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ABSTRACT: This paper presents a novel and versatile method
for the fabrication of half nanotubes (HNTSs) using a flexible
template-based nanofabrication method denoted as electro-
chemical imprinting. With use of this method, polycrystalline
nickel and nickel(II) oxide (Ni—NiO) HNTs were synthesized
using pulsed electrodeposition to transfer Ni, deposited by radio
frequency magnetron sputtering on a porous polytetrafluoro-
ethylene template, onto a boron-doped diamond (BDD) film. The
Ni—NiO HNTs exhibited semicircular profiles along their entire
lengths, with outer diameters of 50—120 nm and inner diameters
of 20—50 nm. The HNT walls were formed of Ni and NiO
nanoparticles. A biosensor for the detection of |-serine was
fabricated using a BDD electrode modified with Ni—NiO HNTs,

Sputtering

Assemble &~ Imprinting N
Ni/PTFE —— Ni/PTFE/BDD — Ni-NiO HNT/BDD

200 300 400 500 600
Time /s

and the device demonstrated satisfactory analytical performance with high sensitivity (0.33 uA uM™") and a low limit of detection
(0.1 uM). The biosensor also exhibited very good reproducibility and stability, as well as a high anti-interference ability against

amino acids such as | -leucine, | -tryptophan, |-cysteine, | -phenylalanine, ;-arginine, and | -lysine.
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1. INTRODUCTION

One-dimensional (1D) nanostructures, such as tubes, wires,
and rods, exhibit special properties, such as large surface areas,
short diffusion distances for mass and charge transport, and
substantial capacity for volume change, which may contribute
to their improved electrochemical properties.' > Half nano-
tubes (HNTs) are a new class of 1D nanostructures with large
specific surface area, excellent catalytic activity, and short ion/
charge carrier diffusion distance.”"® The use of electrochemical
techniques, such as chronoamperometry,” chronopotentiom-
etry,"*™"* cyclic voltammetry,"”” and pulsed electrodeposi-
tion, V7 is very attractive for the fabrication of 1D
nanostructures, owing to their low cost, low synthesis
temperature, simple process, and environmental friend-
liness.'>'>'” Pulsed electrodeposition, in which the applied
potential is oscillated at high frequencies, has been used to
fabricate nanostructured metals."*"*~*" This method provides
precise and convenient size and shape control. The observation
that material attached to a template can be transferred to an
electrode by pulsed electrodeposition provides for the develop-
ment of a new, unreported deposition approach, denoted as
electrochemical imprinting. Amino acids are biologically
important organic compounds comprising a central chain of
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amine (—NH,) and carboxylic acid (—COOH) functional
groups, along with a side chain specific to each amino acid.”*~**
The amino acid | -serine is a key component for the synthesis of
the neurotransmitters glycine and p-serine in the brain.”
Recent research has shown that |-serine and products of its
metabolism are essential for cell proliferation and specific
functions of the central nervous system.”® The findings of
altered levels of serine and glycine in patients with psychiatric
disorders underscore the importance of -serine in brain
development and function. Therefore, the detection of | -serine
is very important in clinical chemistry. Electrochemical
techniques for analyzing amino acids have received increasing
attention because of their remarkable advantages, such as high
sensitivity, use of simple instrumentation, low production cost,
and fast response speed, compared with other methods, such as
capillary electrophoresis, colorimetry, fluorimetry, and mass-
spectrometry.”’ > To this end, electrodes modified by nickel
(Ni) and Ni-based compounds offer a promising alternative to
biosensor technology due to their high catalytic activity toward
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Figure 1. Fabrication processes for Ni—NiO HNTs on a BDD electrode by electrochemical imprinting with a Ni-coated PTFE template. (a)
Photograph of the BDD electrode assembly and top-view SEM image of the pristine BDD film. (b) Photograph of the PTFE microporous
membrane. (c) Photograph of the Ni—PTFE microporous membrane after magnetron sputtering of a thin Ni layer on the PTFE surface. (d)
Removal of the support network from the Ni/PTEE layer. (e) High-magnification SEM image of the Ni/PTFE layer. (f) Photograph of the
assembled BDD/Ni/PTFE electrode. (g) Removal of the Ni/PTFE membrane from the imprinted BDD electrode. (h) Schematic illustration of the

fabrication processes of the Ni—NiO HNT/BDD electrode.

