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A high performance non-enzymatic glucose sensor
based on nickel hydroxide modified nitrogen-
incorporated nanodiamonds+t

Chih-Yu Ko,2 Jin-Hua Huang,*® Supil Raina® and Weng P. Kang®

A highly selective, sensitive, and stable non-enzymatic glucose sensor based on Ni hydroxide modified
nitrogen-incorporated nanodiamonds (Ni(OH),-NND) was developed. The sensor was fabricated by e-
beam evaporation of a thin Ni film on NND followed by the growth of Ni(OH), using an electrochemical
process. It was found that the Ni film thickness greatly affects the morphology and electro-catalytic
activity of the as-synthesized electrode for non-enzymatic glucose oxidation. Owing to its nanostructure
characteristics, the best sensor fabricated by 150 nm Ni deposition showed two wide response ranges,
namely, 0.02-1 mM and 1-9 mM, with sensitivities of 3.20 and 1.41 mA mM~' cm™2, respectively, and a
detection limit of 1.2 uM (S/N = 3). The sensor also showed good long-term stability as well as high
selectivity in the presence of interferences such as ascorbic acid, acetaminophen, and uric acid. This
finding reveals the possibility of exploiting the NND as an electrochemical biosensor platform where
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Introduction

The detection of glucose is extremely important in many realms
such as medicine, biotechnology, and food industry. Accurate,
fast, and reliable measurement of glucose is greatly needed,
especially in clinical diagnostics. Therefore, much effort has been
devoted for more than two decades to the development of elec-
trocatalytic glucose sensors.”” The most common glucose
biosensors, enzymatic type, based on immobilization of glucose
oxidase (GOx) onto various substrates have demonstrated some
useful applications.*” However, the major problem for this type of
oxidase-based sensor is poor stability arising from the loss of
enzyme activity during the immobilization process and even in the
storage period, which impairs sensitivity and reproducibility of
these sensors.® Another drawback is the high operating potential
that leads to limited selectivity of glucose in blood samples in the
presence of uric acid (UA), acetaminophen (AC), and ascorbic acid
(AA).® As a result, many elaborate fabrication and immobilization
techniques are required to overcome these issues. Because of the
above-mentioned problems of enzymatic GOx sensors, non-enzy-
matic sensors have received increasing interest in recent years.
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high performance addressable sensor arrays could be built.

Various noble metals (e.g. Pt, Au, Ni and Cu), alloys (e.g. Pt-
Pb), and oxides (e.g. NiO, Ni(OH), and CuO) have been investi-
gated in the development of effective non-enzymatic glucose
sensors.’ In general, bulk metal based electrodes (in particular
Pt and Au) show low sensitivity and poor selectivity caused by
the slow kinetics due to limited surface area, and suffer heavily
from surface fouling due to adsorbed intermediates and chlo-
ride ions.>** In contrast, conventional (i.e., unmodified) carbon
electrodes such as carbon nanotubes (CNT) and diamond**?
exhibit low background signal and high fouling resistance
owing to the chemically inert nature of carbons, which, unfor-
tunately, weakens their catalytic ability as compared to metals.
A common approach for addressing these problems is to
employ a structured (micro- or nano-) surface. For instance, the
aforementioned drawbacks with the bulk Pt-based electrodes
can be greatly improved by introducing a nanoporous Pt film,"
Pt-Pb nanowire array," etc. Similarly, the detection of glucose
with sensitivity as high as 1.04-7.32 mA mM ' ¢cm™ 2 has been
demonstrated with the nanoscale Ni-based electrodes in the
forms of nanoflakes,"” nanowire arrays,'® and nanoparticles.”
These nanostructured metal electrodes possess very high active
surface areas, thus favoring kinetically controlled sluggish
reactions (the electro-oxidation of glucose) to a greater extent
than the diffusion-controlled reactions (the electro-oxidation of
interfering species).'®*®

