanium dioxide (TiO,) materials have
attracted increased attention due to their relatively high con-
ductivity, low cost, environmental safety, corrosion resistance,
and mechanical stability.'>] As a novel semiconductor mate-
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over the entire solar spectrum.''l Owing to their large aspect
ratio, nontoxicity, excellent electron-transfer behavior, and
a large number of active sites for chemical reactions, TiO,
nanotubes have been employed in bioelectrochemical appli-
cations including in catalyst loading for glucose electrocata-
lytic oxidation.[1?]

Dopamine (3,4-dihydroxyphenylethylamine), an impor-
tant hormone and neurotransmitter present in most animals,
plays an important role in mammals as a chemical mes-
senger.['®! Inspired by the composition of bioadhesive pro-
teins in marine mussels, dopamine was found to be able to
mimic the specialized adhesive foot protein, Mefp-5 (Mytilus
edulis foot protein-5), which is secreted by mussels and spon-
taneously polymerizes n weakly alkaline aqueous medium
under ambient conditions to form a polydopamine (PDA)
coating.['Yl The resultant PDA has attracted great interest
as a biomimetic polymer that has been widely exploited for
antifouling,[] self-healing hydrogels,!*] antibacterials,!'”! dye
removal,['8! and lithium-ion-battery separators.['] Possessing
catechol, phenolic, and amine functional groups,?’! PDA-
functionalized surfaces provide a versatile platform that can
grow and tightly adhere to almost all organic and inorganic
substrates, such as noble metals, metal oxides, semiconduc-
tors, ceramics, and synthetic polymers.?!l These surface func-
tional groups endow the PDA surface with the ability for
anchoring and growing different metal NPs (Ag, Pt, Au) via
an in situ reduction process onto various substrates.??l Addi-
tionally, PDA is both an environmentally friendly and bio-
compatible material enabling its use in living systems. Thus,
PDA offers a mild and green approach to anchor NPs into
various substrates without the need for toxic reagents or
expensive catalysts. To date, this system has been successfully
applied in various areas.[?]

Recently, Raman spectroscopy has been used for char-
acterization of a set of nanomaterials including carbon
nanotubes, titania, graphene, and so on.?l However, a disad-
vantage is its relatively weak Raman signal from molecules.
Surface enhanced Raman scattering (SERS) is a label-free
and highly sensitive analytical tool to molecular fingerprint
on the basis of electromagnetic mechanism (EM) and chem-
ical mechanism (CM) of SERS.[*] The EM enhancement can
be realized by the surface plasmons excited between noble
metal particles under visible irradiation.?! On the other
hand, the CM enhancement is introduced through three
mechanisms, namely, charge transfer between SERS sub-
strate and probe molecule, molecule resonance, and interfa-
cial nonresonant interactions.?’l To date, various noble metal
SERS substrates, such as Au, Ag, Cu, and their combina-
tions, have been employed to achieve highly enhanced SERS
effect. However, the study of Pt substrate for SERS has been
rarely reported.

With the emergence of diabetes mellitus as an interna-
tional public health problem, quick and effective estima-
tion and monitoring of glucose is of importance in various
fields such as biotechnology, blood sugar analysis, and food
industry.?!l Numerous efforts have been devoted to construct
different types of glucose sensors since Clark and Lyons uti-
lized glucose oxidases to exploit the first enzyme electrode
more than 50 years ago.[*”) Several earlier reports regarding
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the enzymatic estimation of glucose are available.’)] How-
ever, they are limited by their instability, complex enzyme
immobilization, and high sensitivity to temperature, pH, and
humidity.’!] To circumvent these drawbacks, nonenzymatic
sensors, based on noble metal nanoparticles (such as Au, Pd,
and Pt) or metal oxides (such as NiO, CuO, and Co;0,),?
have garnered much attention as alternatives for sensing.
This is because nanocomposites combining diverse kinds of
nanomaterials can greatly boost the catalytic activity of glu-
cose sensors. Herein, we report a facile strategy for creating
biosensors utilizing PDA to induce the reduction of Pt nano-
particles (NPs) on TiO, nanotube arrays (NTAs). Apart from
the advantages noted above, the as-prepared electrodes are
also minimally affected by the presence of other biomol-
ecules such as uric acid (UA) and ascorbic acid (AA),*!
while maintaining the long-term stability and self-cleaning
attributes.

