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ABSTRACT: NiO nanoparticles are deposited onto SiC

particles by atomic layer deposition (ALD). The structure of

the NiO/SiC hybrid material is investigated by inductively
coupled plasma atomic emission spectrometry (ICP-AES), X-
ray photoelectron spectroscopy (XPS), and transmission
electron microscopy (TEM). The size of the NiO nano-
particles is flexible and can be adjusted by altering the cycle
number of the NiO ALD. Electrochemical measurements
illustrate that NiO/SiC prepared with 600 cycles for NiO ALD
exhibits the highest glucose sensing ability in alkaline
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electrolytes with a low detection limit of 0.32 uM (S/N = 3), high sensitivity of 2.037 mA mM ™' cm™?, a linear detection
range from approximately 4 yM to 7.5 mM, and good stability. Its sensitivity is about 6 times of that for commercial NiO
nanoparticles and NiO/SiC nanocomposites prepared by a traditional incipient wetness impregnation method. It is revealed that
the superior electrochemical ability of ALD NiO/SiC is ascribed to the strong interaction between NiO and the SiC substrate
and the high dispersity of NiO nanoparticles on the SiC surface. These results suggest that ALD is an effective way to deposit

NiO on SiC for nonenzymatic glucose sensing.
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B INTRODUCTION

Quantitative detection of glucose is of great importance due to
its promising application in many fields, such as food
processing, clinical diagnosis, environmental monitoring, and
in developing renewable fuel cells.'* Many approaches have
been developed for glucose sensing.>® In general, the
electrochemical technique holds great promise for the
construction of glucose biosensors based on its simplicity,
high sensitivity, good selectivity, and low cost.” Since Clark and
Lyons developed the first enzymatic glucose biosensor in
1962,% extensive attention has been paid to developing
electrochemical glucose biosensors. These glucose sensors
usually involved the use of enzymes such as glucose oxidase at
the early stages.” Enzyme-based glucose sensors exhibit high
sensitivity and selectivity for glucose. However, such biosensors
require complicated immobilization procedures and exhibit
poor long-term stability. Moreover, their sensing abilities are
easily affected by pH and temperature during measurements
due to the nature of enzyme.'® As a result, increasing attempts
have been undertaken to develop nonenzymatic glucose
biosensors based on noble metals (such as Pt, Au, Pd), alloys
(Pt—Pb, Pt—Ru, Pt—Au, etc.), oxides (such as NiO, CuO,
Cu,0, Co;04 MnO,, ZnO), and their composites with CNT
or graphene."'™'* Among these, NiO has been widely utilized
and is proven to be an effective electrocatalyst for glucose
sensing because of its strong electrocatalytic activity, low cost,
and high organic capturing ability.ls’16 The mechanism of
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glucose oxidation by NiO-based materials is explained by the
following reactions. First, NIOOH is formed by the interaction
of NiO with OH™ in alkaline solution. Glucose is then oxidized
to glucolactone by NiOOH, which is deoxidized to NiO at the
same time.'” As is well known, the electrocatalytic activity of
nanoparticles is significantly dependent on their size and
distribution.’®* To date, various techniques, such as electro-
chemical deposition and hydrothermal synthesis, have been
employed to prepare NiO-based nanostructures as glucose
sensors.”~*2 However, these traditional methods have no good
control over the size or distribution of NiO. In addition, it is
reported that NiO-based glucose sensors have difficulty in
maintaining long-term stability because of the gradual detach-
ment and dissolution of the catalyst from the substrate.”>**
In the present work, NiO/SiC nanocomposites were
prepared by the atomic layer deposition (ALD) technique
and employed as nonenzymatic glucose sensing electrocatalysts.
ALD is a promising approach for catalyst synthesis due to its
outstanding advantages.”> It has been applied in many areas
because of its precise control over particle size and
distribution.”**” SiC is an excellent catalyst support with stable
physical and chemical properties, high thermal conductivity,
and no toxjcity.28_30 It is attracting more and more attention in
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electrochemical and bioelectrochemical applications due to its
biocompatibility, wider potential window, and lower back-
ground current.>”** Herein, we took advantage of these
desirable features of the ALD technique and SiC substrate
and synthesized NiO/SiC nanocomposites, which present
remarkable performance in nonenzymatic glucose sensing. To
the best of our knowledge, this is the first time that NiO/SiC
nanocomposites prepared by ALD have been applied to glucose
detection.