the electro-oxidation of organics containing OH or NH,
groups.””>' 7% Moreover, pure Ni,’* nickel(II) oxide
(NiO),*® and Ni(OH),””*® nanomaterial-modified electrodes
have shown similar electrocatalytic performance in biosensing
because their electrocatalytic ability originates from the
Ni(OH),/NiOOH redox couple. Studies on the electro-
adsorption and electro-oxidation of amino acids have been
mainly conducted using glassy carbon electrodes (GCE)*"***’
or carbon-paste electrodes (CPE);****° however, strong
adsorption and accumulation of intermediate products,
electrode fouling, and poor catalytic activity remain consid-
erable problems. Thus, other substrates, such as conductive
boron-doped diamond (BDD)), are required to overcome these
difficulties. BDD electrodes outperform conventional electrodes
in terms of stability, chemical inertness, potential window
width, and low background current.”® Combining these
superior properties of BDD electrodes with the merits of
electrochemical biosensors, such as sensitivity and fast
response, amperometric biosensors based on BDD electrodes
have attracted the interest of many researchers.”' ~** The use of
nickel microparticle modified BDD electrodes was reported by
Toghill et al,*® with detection limits well in the range of blood
glucose levels (and lower) reported. In Hutton et al.’s work, the
effect of the size of nickel hydroxide nanoparticles (NPs) on
electrocatalytic activity was investigated.*® Their studies showed
that the size of a nanomaterial influences the kinetics of the ion
transport, and the intensity of the current signal for the
oxidation of glucose is also affected. Thus, the sensitivity of the
biosensor will also be affected. Moreover, the synergistic effect
of diamond nanowires and nickel nanoparticles could
dramatically enhance the electrocatalytic activity toward
glucose.”” The high currents are probably due to a large
surface of nanostructures, a three-dimensional effect, the
electrocatalytic ability of Ni nanoparticles, and changed mass
transport on the electrode. In recent publications, our group

has presented the modification of BDD by nanoporous nickel
via simple electrodeposition modification, as well as its
application to the electrocatalytic oxidation of | -alanine.”"

We present an electrochemical imprinting approach that is
developed for the first time to construct Ni—NiO HNTs. The
HNTSs were imprinted on a BDD substrate as a biosensor for
the detection of |-serine. The fabricated Ni—NiO HNT/BDD
electrode biosensor exhibits a wide linear range, low detection
limit, and excellent selectivity. The electrode demonstrates
better catalytic performance than those modified with bulk
materials or other analogical nanomaterials, making the
approach more promising for practical applications.

2. EXPERIMENTAL SECTION

2.1. Preparation of Ni—NiO HNT/BDD Electrodes. Self-
supporting BDD films (10 mm X 15 mm) were prepared using
electron-assisted hot filament chemical vapor deposition. The details
of the preparation procedure have been reported elsewhere.’' The
resulting BDD films were adhered to copper rods using a thin copper
wire and silver paste. This assembly was mounted in a polyvinyl
chloride (PVC) holder, leaving approximately 10 mm X 10 mm BDD
exposed, for use as an electrode in subsequent processing (Figure 1a).
A scanning electron microscopy (SEM) image of the BDD surface is
shown in Figure la. As shown in Figure 1b—d, a Ni layer with a
thickness of 30—60 nm was deposited by radiofrequency magnetron
sputtering on the surface of a porous polytetrafluoroethylene (PTFE)
template, which has a spider-like microporous structure, as shown in
Figure le. The sputtering target was composed of pure Ni (99.999%)
with a diameter of 60 mm, and the target-PTFE template distance was
55 mm. After the sputtering chamber had been evacuated to below 1 X
107* Pa, high-purity Ar gas (99.999%) was introduced into the
chamber up to a pressure of 2 Pa. The radio frequency power was 100
W and the sputtering time was S min. After deposition of the Ni layer,
the support network was removed from the Ni/PTFE membrane, as
shown in Figure 1d. Then the surface of the BDD electrode was
covered using a Ni/PTFE membrane, which was sandwiched between
two slides, and two each of 1.96 N weights were placed on a slide;
thus, the Ni/PTFE membrane was closely attached to the BDD
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Figure 2. (a) and (b) SEM images of the Ni—NiO HNT/BDD electrode surface. (c) SEM image of Ni—NiO HNTs. (d) and (e) High-magnification
SEM images of HNTs. (f) Dual-channel structure of HNTs. (g) and (h) The crossing junction structures of HNTs.