Another common approach for getting a catalytic electrode
with high active surface area is the fabrication of the nanoscale
catalytic metal directly onto a nanostructured support (i.e., the
nanocomposite electrode).>* > Novel carbon nanomaterials
such as carbon nanotubes, micro- and nano-diamond, and
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graphene have been shown to be ideal for catalyst and enzyme
supports.”*** Among them, diamond is found to be the most
stable in a wide variety of solutions, thereby providing a robust
platform for in vivo and in vitro applications.”® The intrinsic
diamond consists of a network of strongly bonded sp® C-C
bonds and has poor electrical conductivity. To make diamond
electrically conductive, micro- and even nano-crystalline films
have been synthesized with defects and sp> bonded structures
or doped with impurities.”” Boron is a p-type dopant while
nitrogen incorporation imparts n-type characteristics to dia-
mond. The detection of glucose using nickel hydroxide
(Ni(OH),) modified boron-doped diamond (BDD) electrodes has
shown excellent sensitivity (up to 1.04 mA mM ™' cm™?), high
selectivity, and surface fouling resistance.”” However, this
sensor lacked long-term storage stability (94% loss of sensitivity
after 14 days of storage) due to weak adhesion of Ni(OH), to the
underlying BDD. On the other hand, nitrogen-incorporated
nanodiamond (NND) with unique ‘ridge’ morphology has been
found to possess excellent structure stability and electro-
chemical behavior.?®3° In this work, the NND film with its
highly nanostructured, electrochemically active surface was
utilized for the attachment of nanoscale Ni(OH), with strong
adhesion. The resulting Ni(OH), modified NND herein as an
electrode for glucose detection has shown excellent sensitivity
(up t0 3.20 mAmM ' cm ™ 2) and long-term stability (15% loss of
sensitivity after 60 days of storage), as well as high selectivity in
the presence of interferents such as ascorbic acid (AA), acet-
aminophen (AC), and uric acid (UA).

Experimental
Chemicals and reagents

Sodium hydroxide (NaOH, 98% purity) and sulfuric acid
(H2SO,4, 97% purity) were used as received from SHOWA.
Hydrogen peroxide (H,O,, 30 wt%) was obtained from J. T.
Baker. p-Glucose (C¢Hi,06, 99.5% purity), ascorbic acid
(C¢HgOs, 98% purity), acetaminophen (CgHoNO,, 98% purity),
and uric acid (CsH4N,O3, 98% purity) were purchased from
Sigma-Aldrich. Pure water (~18 MQ cm) was exclusively used in
all aqueous solutions and rinsing procedures.

Preparation of the Ni(OH),-NND electrodes

The NND film on a highly conductive n-type silicon substrate
was grown by microwave plasma-enhanced chemical vapor
deposition. The parameters of growth were: power = 1 kW,
pressure = 25 torr, temperature = 850 °C, time = 4 h, and a gas
mixture of H,/CH4/N, in the ratio of 9:1:1.* Prior to Ni
modification, the NND films were cleaned in an acid solution
(H,0, : HySO, =1 : 4) at 80 °C to remove impurities and washed
with pure water. Then, each of the NND films was partially
sealed using PI adhesive tape purchased from 3M to define an
active area of 0.5 cm?, and a Ni film with a thickness of 50, 100,
150, 200 or 250 nm was deposited onto the as-patterned NND
film by electron-beam evaporation. Thereafter, various Ni-
coated NND films were used as the working electrodes in a
three-electrode cell, with platinum as the counter electrode and
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Ag/AgCl (saturated KCl) as the reference electrode. A 0.1 M
NaOH aqueous solution and cyclic voltammetry, between 0.1
and —0.6 V, at a scan rate of 10 mV s~ ' were employed for the
growth and stabilization of Ni(OH),. The cyclic scans were
repeated until no further increase in the anodic and cathodic
peaks was observed.