The self-polymerization of dopamine in an aqueous
weakly alkaline condition in the presence of dissolved oxygen
has been shown to be an effective way to quickly coat PDA
films onto various substrates.®¥ However, several obsta-
cles still face this method. First, the typical reaction needs
to be performed in an alkaline environment. Thus, alkaline-
sensitive materials cannot be modified directly. Second, the
low PDA deposition rate requires a reaction time ranging
from hours to days and the PDA solution cannot be reused.
Moreover, the reaction is limited to continuous stirring and
oxygen-containing environments. To address these limita-
tions, a variety of methods were employed including UV
irradiation, oxidant promotion, and electrochemical actua-
tion.’>! A strategy to speed up the polymerization by uti-
lizing CuSO,/H,0, as a trigger has recently been reported.[>)
However, the extra Cu** may become incorporated into the
PDA layer to some extent as a possible contaminant. The
electropolymerization of dopamine to immobilize bioactive
molecules for surface functionalization in cardiovascular
stents was also studied.’” Notably, these strategies have seen
limited use in practical applications due to the requirement
of toxic reagents/catalyst, poor reutilization, long reaction
time, and a lack of uniform films.

Herein, we developed a fast, reusable strategy for the
electrochemical-induced polymerization of dopamine (EPD)
under mild acid conditions to deposit PDA films onto TiO,
NTAs. Subsequent metal adsorption and reduction on the
surface of the composites was also presented. This EPD
strategy offers a fast and cost-effective process to construct
PDA films on TiO, NTAs in minutes. The electropolymeriza-
tion process of dopamine on TiO, NTAs is ten times faster
than that of the previous works.’’l More importantly, the
dopamine-containing electrolyte can be reused to coat sam-
ples with uniform PDA film more than ten times (20 cycles
of cyclic voltammetry (CV) technique each time), repre-
senting a marked improvement of recycling ability. By taking
advantage of the strong reducing ability of PDA, we success-
fully anchored Pt, Au, and Pd NPs onto TiO, NTAs to yield
a uniform M@TiO, NTA (M = Pt, Au, and Pd). When com-
pared with pristine TiO, NTAs, the as-prepared Pt@TiO,
NTA composites exhibited enhanced photocurrent densities.
Furthermore, the Pt@TiO, NTAs can act as recyclable and

small 2017, 13, 1604240



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

UV-assisted self-cleaning substrates for SERS measure-
ments and the detection of tracing rhodamine 6G (R6G). It
is notable that the electrocatalytic ability of Pt@TiO, NTA
electrodes toward glucose oxidation was explored for nonen-
zymatic blood glucose detection.

2. Result and Discussion

2.1. Fabrication and Characterization of PDA-Modified
TiO, NTAs

Multiple scanning cyclic voltammetry was chosen for EPD.
Figure 1la shows the typical CV curves of dopamine
(2 mg mL™!) in 1 mg mL™! Tris buffer (adjusted by HCI to
pH = 7.4) polymerized on the TiO, NTAs at a scan rate of
0.2 V s7! with the potential ranging from —1.0 to 1.0 V for
20 cycles in the first process. In each cycle, one clear broad

S| s

anodic peak and one smaller cathodic peak appeared at
around —0.3 V and the observed responses could be attributed
to the coupled intermediate products dopamine/dopaminequi-
none and leucodopaminechrome/dopaminechrome. All peak
point currents decreased slightly with the increase of poten-
tial scans apart from the first cycle. After 20 cycles, PDA had
been deposited onto the TiO, NTAs, which then acted as the
working electrodes. Figure 1b displays the CV measurements
on TiO, NTAs during the EPD of the tenth process. Similar
characteristic peak positions and current values are observed,
suggesting that the dopamine-containing electrolyte can be
reused for multiple electropolymerization processes. Figure le
describes the proposed mechanism for the electropolymeriza-
tion of dopamine. The polymerization begins with the oxida-
tion of the catechol moiety to a quinone with the subsequent
cyclization into leucodopaminechrome. After rearrangement,
the intermediate product (5,6-dihydroxyindole) polymerizes
through deprotonation and intermolecular Michael addition
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Figure 1. a) Cyclovoltammetry measurements on TiO, NTAs during EPD. b) Cyclovoltammetry measurements on TiO, NTAs during EPD after ten
process cycles. ¢) XPS spectra of TiO, NTAs and PDA-modified TiO, NTAs. d) N 1s high-resolution spectra of PDA-modified TiO, NTAs. ) Mechanism
for EPD. “E” denotes electrochemical reactions and “C” denotes chemical reactions. f) Illustration of the procedure for preparing Pt@TiO, NTAs.
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to yield a cross-linked homopolymer. The
formed PDA films act as the functional
platform upon which the adsorption of
Pt ions and subsequent Pt NP immobili-
zation can readily occur. The preparation
of Pt NPs on PDA-modified TiO, NTAs
is schematically illustrated in Figure 1f.
The X-ray photoelectron spectrometer
(XPS) spectra of PDA-modified TiO,
NTAs clearly show the presence of the
N 1s peak which is absent in the pristine
TiO, NTAs (Figure 1c). The amine groups
(—C—NH) are present at 400.3 eV as well
as protonated N (C—NH?") at 402.0 eV
and aromatic N at 399.5 eV obtained from
deconvolution analysis (Figure 1d).58!
These results confirm the formation of
PDA on the TiO, NTAs.??l The PDA coat-
ings on the surface of the TiO, NTAs were
further verified by performing energy-
dispersive X-ray spectroscopy (EDX)
of an area of PDA-modified TiO, NTAs
(Figure S1, Supporting Information). No
nitrogen signal was observed in the pris-
tine TiO, NTAs as seen in Figure Sla
(Supporting Information). In PDA-mod-
ified TiO, NTAs, nitrogen emerged and
occupied an atomic percentage of 0.75%
(Figure S1b, Supporting Information). The
mapping of N demonstrated an evenly dis-
tributed dot pattern, indicating the PDA
film was uniformly coated on the surface of
the TiO, NTAs.