Figure 3. (a) and (b) TEM images of the Ni—NiO HNTs. (c) and (d) Various TEM images of the junctions between HNTs. (e) TEM image of a
dual-channel HNT structure. (f) and (g) Single HNTs. (h) High-resolution TEM (HRTEM) image of an HNT wall.

surface by electrostatic adsorption between the Ni/PTFE membrane
and BDD film (Figure 1f). For the electrochemical imprinting method
used for preparation of the Ni—=NiO HNTSs on a BDD substrate, a Pt
electrode was connected to the reference port, while the BDD
electrode with the porous Ni-coated PTFE membrane attached to its
surface was connected to the signal port. The electrolyte consisted of
an aqueous solution of 4 mM NiSO, and 0.1 M Na,SO,. The distance
between the electrodes was 10 mm. The operating conditions for
plating were —1.5 V pulse amplitude, SO Hz pulse frequency (pulse
width of 0.01 s), and 50% duty cycle, at a temperature of 25 °C. The
pulse electrodepositions were carried out for 10 min. The porous
PTFE membrane was subsequently removed from the BDD electrode,
as shown in Figure 1g. After the electrode was washed with ultrapure
water and dried in a flow of N,, the Ni—NiO HNT/BDD electrode
was finally obtained. All chemical reagents were of analytical grade and
used without further purification. The Ni/PTFE membrane has a
microporous structure; thus, a Ni** concentration gradient was
produced in the 4 mM M NiSO, solution, where the highest Ni**
concentration resided near the Ni/PTFE membrane. Figure 1 h shows
a schematic illustration of the fabrication processes of the Ni—NiO
HNT/BDD electrode. The pulse signal caused the Ni?* in the NiSO,
solution to be reduced to a Ni metal, and Ni layers were consequently

deposited onto the BDD electrode. On the other hand, when the pulse
electric fields were generated between the BDD electrode and Ni/
PTFE membrane, a strong vibration in field strength was produced for
the Ni/PTFE membrane. The main reactions in the system can be
expressed as follows:

Ni** 4+ 2¢” 2 Ni (1)
BDD + H,0 — BDD(-OH) + H* + ¢~ ()
0, + 2H' + 2¢” - H,0, (3)
BDD + H,0, - BDD(HO,") + H* + ¢~ (4)