Characterization and apparatus

All electrochemical measurements were performed using an
EG&G 2273 potentiostat in a standard three-electrode cell. A
platinum wire, a saturated calomel electrode (SCE), and the
Ni(OH), modified NND films (area of 0.5 cm?) on Si were used as
the counter, reference, and working electrodes, respectively. All
operational potential values were referenced to the SCE. Cyclic
voltammetry (CV) analyses and chronoamperometric measure-
ments were carried out under steady-state conditions in a
quiescent solution of 0.5 M NaOH at the desired operating
potentials. Field-emission scanning electron microscopy
(FESEM) was used to characterize the surface morphology of
NND before and after modification with Ni(OH),. In addition,
the elemental composition of the as-prepared Ni(OH),-NND
hybrids was acquired using a high-resolution X-ray diffractom-
eter (Bruker D8 SSS).

Results and discussion
Structural characterization

The as-synthesized NND films formed uniform and conformal
layers on the highly conductive n-typed silicon substrates as
seen in the low-magnification FESEM image (Fig. 1(a)). The
NND film consists of two characteristic features, ridged sheets
or platelets and nanoparticles on the side-walls and in between
them. These features can be seen more prominently in the high-
magnification image (Fig. 1(b)). Such a hybrid diamond
microstructure can be attributed to the two competing
processes of nucleation/growth and plasma-etching of the
nanodiamond film. The Raman spectrum obtained from the
previous study*® depicts the characteristic diamond peak (sp®
hybridized carbon) and graphitic peak (sp> hybridized carbon).
Also, a shoulder at 1140 cm ™ * was observed, which is associated
with films containing the nanocrystalline phase.

Fig. 2(a)-(c) show the FESEM images of NND films coated
with 100, 150, and 200 nm-thick Ni, respectively, by e-beam

Fig. 1 FESEM images of a NND film showing the “ridge” surface morphology
with nanoparticles on and in between the side-walls: (a) low magnification and
(b) high magnification.

This journal is © The Royal Society of Chemistry 2013
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Fig.2 FESEM images of the as-deposited (a) 100, (b) 150, and (c) 200 nm Ni coated NND films. The corresponding FESEM images after the reaction to form Ni(OH), are

shown in (d), (e), and (f), respectively.

deposition. Macroscopically, the morphology of the 100 and 150
nm Ni coated samples reveals a uniform and conformal
coverage of Ni on both the NND ridges and nanoparticles. As the
Ni thickness is varied from 100 to 150 nm, the dimension of Ni
coated NND ridges increases marginally but the size of the
nanoparticles is enlarged dramatically with an average incre-
ment of ~40 nm in diameter. As for the 200 nm Ni coated NND,
the structure feature of primitive NND is replaced by a contin-
uous and flat Ni film with some Ni decorated ridged sheets. It is
obvious that as the Ni coating thickness is increased above
150 nm, the sheet-nanoparticle hybrid structure transits to a
much planar morphology. Fig. 2(d)-(f) show the FESEM images
of the 100, 150, and 200 nm Ni coated NNDs after growth of
Ni(OH), in 0.1 M NaOH by consecutive CVs at a scan rate of
10 mV s~ . Fig. 2(d) and (e), both the 100 and 150 nm Ni(OH),-
NND samples, show adhesion of Ni(OH), with sponge-like
structures on NNDs. In addition, the 150 nm Ni(OH),-NND has
a greater number of Ni(OH), nanoparticles aggregated inside
the pores of sponge-like NND. However, the 200 nm Ni(OH),-
NND, Fig. 2(f), demonstrates a relatively flat morphology
comprised of a large amount of Ni(OH), wrapped grains.

The elemental composition of the as-prepared Ni(OH),-NND
was obtained by high-resolution X-ray diffraction (HRXRD)
analysis. The HRXRD pattern (and its assignment) of the as-
prepared 150 nm Ni(OH),-NND is illustrated in Fig. S1,T which
shows both the NiO and Ni(OH), signatures in addition to the
XRD signals generated by the substrate background, including
diamond, graphite and unoxidized Ni. The diffraction peaks
corresponding to NiO and Ni(OH), are relatively broad and weak,
which may result from the poor crystallinity and small grain size
of NiO and Ni(OH),. Therefore, a mixture of NiO and Ni(OH),,
instead of pure Ni(OH),, has been grown on the NND surface.
Similar findings have been observed in our previous study® on
the CNT-Ni hybrid with high-resolution X-ray photoelectron
spectroscopy. The growth of NiO may be due to the dehydration
of the electrodes while being kept in a dry storage.