2.2. Characterization of EPD-Reduced Pt@
TiO, NTAs

Figure 2 compares the top and side views of Pt@TiO, NTAs
with different concentrations (0.1 x1073,0.2 x 1073,0.4 x 1073 m,
respectively) of Pt* ions subsequently reduced at 90 °C for
3 h after PDA modification. Small Pt NPs anchored on the sur-
face of aligned TiO, NTAs formed when immersed in 50 mL
of 0.1 x 1073 m chloroplatinic acid solution (Pt precursor) with
an average size of 15-25 nm (Figure 2a). With the increase of
Pt** ion concentration, the amount of uniformly distributed
Pt NPs is increased on TiO, NTAs, while the size of the Pt
NPs remained constant. With a further increase in the con-
centration of the Pt*" ions to 0.2 x 103 m, the number density
of Pt NPs on the TiO, NTAs increased threefold (Figure 2c).
At the Pt* ion concentration of 0.4 x 10~ wm, clusters of Pt
NPs aggregated at the entrances of TiO, NTAs without
blocking them. Figure 2e shows that the formed Pt nano-
particles with an average diameter of about 30 nm are com-
pactly scattered at the surface of TiO, NTA substrate. The
aggregation shapes of Pt nanoparticles can greatly enhance
the active surface area of the substrate. At 0.8 x 1073 M, Pt
NPs aggregated and nearly blocked the entrances of the TiO,
NTAs (Figure S2, Supporting Information). In addition to
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Figure 2. a,c,e) Typical top-view and b,d,f) side-view scanning electron microscopy (SEM)
images of Pt@TiO, NTAs with different concentrations (0.1 x 1073, 0.2 x 1073, 0.4 x 107 m,
respectively) of Pt**ions by in situ reduction reaction under 90 °C for 3 h after PDA modification.
Insets of (a), (c), (e) are the size distributions of Pt NPs on the TiO, NTAs.

the concentration of chloroplatinic acid solution, parameters
such as the temperature, reduction time, and the CV cycles
were also varied (Figures S3-S5, Supporting Information).
It is clear that the TiO, NTAs modified by PDA retain the
highly ordered tubular structures. The amount and mor-
phology of the Pt NPs can be easily controlled by adjusting
these parameters. Moreover, this facile green EPD-induced
reduction strategy can be extended to successfully fabricate
Au@TiO, NTAs and Pd@TiO, NTAs with uniform particle
size and narrow size distribution. A detailed description can
be found in Figures S6-S8 (Supporting Information).

The composition and configuration of Pt@TiO, NTAs
modified by PDA were estimated by XPS. The corresponding
spectra are shown in Figure 3a,b. Binding energy peaks for C
1s (284.5 V), O 1s (532.4 eV), and Ti 2p (458.9 eV) can be
seen in both pristine TiO, NTAs and EPD-reduced Pt@TiO,
NTAs in Figure 3a. In addition, the spectrum of Pt@TiO,
NTAs shows the Pt 4f peak. The high resolution XPS spectra
of the Pt 4f region are shown in Figure 3b. The spectrum of Pt
4f was fitted to two distinct peaks (Pt 4f;, and Pt 4f5,) with a
wide gap of 3.4 eV. These observations indicate that Pt mainly
exists in the Pt’ state on the surface of the TiO, NTAs.[*0]

X-ray diffraction (XRD) patterns of EPD-reduced
Pt@TiO, NTAs and the corresponding references are shown
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Figure 3. a) XPS spectrum and b) high resolution XPS spectra of pristine
TiO, and EPD-reduced Pt@TiO, NTAs using 0.4 x 10~3 m chloroplatinic
acid solution. ¢) XRD patterns of pure TiO, NTAs and EPD-reduced
Pt@TiO, NTAs using 0.4 x 107> m chloroplatinic acid solution.

in Figure 3c. For bare TiO, NTAs, the diffraction peaks at
25.3°, 37.9°, 48.0°, and 53.9° could be well indexed to the
(101), (004), (200) and (105) planes of the TiO, anatase phase,
respectively (JCPDS no. 21-1272). After PDA-induced reduc-
tive reaction to form Pt NPs, three additional peaks appeared
at 39.8°, 46.2°, and 67.4°, in agreement with the standard
diffraction peaks of Pt (JCPDS no. 04-0802) corresponding
to the (111), (200) and (220) planes of Pt, respectively. The
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results qualitatively agree with transmission electron micro-
scope (TEM) measurements as well. However, the Pt (111)
peak shows a weak intensity as it might be masked by the
peak at 40.1° of Ti substrate whose signal is more domi-
nant. The diffraction peaks of the (200) and (220) planes of
Pt cannot be distinctly observed compared with the other
planes. This is likely a result of the small size of the Pt NPs or
the high dispersion of Pt NPs on the TiO, NTAs.[*!]