2.2. Material Morphology and Characterization. The obtained
samples were characterized by field-emission scanning electron
microscopy (FE-SEM; Carl Zeiss MERLIN Compact, Germany;
JEOL-6700, Japan), transmission electron microscopy/energy-dis-
persive X-ray spectrometry (TEM/EDS; JEM-2100, Japan; Philips
Tecnai G2 F20, Holland), and X-ray diffraction (XRD; Rigaku D/max-
2500/PC, Japan, Cu Ka, 4 = 0.15406 nm). The microstructure of the
BDD was characterized by Raman spectroscopy (DXR Raman,
Thermo Scientific, USA), using a YAG laser (excitation wavelength:
532 nm) as the excitation source. The electrical characteristics of the
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Figure 4. (a) TEM image of Ni—-NiO HNTs. (b)—(e) EDS elemental mapping of carbon (b), oxygen (c), and nickel (d), as well as (e) for area 1
marked in (a). (f) SAED pattern of area 2 marked in (a).
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Figure S. (a) Nyquist plots of the EIS for the bare BDD (red) and Ni—NiO HNT/BDD (blue) electrodes in 0.1 M KCI containing 5 mM
[Fe(CN)¢]>~# with a frequency range of 0.01—1 X 10° Hz and signal amplitude at 0.005 Hz. The inset shows the expanded high-frequency region
of the plots (symbols, experimental data; black points, fitting results). (b) The equivalent circuit for data fitting. R, the electrolyte resistance; R, the
charge-transfer resistance at the electrode/electrolyte interface; Zyy, the Warburg impedance accounting for the ion diffusion; CPE, resistance at the
Ni—NiO HNT and the double-layer capacitance at the BDD interfaces; Ry, the Faradaic reaction impedance at the electrode/electrolyte interface;
Zyy,, the Warburg impedance accounting for diffuse ion storage at low frequency in the electrode/electrolyte interface; C, capacitance at the Ni—NiO
HNT/BDD interface. (c) CV responses of the BDD (red and green) and the Ni—NiO HNT/BDD (blue and black) electrodes at a scan rate of 100
mV s™! in a 0.1 M NaOH (pH 13.0) solution with and without 0.1 mM | -serine. (d) Enlarged CV curve for the bare BDD (red) in a 0.1 M NaOH
(pH 13.0) solution with 0.1 mM |-serine. (e) CVs of the Ni—NiO HNT/BDD electrode in N,-saturated NaOH solutions of different pH: 12.0
(black), 12.5 (red), 13.0 (green), 13.5 (blue), and 14.0 (pink), with a scan rate of 100 mV s™". (f) Plot of the anodic (E,.) and cathodic peak (E,)
potentials vs pH values. (g) Plot of the anodic and cathodic peak currents vs pH values.

BDD films were investigated using a Hall effect measurement system amperometric response measurements of the samples were inves-
(HLSSSOPC, Accent Optical Technologies Ltd., U.K.). tigated. N, was bubbled into the electrolytes for 30 min before all

2.3. Electrochemical Characterization. All electrochemical cyclic voltammetry experiments, unless stated otherwise. For EIS, the
experiments were conducted on a CHI 660E -electrochemical frequency range was 0.01 to 1 X 10° Hz, and the amplitude was 0.005
workstation (CH Instruments, Chenhua Co., Shanghai, China) using V. All tests were performed at room temperature.

a conventional three-electrode cell. An Ag/AgCl electrode was used as

the reference electrode, a platinum wire as the counter electrode, and 3. RESULTS AND DISCUSSION

BDD or Ni—NiO HNT/BDD as the working electrode. Cyclic The typical grain size of the BDD film after 120 h deposition by
voltammograms (CVs), electrochemical impedance spectra (EIS), and HFCVD was found to be ~30 um, and its thickness was ~140
22861 DOI: 10.1021/acsami.5b05642
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Figure 6. CVs of the Ni—NiO HNT/BDD electrode in a 0.1 M N,-saturated NaOH (pH 13.0) solution containing 0.1 mM | -serine at different scan
rates (from bottom to top: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, and 300 mV s™'). The inset presents
plots of the anodic and cathodic peak currents vs the square root of the scan rates (v'/2).
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Figure 7. Amperometric response of the Ni—NiO HNT/BDD
electrode during successive additions of |-serine into air-saturated,
stirred NaOH (0.1 M, pH 13.0) at an applied potential of 0.59 V. The
inset presents the calibration curve for the |-serine concentration
obtained by the biosensor (symbols, experimental data; line, fitting
results).

um (Figure 1b and Figure S1 in the Supporting Information).
BDD films grown from randomly oriented nuclei exhibit
columnar growth.** Hall-effect measurements indicated that the
BDD samples are p-type, with a charge carrier mobility of 62.8
cm? V™' s7! and a carrier concentration of approximately 6.47
X 10" cm™ at room temperature. The Raman spectrum
(Figure S2), XRD pattern (Figure S3), and Hall effect
measurement (Figure S4) of the BDD film are indicative of a
highly boron-doped conductive diamond film**** with fine
crystallinity and a (111) preferred growth orientation.