This journal is © The Royal Society of Chemistry 2013

The reaction of Ni to Ni(OH), has been investigated by
many groups.*** Fig. S21 shows an overlay of cyclic voltam-
mograms (CVs) obtained with the 100 nm Ni coated NDD
during the growth of Ni(OH), by consecutive CV scans, which
is in agreement with the literature.”” In the consecutive CV
scans, the evolution of anodic and cathodic peaks is due to the
growth of -Ni(OH), and its transformation to the much stable
phase, B-Ni(OH),. The anodic peaks are attributed to o-
Ni(OH), and B-Ni(OH), which are oxidized to y-NiOOH and
B-NiOOH, respectively, while the cathodic peaks are ascribed
to y-NiOOH and B-NiOOH which are reduced to «-Ni(OH), and
B-Ni(OH),, respectively. The different morphologies as
observed for the Ni(OH),-NND samples with Ni thickness
below and above 150 nm can be ascribed to the specific
diffusion behavior of OH™~ with the structured electrode
surfaces.

Electrocatalytic oxidation of glucose

Before serial studies of glucose sensing, the electrocatalytic
oxidation of glucose at the Ni(OH),-NND electrodes was exam-
ined by cyclic voltammetry. Fig. 3(a) shows the CVs of the 150
nm Ni(OH),-NND electrode in 0.1 M NaOH solution containing
0.5 mM glucose at various scan rates in the range of 5-30 mV
s~'. It can be seen that the anodic and cathodic oxidation
currents increase with increasing scan rate. Moreover, as shown
in the inset of Fig. 3(a), the peak currents for both the anodic
and cathodic oxidations of glucose are linearly correlated with
the square root of scan rate, implying that the reaction is a
classic kinetics-controlled electrochemical process.'** The
electrochemical response of the 150 nm Ni(OH),-NND electrode
to different concentrations of glucose was also investigated by
CV at a scan rate of 10 mV s~ . Fig. 3(b) shows that by increasing
the glucose concentration, the oxidation peak current is
increased and the potential is shifted to a more positive value.
As revealed in the literature,***” the electro-oxidation of glucose
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Fig. 3 (a) Cyclic voltammograms of 500 uM glucose obtained with the 150 nm
Ni(OH),-NND electrode in 0.5 M NaOH solution at scan rates of 5, 10, 15, 20, 25,
30 mV s~ Inset: plot of the peak current density versus the square root of scan
rate; (b) Cyclic voltammograms of the 150 nm Ni(OH),-NND electrode at a scan
rate of 10 mV s~" in 0.5 M NaOH in the presence of 50, 100, 150, 250, 350, and
500 pM of glucose. Inset: an expanded view of the anodic current density vari-
ation in the potential window of 0.49-0.58 V.

to glucolactone was electrocatalyzed by the NiO(OH)/Ni(OH),
redox couple according to the following reactions:

Ni(OH), + OH™ — NiO(OH) + H,O + e~

NiO(OH) + glucose — Ni(OH), + glucolactone

Glucose is oxidized by the NiO(OH) species on the electrode
surface rapidly at the anodic potential, at the same time con-
verting the NiO(OH) species to Ni(OH), ones. In Fig. 3(b), it can
be also seen that the cathodic peak current decreases slightly
with increasing glucose concentration while undergoing no
obvious potential shifts. The changes in the concentrations of
the NiO(OH) and Ni(OH), species cause the increase of the
anodic peak current and the decrease of the cathodic peak
current. This phenomenon indicates the irreversible electro-
catalysis of glucose and the catalytic conversion of NiOOH to
Ni(OH), prior to electrochemical reduction. This result also
exhibits the excellent elctrocatalytic ability of Ni-NND to glucose
oxidation.