B EXPERIMENTAL SECTION

Preparation of NiO/SiC. SiC particles with a high specific
surface area of 50.8 m* g~' were synthesized through a sol—gel
and carbothermal reduction method reported previously.>* SiC
particles were dispersed in anhydride ethanol under proper
agitation in an ultrasonic bath, dropped onto a quartz wafer,
and air-dried. Then, ALD of NiO was carried out in a
homemade, hot-wall, closed chamber-type ALD reactor at 250
°C using nickelocene (NiCp,) and O as precursors. The
NiCp, source was held at 65 °C. After deposition of NiO, the
sample was collected and is denoted as X-NiO/SiC, where X
means the cycle number of the NiO ALD.

For comparison, NiO and SiC nanocomposites with the
same NiO content as that of 600-NiO/SiC was synthesized
through an incipient wetness impregnation method (denoted as
NiO/SiC,,;). Ni(NO;),-6H,0 (530 mg) was added to SO mL
ethanol under magnetic stirring. After the solution became
transparent, 900 mg of SiC was carefully added. The suspension
was held for 24 h under magnetic stirring to all for sufficient
contact of Ni(NO;), with SiC. Then, the suspension was
allowed to dry at 40 °C under continuous magnetic stirring.
The sample was calcined at 500 °C for S h in a muffle oven to
obtain NiO/SiC,;.

Characterization. The Ni content was detected through a
Thermo iCAP 6300 inductively coupled plasma atomic
emission spectrometer (ICP-AES). X-ray photoelectron spec-
troscopy (XPS) was employed on a XSAM 800 X-ray
photoelectron spectrometer (Kratos, UK). Transmission
electron microscopy (TEM) images were obtained on a
JEOL-2100F microscope.

Electrochemical Testing. Electrochemical measurements
were performed with a CHI 760D electrochemical workstation
(CH Instrument, Shanghai, China). A conventional three-
electrode system was employed consisting of a glassy carbon
electrode (GCE) modified with NiO/SiC samples as the
working electrode, a platinum foil electrode as the counter
electrode, and a Hg/HgO electrode as the reference electrode.
All of the electrochemical experiments were performed in an
aqueous 1 M KOH solution. To prepare modified electrodes,
we dispersed S mg of electroactive material into a 1 mL mixed
solution of ethanol and nafion (volume ratio 49:1 Veguno/ Vaation)
under ultrasonication for 30 min. Then, a 3 yL portion of the
resulting suspension was cast on the surface of bare GCE
(diameter of 3 mm) and allowed to air dry for about 15 min.
The cyclic voltammetry (CV) of the samples was measured
over a potential range from 0.2 to 0.6 V at a scan rate of 50 mV
s7'. The electrochemical impedance spectroscopy (EIS)
measurements were conducted with a frequency ranging from
10° to 0.01 Hz at the applied potential of 0.4 V with an AC
perturbation of 5 mV. Chronoamperometry was performed at
an applied potential of 0.5 V under 300 rpm magnetic stirring
with glucose added stepwise. For comparison, glucose sensing

4773

measurements were also taken with bare SiC, commercial NiO
nanoparticles (50 nm), and NiO/SiC,,; modified electrodes.