TEM measurement revealed the growth of numerous uni-
form Pt NPs adhered tightly to the PDA films on the TiO,
NTAs due to the reduction ability and metal-binding affinity
of the catechol groups of PDA (Figure 4a,b). High resolution
transmission electron microscope (HRTEM) image (Figure 4c)
and selected area electron diffraction (SAED) of the area
(Figure 4b) support the presence of two types of resolved lattice
fringes of 0.227 and 0.352 nm, corresponding to the d-spacing of
the (101) plane of anatase TiO, and the (111) plant of Pt, respec-
tively.*?l The electron diffraction pattern of Pt@TiO, NTAs
shows discontinuous, diffraction rings, indicating the presence of
grains of the hydride phases during the formation process of the
Pt NPs. The results above are consistent with the analysis of the
XRD patterns. EDX and element mapping (Figure 4d,e) were
used to further verify the presence and distribution of the main
elements of several EPD-reduced Pt@TiO, NTAs. The Pt NPs
occupy roughly 2.16% of the atomic percentage and are uni-
formly anchored on the TiO, NTAs comparable to the uniform
distribution of Ti and O from the TiO, NTAs.

UV-vis diffuse reflection spectroscopy (UV-DRS) enable
the measurement of the visible-light photocatalytic char-
acter of pristine TiO, NTAs and TiO, NTAs with different
amounts of Pt NPs (Figure 5a). Bare TiO, NTAs exhibited
a good absorption band in the 380 nm region which contrib-
utes to the charge transfer from the O 2p valence band to
the Ti 3d conduction band. Compared to pristine TiO, NTAs,
EPD-reduced Pt@TiO, NTAs enhance the photoconversion
quantum yield, and the absorption values of EPD-reduced
Pt@TiO, NTAs initially increased with the increasing pre-
cursor concentration to achieve a maximum relative absorp-
tion intensity for Pt@TiO, NTA-0.4. Further increasing the
precursor concentration led to a relative absorption intensity
decrease in the composite electrode (Pt@TiO, NTA-0.8). In
particular, plasmonic coupling can be used to generate local-
ized surface plasmon resonances in transition metal dimeric
nanoantennas over a broad spectral range (from visible to
near infrared) and that the position of the resonance can be
controlled through morphological variation of the Pt NPs
(size, shape, and interparticle distance).[*’] It is known that
greater relative absorption intensity in visible region ren-
ders better photocatalytic activity. As shown in Figure 5a,
the sample of Pt@TiO, NTA-0.4 possessed the best relative
adsorption value in the visible spectrum and consequently
displayed the best photocurrent response.

The separation of photogenerated electron-hole pairs
was evaluated by measuring the photocurrent responses.
Figure 5b explains the transient photocurrent responses of
pristine TiO, NTAs and Pt@TiO, NTA-0.4 used as the photo-
electrodes in the dark and under visible light in 0.1 m Na,SO,
by chronoamperometry. Whether with or without Pt NPs, the
photocurrent density increased when the light was on, and
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Figure 4. a,b) TEM images of single EPD-reduced Pt@TiO, NTAs using 0.4 x 107> m chloroplatinic acid solution. ¢) HRTEM and SAED pattern (inset)
of the selected area marked in (b). d) EDX spectrum of the Pt@TiO, NTAs. e) EDX mapping of several Pt@TiO, NTAs.

decreased when off, thus supporting an immediate photo-
response. Under light irradiation, the pristine TiO, NTAs
exhibited a photocurrent of 0.003 mA cm™ at an applied
potential of 0.26 V. This is attributed to the blocked electron
transfer due to the broad band gap and rapid electron-hole
recombination. Pt@TiO, NTA photoelectrodes are expected
to enable an increased photocurrent density under light. The
photocurrent density of different Pt@TiO, NTA formula-
tions, denoted Pt@TiO, NTAs-0.1, 0.2, 0.4, and 0.8 (based
on the precursor concentration), were 0.038, 0.046, 0.068,
and 0.054 mA cm2, respectively. These values correspond to
13-23 times the photocurrent density of pristine TiO, NTAs.
The enhanced photocurrent is attributed to the Pt NPs on the
TiO, NTAs which increase the charge carrier separation effi-
ciency and suppress the recombination of the electron-hole
pairs. The results are in good agreement with the UV-DRS.
Pt@TiO, NTA-0.4, which possessed the highest photocurrent
density, was chosen for the following experiments.