Chronoamperometry and optimization of the Ni(OH),-NND
electrode

To achieve the optimum response of the Ni(OH),-NND elec-
trode, various factors (such as Ni thickness, applied potential,
and NaOH concentration) having great influence on the cata-
lytic oxidation behavior of glucose were investigated by
amperometry. The effect of NaOH concentration (0.05, 0.1, 0.5,
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and 1 M) on the response of glucose was studied first and is
shown in the ESI.T The results demonstrated that 0.5 M NaOH is
the most appropriate solvent to achieve the lowest background
current with superior glucose detection signal and was chosen
for subsequent experiments.

Next, the effects of Ni thickness in the range of 50-250 nm
and applied potential in the range of 0.4-0.55 V were investi-
gated. The amperometric responses of the sensors upon each
successive addition of 200 puM glucose were recorded in 0.5 M
NaOH solution at various applied potentials, and the results are
displayed in Fig. S3.f In the case of the 100 nm Ni(OH),-NND
electrode, a potential of 0.5 V produces the best response, with a
linear sensitivity of 3.2 mA mM ' em ™2 over the range of 200~
1800 pM, as compared to other potentials. According to the
sensitivity value, the signal-to-noise ratio (S/N) in 200 uM of
glucose, and window of the linear response range, the opti-
mized responses of the 150 and 200 nm Ni(OH),-NND elec-
trodes were obtained at 0.5 and 0.525 V, respectively. From the
results obtained with the 50 to 250 nm Ni(OH),-NND electrodes,
the optimal working potential shifts to higher values but in the
case of the 250 nm Ni(OH),-NND electrode, no distinct linear
response was acquired even at the preferred potential. This
means that the acceptable range of applied potential gets nar-
rower with increasing Ni thickness.

In general, the effects of applied potential on the ampero-
metric response of the present sensors are similar to those
reported in the literature. Taking 100 nm Ni(OH),-NND (the
optimal applied potential is 0.5 V) as an example, the current
response increases at a slower rate after a concentration of
1 mM at the lower working potentials of 0.45 and 0.475 V. This
is because the electrocatalytic sites on the electrode surface
that are driven by low potential are insufficient to instantly
electro-oxidize glucose at higher concentrations. However, the
background current increases sharply when applying higher
potentials. It can be seen that at the potential of 0.55 V, the
detection response is poor at lower concentrations but gets
better at higher concentrations owing to the competition
between electrolysis of water and electrocatalysis of glucose.

The optimal working potential and the corresponding
performance for each of the Ni(OH),-NND sensors with different
Ni thicknesses are summarized in Table 1. It is noted that the
sensitivity of the sensors improves with increasing Ni thickness
until 150 nm and then declines. From the reported research on
kinetically controlled electrochemical events as glucose oxida-
tion, it is well-known that the Faradaic current depends on the

Table 1 Determined parameters for electrocatalytic oxidation of glucose on the
different Ni thickness coated Ni(OH),-NND electrodes. Each response represents
the mean + S.D. of five determinations

Ni thickness =~ Optimum working  Sensitivity Linear range
(nm) potential (V) (mMAmM™' em™) (mM)