B RESULTS AND DISCUSSION

Structural Analysis of NiO/SiC. TEM was employed to
examine the morphology and microstructure of the NiO/SiC
nanocomposites produced. Figure 1 shows TEM and high

B

Figure 1. Low (3, ¢, ¢, g) and high (b, d, f, h) magnification TEM
images of 200-, 400-, 600-, and 800-NiO/SiC. Insets in (f) are high
resolution TEM images of 600-NiO/SiC.

resolution TEM (HRTEM) images of 200-, 400-, 600-, and
800-NiO/SiC samples. With an increasing number of ALD
cycles, the size of the NiO nanoparticles increases and their
distribution gets denser. The average sizes of the NiO
nanoparticles of 200-, 400-, and 600-NiO/SiC are approx-
imately 2.2, 3.2, and 4.2 nm, respectively. In Figure 1h, the NiO
nanoparticles of 800-NiO/SiC form a continuous film due to
large particle size and high density. The surface active sites on
individual NiO nanoparticle will decrease due to the overlap
between the NiO nanoparticles, which may reduce their
activity. From the insets in Figure 1f, lattice spacings of 0.24
and 0.21 nm are observed, corresponding to the (111) and
(200) crystal planes of NiO, respectively. Figure 2a shows the

—NiO/SiCu
800-NiO/SiC
—600-NiO/SiC
—400-NiO/SiC
—200-NiO/SiC
. Ni 2p*?

Figure 2. (2) TEM image of NiO/SiC,,; and (b) Ni XPS spectra of
ALD-NiO/SiC and NiO/SiC,,.
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Figure 3. (a) Cyclic voltammograms of NiO/SiC with different ALD cycles in 1 M KOH solution at a scan rate of S0 mV s™". (b) CV curves of the
600-NiO/SiC modified electrode at various scan rates. The inset shows the relationship between the oxidant peak current and the square root of the
scan rate. (c) EIS curves of NiO/SiC samples. The inset shows the EIS curves of 400-, 600-, and 800-NiO/SiC at the high frequency region. (d)
Current—time recordings of different NiO/SiC biosensors with successive addition of glucose. (e) Plot of the current versus glucose concentration
for the different NiO/SiC biosensors. The inset shows the fitted curve of the current of 600-NiO/SiC varying with glucose concentration from 4 to
500 uM. (f) Amperometric responses of different NiO/SiC biosensors to various interferents and glucose. (g) CV curves of 600-NiO/SiC in
different concentrations of KOH solution at 50 mV s™.. (h) CV curves of 600-NiO/SiC at different temperatures in 1 M KOH at 50 mV s™".

TEM image of NiO/SiC,;. The size of the NiO nanoparticles is
about 5.4 nm on average, which is larger than that of 600-NiO/
SiC. Moreover, the dispersity of the NiO nanoparticles is less
uniform than that of 600-NiO/SiC.

The Ni contents in 200-, 400-, 600-, and 800-NiO/SiC
measured by ICP-AES are approximately 2.88, 6.84, 10.77, and
13.32 wt %, respectively, corresponding to NiO contents of
approximately 3.67, 8.71, 13.71, and 16.96 wt %, respectively.
XPS was employed to identify the chemical state of the Ni
element in 600-NiO/SiC and NiO/SiC;,;, and their Ni 2p
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profiles are shown in Figure 2b. In the 600-NiO/SiC curve, the
peaks located at the binding energies of 856.6 and 874.6 eV are
attributed to Ni 2p'/? and Ni 2p>’?, respectively, and the peaks
located at the binding energies of 862.6 and 880.8 eV are their
satellite peaks, respectively. The binding energy of Ni in 200-,
400-, and 800-NiO/SiC is almost identical to that of 600-NiO/
SiC despite the difference in NiO nanoparticle size in the
different ALD-NiO/SiC samples. From the NiO/SiC;,; curve,
these four peaks are located at 855.9, 862.3, 873.8, and 879.8
eV, respectively. The Ni 2p binding energy of 600-NiO/SiC is
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higher than that of the NiO/SiC,,; sample, implying a stronger
interaction between the NiO nanoparticles and the SiC
substrate in the ALD-synthesized sample, which favors the
electron transfer process.”* The stronger interaction between
NiO and SiC in ALD-NiO/SiC may be ascribed to chemical
bonding between NiO and SiC that results from the ALD
growth mechanism.