The electrochemical performance of the Pt@TiO,
NTA-0.4 and pristine TiO, NTAs are mainly characterized
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by electrochemical impedance spectroscopy (EIS) and CV
techniques to scrutinize the interfacial properties between
electrodes. The diameter of the semicircular curves is directly
proportional to the charge transfer resistance (R,) which
estimates the electron transfer kinetics of the redox materials
at the electrode surface. As shown in Figure Sc, the Nyquist
curve of pristine TiO, NTAs essentially forms a straight line,
which is characteristic of limited diffusion in electrochemical
processes. However, when the electrode is exposed to visible
light, the diameter of the semicircle becomes smaller, indi-
cating a higher conductivity. For the as-prepared Pt@TiO,
NTA-0.4 electrode, the impedance spectrum is composed of
two parts: the semicircular part represents R at high fre-
quencies and the short linear spike represents the diffusion
limited process at lower frequencies. These measurements
support that Pt NP decorated TiO, NTAs considerably accel-
erate the movement of electrons by reducing the recombina-
tion of electron-hole pairs. The Pt@TiO, NTA-0.4 displayed
the smallest semicircle diameters, implying the lowest R,,.
This property may provide a promising sensing platform for

small 2017, 13, 1604240
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Figure 5. a) UV-DRS absorption spectra of TiO, NTAs and EPD-reduced
Pt@TiO, NTAs with different concentrations of chloroplatinic acid
precursor solution. b) Photocurrent responses of pristine TiO, NTAs
and EPD-reduced Pt@TiO, NTAs with concentrations of 0.1 x 1073,
0.2 x 1073, 0.4 x 1073, and 0.8 x 1073 m chloroplatinic acid precursor
solution. ¢) Nyquist plots of the EIS of pristine TiO, NTAs and Pt@TiO,
NTAs modified by EPD with 0.4 x 1073 m chloroplatinic acid precursor
solution in both dark and illuminated conditions, respectively.

nonenzymatic glucose detection. While Pt@TiO, NTA-0.4
electrode performs the lowest R, the EIS of others are also
shown in Figure S9 (Supporting Information).

2.3. SERS Performance of Pt@TiO, NTAs

As shown in Figure 6a, the SERS properties of different for-
mulations of EPD-reduced Pt@TiO, NTAs were evaluated
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by detecting the SERS spectra of R6G. All samples were
washed with deionized water after being immersed in the
R6G for 1 h in dark. The SERS intensity of R6G adsorbed on
the TiO, NTAs with Pt seeds are significantly enhanced. No
Raman spectra are detected for R6G in the absence of Pt NPs.
Based on the reported values,** one strong peak at 144 cm™!
and three weak peaks at 396, 515, and 637 cm™! can be attrib-
uted to the O—Ti—O bending of anatase. The bands at 614
and 774 cm™' can be assigned to the C—C—C in-plane vibra-
tion mode and C—H out-of-plane bend mode, respectively.
The bands at 1311 and 1575 cm™ are assigned to the N—H
in-plane bend modes, and 1184, 1362, 1509, and 1649 cm™!
are assigned to the C—C stretching modes of R6G. The
SERS intensities sharply increase with increasing amounts of
Pt NP on the TiO, NTAs. SERS spectra of 10™* M R6G on
pristine TiO, NTAs and EPD-reduced Pt@TiO, NTAs with
different cycles (5, 10, 20, 40 cycles) of CV technique during
the electropolymerization of dopamine on TiO, NTAs are
shown in Figure S10a (Supporting Information) and the Pt@
TiO, NTA-20 electrode shows the highest intensity of R6G.
Figure 6b shows the intensities of SERS spectra of R6G at
concentrations from 10 to 10 m. The peaks at 1649 cm™!
decrease in intensity with the decreased concentration of
R6G. Despite this, the peak is clearly observable at concen-
trations as low as 1078 m.

The enhancement factor (EF) for the samples was esti-
mated according to the following equation:*!

1 C
EF = SERS ~0
I(J CSERS

(1)
where Cgprg and Igpgg are the concentration of R6G and
the corresponding peak intensity at 1649 cm™ under SERS
conditions, respectively. While, C, and I, are the respective
concentration of R6G and the corresponding peak intensity
at 1649 cm™! in the absence of SERS conditions (Figure S10b,
Supporting Information). The EF was calculated to be
4.3 x 10* for EPD-reduced Pt@TiO, NTA-0.4. We believe
the local electromagnetic field enhancement induced by the
excitation of the surface plasmons is the major mechanism
for SERS.I*l The electric field increases significantly on top
of the Pt NPs and in-between them. This is attributed to the
strong near-field couple between the Pt NPs and localized
surface plasmon resonance effect which result in enhance-
ment of the Raman intensity of R6G molecules adsorbed
on the surface.l’] In addition, charge transfer between the
Pt NPs and TiO, NTAs can enhance the SERS effects under
laser irradiation in which some vibrational modes are more
strongly excited.