50 0.45 2.20 £ 0.14 0.2-1.5

100 0.5 3.10 &+ 0.09 0.2-1.8

150 0.5 3.20 £ 0.10 0.2-2.4

200 0.525 2.10 £ 0.10 0.2-2.4

250 0.55 2.10 £+ 0.05 0.2-2.0

This journal is © The Royal Society of Chemistry 2013
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nanoscopic surface area rather than the geometric surface area
of the electrode, especially at slower scan rates. As revealed in
Fig. 2(d) and (e), both 100 and 150 nm Ni(OH),-NND offer
sponge-like morphology with extremely large surface, and show
enhanced Faradaic currents for electro-oxidation of glucose with
higher sensitivities of 3.1 and 3.2 mA mM ™' cm ™2, respectively.
In contrast, the 200 nm Ni(OH),-NND electrode has quasi-flat
morphology (Fig. 2(f)) and exhibits a lower sensitivity of 2.1 mA
mM ' cm 2 Thus, the decrease of sensitivity in the 200 and
250 nm Ni-NND electrodes could be attributed to a lack of
nanostructured morphology which makes these Ni(OH),-NNDs
behave more like two-dimensional Ni plated electrodes. The
most sensitive detection was found with the 150 nm Ni(OH),-
NND electrode owing to the greater number of Ni(OH), nano-
particles on the surface. As described in the literature,'* this is
because of the highly distorted line of diffusion flux constructed
near the nanostructured electrode surface, the so-called
heterogeneous kinetics limitation. Therefore, the 150 nm Ni-
NND electrode with a greater surface area, microporous rough-
ness, and Ni(OH), decorated nanoparticles generated higher
Faradaic currents for glucose oxidation.

Fig. 4(a) displays the amperometric response of the 150 nm
Ni(OH),-NND electrode to successive increments of different
concentrations of glucose at the desired operating potential of
0.48 V. With each addition of glucose, the response time was
found to be 3 s or less and the steady-state reaction was reached
in ~10 s. The corresponding calibration plot is shown in
Fig. 4(b). Clearly, the sensor displays two linear ranges, from
0.02 to 1 mM (see inset for details) and from 1 to 9 mM, with
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Fig.4 (a) Amperometric response and (b) the corresponding calibration plot of
the 150 nm Ni(OH),-NND electrode for successive additions of 20, 30, 50, 100 uM,
and 2 mM glucose at a potential of 0.48 VV in 0.5 M NaOH solution. Each response
n (b) represents the mean + S.D. of five determinations. The inset in (b) depicts
the calibration curve in the lower detection range of 0.02-1.0 mM.
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different sensitivities of 3.2 and 1.41 mA mM ' cm ™2, respec-
tively. The experimental limit of detection was estimated to be
1.2 pM at a signal-to-noise ratio of 3. The phenomenon of two
linear regions in glucose response has been reported previ-
ously.*®** In our case, it can be attributed to the accumulation of
the electro-inactive intermediate, glucolactone, near the surface
of the electrode. Since the measurements were conducted
without stirring, such an accumulation could occur after a
period of detection. Owing to the kinetics-controlled mecha-
nism, the transport of glucose to the electrode surface could be
slowed down by non-dispersed glucolactone acting as a diffu-
sion barrier, thereby resulting in a severe decrease in the
oxidation current responses.

Interference study

While analyzing glucose in blood samples, ascorbic acid (AA),
acetaminophen (AC), and uric acid (UA) are key species that
interfere with the detection of glucose. The normal physiolog-
ical level of glucose is 4.4-6.6 mM which is several times higher
than the concentrations of interfering species, 0.125 mM for AC,
0.13 mM for AA, and 0.3 mM for UA.***! Thus, the interference
study was conducted with a starting concentration of 1 mM for
glucose and a fixed concentration of 0.1 mM for the interfering
species by amperometry at an applied potential of 0.48 V with
the 150 nm Ni(OH),-NND electrode. As shown in Fig. 5, the
biosensor exhibited an essentially negligible response toward
each addition of the three species in 1 mM glucose and main-
tained good linear response to successive additions of 2 mM
glucose. The corresponding oxidation current density of 1 mM
glucose is ~2.5 mA cm 2, which greatly exceeds those recorded
for the interfering species: ~0.017 mA cm ™ for UA, ~0.13 mA
em ™2 for AC, and ~0.28 mA cm 2 for AA.

The cyclic voltammetric behaviors of different concentra-
tions of glucose and interfering species, AA, AC and UA in 0.5 M
NaOH at a scan rate of 10 mV s~ were also investigated. The
resulting CVs and calibration curves are shown in Fig. S4 and
S5,T respectively. The results show that the sensitivities
produced by glucose, AA, AC and UA are 1.25, 0.16, 0.13, and
0.105 mA mM ' cm 2, respectively, confirming the good
selectivity of the sensor.