Electrochemical Measurements. Figure 3a shows cyclic
voltammograms of 200-, 400-, 600-, and 800-NiO/SiC
modified electrodes. It can be seen that the onset potentials
of these NiO/SiC samples are more negative when the NiO-
ALD cycles increase from 200 to 600 cycles. However, further
increasing the number of ALD cycles results in an inverse
change in the onset potential. The 600-NiO/SiC modified
electrode possesses the highest anodic peak current of ~189.42
mA mg_1 (with values of 47.99, 147.71, and 116.69 mA mg_1
for 200-, 400-, and 800-NiO/SiC, respectively). Figure 3b
shows cyclic voltammograms of the modified electrode with the
600-NiO/SiC composite measured at different scan rates (v).
The anodic peak currents grow linearly with the square root of
the scan rate (inset of Figure 3b), suggesting a diffusion-
controlled electrochemical process, which is an ideal case in
quantitative analysis.> Figure 3¢ shows the EIS curves of these
samples. A semicircular area at high frequency corresponding to
the electron transfer-limited process is observed for each
sample. The diameter of the semicircle represents the electron
transfer resistance of the electrode material. From Figure 3c,
the 600-NiO/SiC electrode exhibits the lowest charge-transfer
resistance, which facilitates the electrochemical process. This
indicates that NiO nanoparticles in the 600-NiO/SiC sample
have more surface active sites than the other samples.

The glucose sensing performance of ALD-NiO/SiC is
analyzed by chronoamperometry. Figure 3d shows the
amperometric response of different NiO/SiC glucose sensors
with successive addition of glucose approximately every 50 s at
an applied potential of 0.5 V. Each biosensor exhibits rapid
current increase with the addition of 4 uM glucose. With a
signal-to-noise (S/N) ratio of 3, the glucose detection limits
were calculated to be approximately 0.89, 0.45, 0.32, and 0.93
uM for the 200-, 400-, 600-, and 800-NiO/SiC biosensors,
respectively. The calibration curves of these NiO/SiC
biosensors are shown in Figure 3e. The 600-NiO/SiC
biosensor possesses a linear detection range of up to 7.5 mM,
which is higher than that of other samples. In the concentration
range from 4 to 500 uM of glucose, these NiO/SiC biosensors
exhibit perfect linear amperometric responses to the glucose
concentration (inset of Figure 3e shows the linear relationship
for 600-NiO/SiC). The glucose sensing sensitivity for 200-,
400-, 600-, and 800-NiO/SiC are approximately 0.580, 1.557,
2.037, and 1.727 mA mM™" cm™, respectively. From these
results, we determined that 600-NiO/SiC exhibits the highest
sensitivity and lowest detection limit among these four samples.
On the basis of the TEM and EIS analyses, we think that the
moderate size of the NiO nanoparticles in 600-NiO/SiC allows
for more surface active sites, which contribute to the better
performance in glucose sensing. The glucose sensing ability of
600-NiO/SiC is comparable to various Pt, Au, CuO, Co;0,,
and graphene-based sensors reported in the literature (as listed
in Table 1),'***7* demonstrating that the synthesized 600-
NiO/SiC is a viable electrode material for glucose sensing.

Anti-interference ability of the NiO/SiC glucose sensors was
studied using chronoamperometry experiments with the
sequential additions of ascorbic acid (AA), uric acid (UA),
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Table 1. Comparison of the Electrochemical Detection
Performance of 600-NiO/SiC with Other Glucose Sensors

linear range detection sensitivity
electrode (mM) limit (uM)  (mA mM™ cm™)  refs

GOx/PtNP/ 0.01-8 0.7 0.096 12

PAni/Pt
Cu-N-G 0.004—4.5 13 0.681 35
GM-NiO 0.001-0.1 1.6 0.918 36
3D graphene/  <0.08 <0.025 3.39 37