Photocatalytic degradation of R6G by TiO, has been
studied. A typical UV-assisted self-cleaning measurement was
carried out under UV irradiation for a certain time with the
decreasing intensity of the characteristic Raman signal, indi-
cating the degradation of surface adsorbed R6G. Figure 6c¢
gives the relative spectral intensities of the degrading R6G
as a function of UV irradiation time. After 30 min of UV
irradiation, the intensity of R6G signals sharply decreased
and nearly vanished after 150 min of UV irradiation. This
indicates that the substrate indeed preserved photocatalytic
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Figure 6. a) SERS spectra of 10 m R6G on pristine TiO, NTAs and EPD-reduced Pt@TiO, NTAs with different concentrations of chloroplatinic acid
precursor solution (0.1 x 1073, 0.2 x 1073, 0.4 x 1072 m). b) SERS spectra for Pt@TiO, NTA-0.4 probed with various R6G concentrations from 107 m
to 107 m. ¢) Raman spectra of R6G on Pt@TiO, NTA-0.4 under UV irradiation from 0 to 150 min at time intervals of 30 min. d) Plot of the SERS

intensities at 1649 cm™! versus the time with and without UV irradiation.

functionality. The SERS peak intensity at 1649 cm™ dis-
plays the concentration of 10* M R6G and can be utilized
to evaluate the self-cleaning ability of Pt@TiO, NTA sample,
and it can be seen that the five times recycled Pt@TiO, NTA-
0.4 does not conspicuously affect its SERS and self-cleaning
ability (Figure S11, Supporting Information). The SERS
intensities at 1649 cm™" are monitored and the curve is fitted
with the UV irradiation time (Figure 6d). The general photo-
catalytic reaction of R6G is as follows:[*®]

CyH4pN,0, +0, 1% 00, + H,0+HNO,

(@)

+ (small molecules)

Generally, the photodegradation reaction of R6G can be
described by the Langmuir-Hinshelwood mechanism:

C|_

Therefore, the photocatalytic activity can be quantitatively
estimated by the evaluation of k, where k is apparent-reac-
tion-rate constant, Cj, is initial concentration of R6G, and C is
the concentration of R6G after periods of degradation.

(©)

2.4. Photo-Electrocatalysis and Amperometric Determination
of Glucose at Pt@TiO, NTAs

For evaluating the photoelectrocatalytic activity of the as-
prepared Pt@TiO, NTAs, CV measurements were carried
out with different concentrations of glucose to investigate
the electrocatalytic oxidization behavior of pristine TiO,
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NTAs and EPD-reduced Pt@TiO, NTA-0.4 under visible
light (Figure 7b). Three well-defined anodic current responses
can be directly observed. The peak potential at —8.5 V can be
attributed to hydrogen desorption. The catalytic oxidation of
glucose to gluconic acid and the generation of H,O, occurred
at around +0.2 V (reaction 4). A pair of redox peaks is shown
in the range of —5.0 to —4.0 V, which correspond to the reduc-
tion and oxidization of H,0, conducted on the cathode and
anode, respectively (reactions 5 and 6).*1 Additionally,
enhancements of the anodic current create a corresponding of
any increase in the concentration of glucose. In comparison,
the redox response to glucose at different concentrations was
poorly measured on the TiO, NTAs (Figure 7c), indicating
the importance of the Pt NPs deposited by EPD on the TiO,
NTAs (Figure 7a). As shown in Figure S12 (Supporting Infor-
mation), the color of the electrolyte changed from transparent
to yellow after the electrocatalytic oxidization. This supports
the transformation of glucose to gluconic acid:

Glucose + O, —2N_ Gluconic acid + H,0,

4)
H,0, +2H" +2¢~ —¢ketiode 0 H, O (cathodic response) (5)

H,0, —dedrode 5, 4 2H* +2¢~ (anodic response) (6)

The amperometric response of pristine TiO, NTAs and
EPD-reduced Pt@TiO, NTA electrodes to glucose with dif-
ferent concentrations were investigated (Figure 8a). Samples
were subjected to constant stirring (250 rpm) at 25 s intervals
between glucose injections in 0.1 m NaOH at an applied
potential of —0.4 V. It can be seen that the pristine TiO, NTA
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Figure 7. a) A schematic illustration of electron transfer through the
Pt@TiO, NTA interface during the photo-electrocatalytic oxidation of
glucose. CVs of b) the Pt@TiO, NTA-0.4 electrode and c) the pristine
TiO, NTA electrode in 0.1 m NaOH containing different concentrations of
glucose at a scan rate of 50 mV s