Figure 2 shows SEM micrographs of the Ni—-NiO HNT/
BDD electrode surface. As shown in Figure 2a,b, large numbers
of 1D nanostructure materials were deposited onto the BDD
film via the electrochemical imprinting method. These 1D
nanostructures are incomplete nanotubes, or HNTs, and their
semicircular-shaped profiles are clearly observable along their

Table 1. Comparisons with Other Methods for -Serine
Detection

linear range ~ LOD

methods medium (uM) (uM) ref
flow-injection alkaline 200—1000 10 59
spectrophotometric
capillary electrophoresis-in- 0.05-5 0.023 60
column light-emitting diode-
induced fluorescence detector
(y-cyclodextrin)
electrochemical NiO/GCE alkaline 1-400 0.85 37
seryl tRNA synthetase coupled  pH 8.0 5-100 15 61
with spectrophotometric
electrochemical bamboo pH 6.8 1-100 0.54 62
charcoal/carbon nanosphere
electrode
electrochemical Ni—NiO alkaline 0.2—6.54 0.1 this
HNT/BDD work

entire lengths in Figure 2c—e. Their external diameters are 50—
120 nm, consistent with the initial fiber diameters of the PTFE
template. In the SEM images shown in Figure 2d—h, the HNTSs
are observed to have rough surfaces, indicating that the HNT
walls were formed by the aggregation of nanoparticles.
Moreover, the interconnected HNTs formed dual channels in
addition to a crossing junction morphology, as shown in
Figures 2f—h, which is beneficial for electrocatalytic activity.
This indicates that the resulting HNTs mimic the shape of the
PTEE fibers very well.

Figure 3a shows a large number of HNT structures, where
the nanotubes exhibit semicircular-shaped profiles along their
entire lengths with an outside diameter of approximately 50—
120 nm. Figure 3b shows that the HNTs have different lengths
and diameters. Because the fibers of the PTFE template are not
of a uniform size, the sizes of the HNTs are not consistent.
Figure 3c illustrates the morphology of the HNT junctions.
Figure 3d shows a magnified TEM image corresponding to the
square-marked area in Figure 3¢, which reveals a fine-grained
polycrystalline structure with a compact texture. Gothard et al.
have described a Y-junction morphology for carbon nanotubes
and postulated a theory that such “junction” nanotubes should
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Figure 8. CV responses of the Ni—NiO HNT/BDD electrode to 0.1 mM | -serine and other amino acids as interferents in a 0.1 M NaOH solution at
a 100 mV s™! scan rate. Interferents: (a) 0.4 mM ;-leucine; (b) 0.4 mM | -tryptophan; (c) 0.4 mM | -cysteine; (d) 0.4 mM | -phenylalanine; (e) 0.4

mM | -arginine; (f) 0.4 mM | -lysine.

exhibit a gating behavior, which serves as an excellent source of
ready-made networks for potential nanoscale devices.”' Figure
3e shows a TEM image of interconnected HNT's with parallel
dual channels. The dual channels represent greatly increased
connectivity from a single connector for electron transfer. A
single HNT with an outside diameter of approximately 50 nm
was also observed in the TEM image, as shown in Figure 3f.
Figure 3g presents a high-magnification TEM image of the end
of an HNT. That the end of the HNT displays a half-moon
shape is clearly observable. The HNT wall is formed of
nanoscale grains, as indicated by Figure 3h. As shown in Figure
3h, the lattice fringes yield an interplanar spacing of 0.2 nm,
corresponding to the distance of the {111} lattice plane of
metallic Ni (JCPDS card No. 65-0380).> A handful of
literature reports have described similar nanostructures, such
as Au crescent-shaped HNTs’ and lithium vanadium oxide
HNTs.° Thus, Ni nanoparticle-formed HNTSs were successfully
deposited on the BDD film surface to act as electro-catalysts for
the subsequent detection of | -serine.