Current density (mA/cm?)
(-]

100 200 300 400 500 600
Time (sec)
Fig. 5 Amperometric response of the 150 nm Ni(OH),-NND electrode to 1 mM

glucose and successive additions of 2 mM glucose in the presence of 0.1 mM UA,
AC and AA at an applied potential of 0.48 V.
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From the literature,*”** the Ni-based electrodes exhibit
excellent electro-catalytic ability to functional groups such as
hydroxyl groups (-OH), carboxyl groups (-COOH), and aldehyde
groups (-CHO), but are less active to amino groups (-NH). For
glucose and AA, the main functional groups that can be oxidized
at relatively lower potentials are one primary -OH (1°-OH), four
secondary -OH (2°-OH), and one -CHO in each glucose mole-
cule, and one 1°-OH and one 2°-OH in each AA molecule. The
-CHO and -COOH groups exhibit better reaction rates than
-OH. Therefore, if 1°-OH is oxidized to ~-CHO, the -CHO group
will be rapidly oxidized to the -COOH group. On the other hand,
if all the -OH and —-CHO groups are oxidized in the first electro-
oxidation process, the intermediate having one -CHO and one
-COOH group is further oxidized to the other intermediate with
one -COOH remaining. Since the 1°-OH and 2°-OH of AA
molecules can only carry out three oxidation steps, which
oxidize the 1°-OH and 2°-OH to carboxylic groups and carbonyl
groups, the current signal of AA received by the Ni(OH),-NND
electrode is inferior to glucose which requires at least seven
steps. As for AC and UA, the ring structure and multi-bonds
between carbons confine the oxidation of -OH and -NH groups.
As a result, the Ni(OH),-NND electrode exhibits much less
current response to AC and AA. That is, the signals of AA, AC
and UA are all overwhelmed by the dominant electro-oxidation
reaction rate of glucose at the Ni(OH),-NND electrodes accord-
ing to their different molecular structures.

Long-term stability

The 150 nm Ni-NND sensor was evaluated for its shelf-life
stability. Fig. 6 depicts the amperometric responses of the
sensor for detection of 0.5 mM glucose in 0.5 M NaOH at the
desired operating potential of 0.48 V after storing in air under
ambient conditions for different time-spans. The response of
the sensor to 0.5 mM glucose decreased to 85% of its initial
value (as deposited one) after 30 days of exposure and then
approached a steady response value, which shows good long-
term stability. This performance is superior to the Ni(OH),-
modified boron-doped diamond (Ni(OH),-BDD) sensor
proposed by Toghill et al. in 2010,%* which exhibited a response
loss of 94% of the initial measurement in just two weeks due to
the poor adhesion between the Ni(OH), and BDD substrate. The
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o
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Fig. 6 Stability of the amperometric response of the 150 nm Ni(OH),-NND
electrode to 0.5 mM glucose in 0.5 M NaOH solution for 60 days. Each response
represents the mean =+ S.D. of five determinations.
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surface bonded structure of BDD, as discussed in the literature,
demonstrates p-type features, which provide vacant orbitals to
charges and drive the reactions. Contrarily, the surface bonded
structure of NND shows n-type states, which means the surface
of NND is negative-charge carrier dominated. When comparing
the two diamond supporting materials, Ni(OH), exhibited much
better adhesion to the NND which might be attributed to the
interaction between the n-type states and Ni atoms.