presents no obvious current response to successive injections
of glucose ranging from 0.1 x 107 to 4.5 x 10~ m. Whereas,
for Pt@TiO, NTA-0.4 electrode, a well-defined step-wise
current increase was observed with changes in glucose con-
centration. In the inset of Figure 8a, the electrode performs
in an approximately linear fashion with a correlation coeffi-
cient of 0.996 and a sensitivity of 0.056 mA mm~' cm™ (cal-
culated with 0.25 mA m m~! and an area of 4.5 cm?). The
detection limit was found to be 0.02 x 10 m at a signal-to-
noise ratio of 3 for the as-prepared Pt@TiO, NTA electrodes.
The high sensitivity may be attributed to the Pt NPs which
provide large specific surface areas and show excellent
photo-electrocatalytic performance. One problem with many
nonenzymatic sensors is the interference of other organic
molecules in the blood, such as AA and UA, which can be
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oxidized at similar potential as glucose. We studied the influ-
ence of AA and UA (0.1 x 1073 M) on the oxidation and sen-
sitivity of glucose by EPD-reduced Pt@TiO, NTA electrodes.
As shown in Figure 8b, well-defined current responses to glu-
cose are obtained. Only a very slight current response to AA
and UA was registered by the sensor. These results substanti-
ated the electrodes’ sensitivity to glucose detection even in
the presence of chemical interference.

Additionally, the long-term stability of the electrodes
was evaluated by CV (1 x 107 m glucose solution in 0.1 M
NaOH). After daily measurement, the electrodes were
dried after washing and stored under ambient conditions.
After two weeks, the current intensity of the redox peaks
of glucose exhibited only a slight decrease (Figure S13, Sup-
porting Information). Clearly, the self-cleaning ability of the
modified electrodes is the other distinguishing feature. Suc-
cessive amperometric measurements were carried out on a
Pt@TiO, NTA electrode. A 0.5% relative standard devia-
tion was observed between current values that the electrode
was unaffected by the presence of gluconic acid and H,O, as
well as demonstrating a high reusability. This phenomenon is
attributed to the strong adhesive force of the PDA film to
both the TiO, NTAs and the Pt NPs.

3. Conclusion

In summary, we have successfully developed a mussel-
inspired, fast, and cost-effective strategy for electrochemi-
cally induced polymerization of dopamine under mild acid
conditions. This strategy renders the creation of uniform Pt
NP-anchored vertically aligned TiO, nanotube array com-
posites (i.e., Pt@TiO, NTA). These as-prepared Pt@TiO,
NTA electrodes substantially enhanced the surface-enhanced
Raman scattering sensitivity of rhodamine 6G, and improved
the photo-electrochemical performance of the arrays at a low
overpotential to produce effective electrochemical biosen-
sors for glucose detection. The resulting sensors possessed
enhanced sensitivity and selectivity as well as long-term
stability and self-cleaning abilities. Mussel-inspired PDA
is a well-known material. However, the use of this material
system to craft a new class of low-cost, simple, and selective
sensing materials with the potential for easy generalization
represents an important development for the field of mate-
rials science and green technology.

4. Experimental Section

Preparation of Two-Step Anodized TiO, NTAs: The self-organ-
ized TiO, NTAs were produced through a two-step anodiza-
tion in a traditional two-electrode system with Ti foil (purity
>99.7%, 0.127 mm in thickness, Aldrich) as the anode and Pt
foil (purity > 99.9%) as the cathode, and a potentiostat was
used to drive the anodization. Prior to anodization, the titanium
foil (3.0 cm x 1.5 ¢cm) was degreased by sonicating in 1 m H,SO,,
acetone, and ethanol followed by rinsing with distilled water
for 20 min. In the first step, anodization was carried out in an
ethylene glycol electrolyte containing 0.5 wt% NH,F (>98%) and
2 vol% H,0. The applied potential and oxidation time were 55 V
and 2 h, respectively. After being ultrasonically cleaned in distilled
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Figure 8. a) Amperometric response of pristine TiO, NTAs and EPD-reduced Pt@TiO, NTA-0.4 electrodes to successive injections of various glucose

concentrations under constant stirring at 25 s intervals in 0.1 m NaOH at

—0.4 V. Inset: the linear relationship between the catalytic current and the

glucose concentration. b) Amperometric response of Pt@TiO, NTA-0.4 electrode to glucose at different concentrations in the absence and presence

0f 0.1 x 1073 mAA and UA in 0.1 m NaOH at an applied potential of —0.4

water, the resulting TiO, film was removed from the Ti foils. Sub-
sequently, the cleaned Ti foil was reanodized at 55 V for 6 min to
complete the second anodization. Finally, after being rinsed with
distilled water and dried in air, the as-prepared TiO, NTAs were
annealed at 450 °C for 2 h with a heating and cooling rate of 5 °C
min~t in high purity N, for improved crystallinity.