Figure 4a shows a TEM image of HNTs. Parts (b)—(e),
ofFigure 4 respectively display EDS elemental mappings of C
(red), O (orange), and Ni (yellow and green) corresponding to
the square-marked area 1 in Figure 4a. As observed, the C
elemental signal is uniformly distributed over the HNT, which
is consistent with the elemental signal of C derived from the
supporting film of the copper grid used in the TEM
investigation. The O and Ni signals are only distributed in
the HNT, and their densities in the center area are lower. The
polycrystalline nature of the Ni—NiO HNTs can be confirmed
by the selected area electron diffraction (SAED) pattern shown
in Figure 4f, which corresponds to the square-marked area 2 in
Figure 4a; it shows typical diffraction rings characteristic of the
(111), (200), (220), and (311) planes of Ni, as well as
diffraction rings characteristic of the (111) and (220) planes of
NiO.> The EDS elemental mapping analysis and SAED pattern
further confirm that Ni—NiO polycrystalline HNTs were
prepared.

22863

Figure Sa compares the Nyquist plots of the modified and
unmodified BDD electrodes in a 1 M KCI solution containing
the redox probe 5 mM [Fe(CN)¢]>~/#" (1:1). The EIS spectra
were fitted and simulated using the software ZSimpWin 3.10,
and the fitted curves and the Randles equivalent circuit are
shown in Figure Sb. The y” values as compared to the model
are 5.047 X 107* for unmodified BDD and 7.533 X 107* for
Ni—NiO HNT/BDD. The electrochemical electrode is
modeled as an electrolyte resistance (R,) in series with two
parallel circuits, where the first comprises the constant phase
element (CPE), the charge-transfer impedance (R,), and the
Warburg impedance (Zy;) and the second comprises the
double-layer capacitance (C), the Faradaic reaction impedance
(Rin), and the Warburg impedance (Zy,). The value of R, is
surface-dependent, with the Ni—NiO HNT/BDD electrode
(R = 12.18 Q cm?®) having a lower impedance than the BDD
electrode (R, = 307.6 Q cm?), implying that the introduction
of the Ni—HNTs plays an important role in providing the
conducting bridges for charge transfer. The linear plots in the
low-frequency region are ascribed to typical Warburg behavior,
which is associated with the diffusion of ions in the electrode/
electrolyte interface.

Figure Sc shows the CVs of the BDD and the Ni—NiO
HNT/BDD electrodes, taken at a scan rate of 100 mV s™.. In a
0.1 mM | -serine solution (pH 13 NaOH solution supporting
electrolyte), the CV curve of the BDD electrode is almost
overlapped, but the enlarged CV curve exhibits weak redox
peaks located at approximately 0.55 and 0.48 V, respectively,
which represent the electrocatalytic signal of the BDD electrode
for |-serine (see Figure 5d). The Ni—NiO HNT/BDD
electrode exhibits a single clear oxidation peak, a small hump
indicative of oxidation, and a reduction peak located at
approximately 0.531, 0.580, and 0.367 V, respectively, after
repetitive cycling (S0 scans) at a scan rate of 100 mV s™" in a
0.1 M NaOH solution for nickel oxide layer passivation. The
oxidation peak potential shifted negatively as the number of
scans increased. This indicates that the observed redox peaks
may originate from the electrochemical reaction of Ni(II)/Ni
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and Ni(III)/Ni(II) redox couples.”**>**>> Ni is first oxidized
into Ni(II) to predominantly form Ni(OH),, and Ni(II)
species are further oxidized into Ni(III) as NiO(OH), which
is given as follows:

NaOH — Na* + OH"~ (8)
Ni + 20H™ — Ni(OH), + 2e~ (6)
Ni(OH), + OH™ 2 NiO(OH) + H,0 + e~ (7)
NiO + OH™ — NiO(OH) + e~ (8)