Comparison with Ni(OH),-graphite and other non-enzymatic
electrodes

The excellent performance of the 150 nm Ni(OH),-NDD elec-
trodes toward glucose sensing has been attributed to its highly
nanostructured surface. To verify this, another carbon-based
supporting material, graphite, was similarly modified with the
same 150 nm-thick Ni followed by the same Ni(OH), growth
process discussed previously. Fig. S6T shows a FESEM image of
the 150 nm Ni(OH),-graphite electrode. A comparison of the
amperometric response of both electrodes, the 150 nm Ni(OH),
modified NND and graphite, to successive additions of glucose
at the desired operating potential of 0.48 V can be seen in
Fig. 7(a). It can be observed that a much significant current
response is obtained at the Ni(OH),-NND electrode. As indi-
cated from the resulting calibration plots, Fig. 7(b), the Ni(OH),-
NND electrode shows a sensitivity of 3.18 mA mM ' cm 2,
which is three times greater than the Ni(OH),-graphite elec-
trode. This can be explained by the difference in their active
surface areas due to the unique microstructure of NDD as seen
in Fig. 2(e). Nevertheless, both electrodes display the same
linear range from 0.02 to 1 mM, indicating a similarity in their
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Fig. 7 (a) Amperometric responses of the 150 nm Ni(OH),-NND and Ni(OH),-
graphite electrodes to successive additions of glucose in 0.5 M NaOH solution at
an applied potential of 0.48 V. (b) The corresponding calibration plots.
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Table 2 Comparison of the performance parameters of various non-enzymatic glucose sensors?

Sensitivity Detection limit
Electrode (LAmM ' ecm™?) Linear range (M) Long-term stability Ref
Ni nanoflake/Ti plate 7320 0.05-0.6 mM 1.2 1 year 15
NiO NP/carbon paste 5590 1-110 pM 0.16 — 17
Ultrathin Ni film/NPG 5070.9 1 pM to 10 mM — — 20
NiO NP/MWCNTSs 1768.8 0.01-7 mM 2 — 23
Pt NP/MWCNTSs 1100 2-20 mM — — 45
Ni nanowire array/GC 1043 0.5 uM to 7 mM 0.1 65 days (7% loss) 16
Ni(OH),/BDD 1040 0.01-10 mM 2.7 14 days (94% loss) 22
Pillar-like Cu/ITO 699.45 1 pM to 0.5 mM 0.5 60 days (15% loss) 46
CuO nanofibre paste/GC 431.3 6 UM to 2.5 mM 0.8 — 47
Ni NPs/C fiber mixture 420.4 2 uM to 2.5 mM 1 — 48
CuO nanospheres GC™* 404.5 Up to 2.55 mM 1 — 49
NiO microfiber/FTO 1785.41 1-270 uM 0.033 30 days (4% loss) 50
Ni(OH),/NND a. 3200 a. 0.02-1 mM 1.2 60 days (15% loss) This work

b. 1406 b. 1-9 mM

“ NP: nanoparticles; NPG: nanoporous gold; MWCNTs: multi-wall carbon nanotubes; GC: glassy carbon; BDD: boron-doped diamond; ITO: indium-
doped tin oxide; FTO: fluorine tin oxide; and NND: nitrogen-doped nanodiamond;— not reported.

electrocatalytic abilities. Table 2 further compares the analytical
performance of the 150 nm Ni(OH),-NND electrode for glucose
detection with several efficient non-enzymatic electrodes. It can
be observed that the proposed Ni(OH),-NND electrode in this
research is superior to most electrodes in terms of sensitivity,
linear calibration range, limit of detection and long-term
stability.

Conclusion

An enzyme-free amperometric biosensor with excellent elec-
trocatalytic ability for glucose oxidation has been developed.
The sensor was based on nanoscale Ni(OH), modified NND
grown directly on Si substrates. The fabrication scheme is
simple and the sensors can be batch fabricated. The electro-
chemical oxidation mechanism of glucose on Ni(OH),-NND was
investigated and showed kinetically controlled behavior for
different Ni thicknesses. The sensitivity of the sensor generally
increases with increasing nickel thickness until optimum
coverage of nanostructured Ni(OH), on NND is reached. Our
results indicate that the optimized Ni(OH),-NND electrode can
enhance electrocatalytic ability and long-term stability for
glucose detection significantly. Since diamond is chemically
stable and biocompatible, further examination of the Ni(OH),-
NND electrode for in vivo and in vitro applications is in progress.
This preliminary finding reveals the possibility of exploiting the
NND as an electrochemical biosensor platform whereby high
performance addressable sensor arrays with high selectivity,
sensitivity, and stability could be built by selective surface
modification of the NND platform using a non-enzymatic
approach.
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