Synthesis of PDA-Modified TiO, NTAs: Biomimetic PDA films
were deposited onto the inner and outer surfaces of TiO, NTAs
by EPD. Saturated calomel electrode, platinum plate, and the
as-prepared anodized TiO, NTAs were used as the reference elec-
trode, counter electrode, and working electrode, respectively.
First, aqueous dopamine solution (2 mg mL™?) was prepared by
dissolving oxytyramine hydrochloride (98%) in the Tris-HCl buffer
(50 mL, 1 mg mL™!, pH = 7.4) with ultrasonication for 5 min.
CV was employed to prepare PDA coatings under a 500 W Xenon
lamp with a UV light cutoff filter (A nder a 500 serving as the visible
light source. EPD was then carried out by consecutive CV sweeps in
the potential range from —1 to 1 V at a rate of 0.2 V s7! for different
cycles under inert nitrogen atmosphere. The thickness of PDA films

V.

on TiO, NTAs can be controlled by adjusting the number of cycles.
Finally, the resulting PDA-modified TiO, NTAs were washed with
deionized water to remove residues and dried under 80 °C for 1 h.
Assembly of EPD-Reduced Pt@TiO, NTAs: Pt NPs were attached
to the surface of the PDA-modified TiO, NTAs by an in situ reduc-
tive reaction due to the numerous functional groups (—OH, —NH,)
on the surface of PDA. Briefly, the PDA-coated TiO, NTAs were sub-
merged in various concentrations of chloroplatinic acid solution
(0.1 x 1073-0.8 x 10 m) around 50 mL, and the system was mag-
netically stirred at a speed of 200 rpm under 90 °C for 3 h. After
ultrasonication, the electrodes were rinsed with distilled water three
times to remove residual ions and baked at 80 °C for 1 h. Finally,
the Pt@TiO, NTA combination electrodes were formed through the
in situ EPD reduction process. Depending on the different concen-
trations of Pt** ions, sample electrodes were marked as Pt@TiO,
NTA-0.1 to Pt@TiO, NTA-0.8. The typical procedure for the Pt@TiO,
NTAs is very straightforward and illustrated in Scheme 1.
Characterization of the Pt@TiO, NTAs: The structure and mor-
phology of the Pt@TiO, NTAs modified by PDA were investigated
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Scheme 1. Schematic illustration of the preparation of EPD-reduced Pt@TiO, NTAs.
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by field emission scanning electron microscopy (Hitachi S-4800)
at 3.0 kV. The microstructure, composition, and presence of Pt
were further confirmed by using a TEM (FEI TecnaiG-20 operated
at 200 kV). An energy dispersive X-ray spectrometer fitted to the
TEM was applied for elemental analysis. The chemical components
were verified by a Kratos Axis-Ultra XPS with a 100 W Al-Ko X-ray
source. The binding energies were normalized to the signal for
C 1s at 284.5 eV. The crystal phases were identified by using X-ray
diffraction with Cu-Ke radiation (Philips, X’pert-Pro MRD). UV-DRS
was recorded in the range of 250-800 nm at room temperature
using a UV-3600.

SERS Spectra Measurement: A Raman spectrometer (HOKIBA
JOBIN YVON, FM4P-TCSPC) with an air-argon ion laser as the exci-
tation source (A, = 532 nm) was used to carry out all the meas-
urements. All substrates were rinsed with deionized water after
immersion in the appropriate precursor solutions for 1 h. In order
to reduce the catalytic and photochemical decomposition caused
by laser exposure, the laser beam was focused to a size of 2 um
with a low power of 0.5 mW, and an accumulation time of 5 s. For
reducing error propagation among the measurements, the average
of three SERS spectra at different positions on the substrate was
taken.

Photo-Electrochemical Testing: The electrochemical perfor-
mance of Pt@TiO, NTA electrodes were investigated by CV meas-
urements, chronoamperometry, and EIS. All electrochemical
experiments were performed in a standard three-electrode system
utilizing a PGSTAT302N electrochemical workstation (AUTOLAB,
Switzerland). Before all electrochemical measurements, all of the
as-prepared electrodes were immersed in phosphate buffer saline
(PBS) (pH = 7.2) for 15 min to remove the contaminants. Photocur-
rent response EIS measurements were carried out in a standard
three-electrode configuration with the TiO, NTAs or EPD-reduced
Pt@TiO, NTAs as the working electrodes with a Pt wire as the refer-
ence electrode, Ag/AgCl as the reference electrode in 0.1 m Na,SO,
aqueous electrolyte solution (pH = 7.0). The working electrodes
were irradiated by a GY-10 Xenon lamp and with an irradiation sepa-
ration distance of 15 cm. The focused incident light intensity on the
flask was =100 mW cm~2. The EIS measurements were performed in
both dark and illuminated states at open circuit voltages over a fre-
quency range from 10° to 1072 Hz with a potential amplitude of 5 mV
to characterize the interfacial properties of the electrodes. The
volume of the electrolyte was 50 mL consisting 0.1 mol L™ NaOH
with and without different concentrations of glucose. AA and UA
were added during the interference testing of glucose.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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