After 0.1 mM | -serine was added, the obvious oxidation peak
and the reduction peak were located at approximately 0.587
and 0.443 V, respectively, suggesting that the Ni—NiO HNTs
can mediate |-serine oxidation. The Ni—NiO HNTs act as an
enzyme mimicking a catalyst for |-serine oxidation with a
possible mechanism directed by Ni(III) with hydrogen and
—NH, liberated®” as follows:

HOCH,CHNH,COOH + OH~
— HOCH,CHNH,COO™ + H,0 )

NiO(OH) + HOCH,CHNH,COO™
— Ni(OH), + H,CCOCOO™ + NH, (10)

In these reactions, strongly oxidizing Ni(III) species oxidize
L-serine into pyruvate and are themselves reduced into Ni(II)
species at anodic potentials. Therefore, the concentration of
Ni(IlI) decreases while that of Ni(Il) increases, causing an
increase in the cathodic peak current. The |-serine molecules
adsorbed on the surface of Ni(OH), can be oxidized at higher
potentials parallel to the oxidation of Ni(II) to Ni(IIl). These
two reactions contribute to the observed increase in the anodic
peak current. The above results indicate that the Ni—NiO
HNTs exhibited an excellent electrocatalytic ability for ;-serine
oxidation. The excellent detection performance is attributed to
the large electroactive surface area, facile electronic transport,
and high electrocatalytic activity of the Ni—NiO HNTs, as well
as to the synergistic catalytic effect of both Ni—NiO HNT's and
the BDD.

It is well-known that pH has a profound effect on the
dissociation of ;-serine’” and its amperometric responses. The
effect of pH on the response of | -serine at the Ni—-NiO HNT/
BDD electrode was investigated by obtaining CVs at a scan rate
of 100 mV s™' in the pH range of 12.0—14.0, as shown in
Figure Sc. The electrode potential of the redox peak was found
to be strongly dependent on the pH of the electrolyte, as shown
in the inset cl. A linear relationship was obtained between the
peak potential and pH in the examined range of 12.0—14.0,
suggesting that the electrochemistry of |-serine involved a
proton process. This is a consequence of the deprotonation
step involved in all oxidation processes facilitated at higher pH
values.”® From inset c2 given in Figure Sc, the oxidation peak
current of |-serine is observed to increase as the pH increased
from 12.0 to 13.0 and then to decrease as the pH increased
from 13.0 to 14.0. Similarly, the reduction peak current
increased as the pH increased from 12.0 to 13.0, attaining a
maximum at pH 13.0, and then decreased as pH increased from
13.0 to 14.0. Thus, pH 13.0 was chosen as the optimum pH
value.

The CVs of the Ni—NiO HNT/BDD electrode in a 0.1 M
NaOH solution containing 0.1 mM |-serine at different scan

rates were also investigated, as shown in Figure 6. The redox
current increased as the scan rate increased from 10 to 600 mV
s™' and was found to be proportional to the scan rate (v),
indicating that the process is surface-adsorption-controlled. The
oxidation peak potential shifted more positively and the
reduction peak potential shifted more negatively with
increasing scan rate, generating a larger peak-to-peak potential
separation. Moreover, the two oxidation peaks gradually
merged into a single peak. The oxidation rate of the Ni—NiO
HNTs also increased with increasing scan rate.

The current—time response of the Ni—NiO HNT/BDD
electrode to | -serine oxidation at a potential of 0.59 V was also
studied in N,-saturated 0.1 M NaOH. In this experimental step,
L-serine was sequentially added to the 0.1 M NaOH solution to
evaluate the performance of the amino acid sensor, as shown in
Figure 7. A calibration equation representing the concentration
of ;-serine was deduced from a linear regression of the
experimental data (Ipa (uA) = 7.716 + 0.39¢c (uM), R = 0.999),
as shown in the inset of Figure 7. The linear range for -serine
detection was found to be from 0.20 to 6.54 uM, with a
detection limit (LOD) of 0.10 uM (signal/noise = 3) and a
sensitivity of 0.33 uA uM™". In Table 1, some of the analytical
characteristics obtained in this work are compared with other
methods previously reported for -serine sensing.””*°~°* This
method is easy to operate, simple, and convenient, suggesting a
comparatively lower LOD for |-serine.