Co;0,
Au/MNE 0.1-3000 0.5 2.978 38
600-NiO/SiC 0.004-7.5 0.32 2.037 this

work

dopamine (DA), and glucose in 1 M KOH aqueous solution
under 300 rpm magnetic stirring. As shown in Figure 3f, the
additions of AA, UA, and DA cause very small increases in the
current, whereas the addition of glucose causes a large increase
in the current, signifying the high selectivity of the NiO/SiC-
based sensor for glucose detection in the presence of coexisting
electroactive interference species. The 600-NiO/SiC biosensor
exhibits the largest current increase after the addition of
glucose, which is consistent with the sensitivity study. A cyclic
voltammetry study of the 600-NiO/SiC biosensor was also
conducted after 14 days of storage under ambient conditions.
The anodic peak current preserves 87% of its initial value,
indicating acceptable long-term stability of 600-NiO/SiC.

In addition, we investigated the influence of the KOH
concentration and temperature on the electrochemical activity
of 600-NiO/SiC by cyclic voltammetry. The results are shown
in Figure 3g and h. At room temperature, the onset potential in
CV curves shifted toward the negative direction when the
concentration of KOH solution increased from 0.1 to 6 M
(Figure 3g), consistent with previous reports.’” The peak
current is also influenced by the KOH concentration. The
highest current response for 600-NiO/SiC is exhibited in 1 M
KOH. At high potentials and pH values, some oxidizable
compounds may lead to unwanted interference and hindrance
of glucose detection.® In 1 M KOH, the 600-NiO/SiC
electrode works well in the temperature range of 10—40 °C.
The current response increases and the onset potential
becomes lower as the temperature is increased from 10 to 40
°C. From Figure 3b, it can be seen that the electrochemical
reaction at the 600-NiO/SiC electrode is a diffusion-controlled
process. Higher temperature promotes the diffusion process,
leading to higher current response and lower onset potential.

For comparison, we investigated the glucose sensing ability
of bare SiC, commercial NiO, and NiO/SiC;,; by chronoam-
perometry. Amperometric responses of these biosensors to the
stepwise addition of glucose are shown in Figure 4. The bare
SiC-modified electrode exhibits no response toward the
addition of glucose. The commercial NiO-modified electrode
exhibits an apparent current increase with the addition of
glucose, but the current increment declines quickly with the
successive addition of glucose, implying an inferior detection
range. The linear detection range of commercial NiO may be
damaged from the dissolution or aggregation of NiO
nanoparticles.*' The NiO/SiC,,-modified electrode exhibits a
small current increase (~1/6 of 600-NiO/SiC) with the
addition of glucose. The glucose sensing performance of 600-
NiO/SiC being better than that of NiO/SiC,, should be
attributed to the good dispersity of NiO nanoparticles and the
strong interaction between the NiO nanoparticles and SiC
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Figure 4. Comparison of the glucose sensing ability of 600-NiO/SiC
to other materials.

substrate, as revealed by TEM and XPS characterization. The
strong interaction between NiO and SiC in 600-NiO/SiC also
reduces the dissolution and aggregation of NiO nanoparticles,
thus leading to a wider glucose detection range.

H CONCLUSION

In this study, NiO nanoparticles were grown on SiC particles by
ALD with high dispersity and uniform particle size. The 600-
NiO/SiC nanocomposite exhibits the best glucose sensing
capacity among the materials we investigated. With a
comparison to NiO/SiC;,; made through the impregnation
method, it is clear that ALD is advantageous for making an
electrochemical active substance for biosensing applications due
to its precise size control of the deposited materials and the
strong interaction between the deposited materials and the
substrate. In addition, SiC is a superb substrate in electro-
chemical biosensing due to its biocompatibility, low back-
ground current, and broad electrochemical potential window. It
is highly expected that the combination of NiO ALD and SiC
substrate will find potential applications in bioprocess
monitoring, medical diagnosis, the food industry, and so forth.
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