Several coexisting amino acids were selected to evaluate the
anti-interference ability of the electrode, as shown in Figure 8.
No significant interference was observed in the determination
of the |-serine concentration (0.1 mM) from the following
amino acids: (a) 0.4 mM |-leucine; (b) 0.4 mM | -tryptophan;
(c) 04 mM |-cysteine; (d) 0.4 mM |-phenylalanine; (e) 0.4
mM | -arginine; and (f) 0.4 mM | -lysine. It was concluded that
the effects of small amounts of these amino acids were
negligible, suggesting that the prepared Ni—-NiO HNT/BDD
had a high selectivity toward the nonenzymatic oxidation of |-
serine. a-Amino acids consist of a central carbon with an
attached amino group (—NH,), carboxylic acid (—COOH),
hydrogen atom, and distinctive R groups. The R group, usually
referred to as a side chain, determines the properties of the
amino acid. The R groups of | -lysine, | -cysteine, and | -arginine
can be dissociated and have dissociation constants (pKa) of
10.5, 8.4, and 12.5, respectively; thus, their potential
interference is relatively large at pH 13. Figure S7 shows the
responses when 0.1 mM |-serine and 0.4 mM |-leucine, 0.4
mM | -tryptophan, 0.4 mM | -cysteine, 0.4 mM | -phenylalanine,
0.4 mM i -arginine, 0.4 mM |-lysine, 0.4 mM ;-histidine, 0.4
mM |-alanine, 0.4 mM glucose, and 0.1 mM |-serine were
successively added to 0.1 M NaOH. Table S2 summarizes the
responses to the interfering substances. Compared to 0.1 mM
L-serine, the interfering signals were 4.37%, 3.13%, 6.43%,
2.70%, 7.39%, —7.18%, —12.95%, —74.03%, and —21.47% for
the respective species. In short, these substances generated
current responses, but even in their presence, the sensor retains
good response to |-serine.

The stability of the Ni—NiO HNT/BDD electrode was also
examined by recording 100 consecutive CV curves in a 0.1 M
NaOH solution (pH 13.0) containing 0.1 mM | -serine at a scan
rate of 100 mV s'. No obvious peak current change was
observed (Figure S6a). The reproducibility of the proposed
sensor was tested using five different electrodes (Figure S6b).
The relative standard deviations of the CV response currents
for these specimens were found to be less than 5.0%. Thus, the
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present Ni—NiO HNT/BDD electrode shows high stability
and good reproducibility.

4. CONCLUSIONS

Ni—NiO HNTs were synthesized using pulsed electro-
deposition to transfer Ni, deposited by radio frequency
magnetron sputtering on a porous PTFE template, onto a
BDD base electrode in a process denoted as electrochemical
imprinting. Our method creates a wealth of opportunities to
generate HNTs of metal—metal oxides. An |-serine sensing
electrode was fabricated using Ni—NiO HNTs as an electrode
modifier and the BDD film as a base electrode. The resulting
Ni—NiO HNT/BDD electrode demonstrated excellent electro-
chemical performance for the detection of |-serine. The
developed biosensor exhibited excellent reproducibility, stabil-
ity, and anti-interference ability and displayed a linear range
from 0.20 to 6.54 uM with a low detection limit of 0.10 M.
The excellent sensing properties of the Ni—NiO HNTs/BDD
electrodes were shown to be determined by their textural
parameters, such as large surface area, facile electronic
transport, and high electrocatalytic activity of the Ni—NiO
HNTs, as well as by the high stability and low background
current of the BDD and the synergistic catalytic effect of the
Ni—NiO HNTs and the BDD toward oxidation of L-serine
oxidation.
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