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Abstract
Morphology-controlled synthesis of nickel sulfide (Ni3S;) was performed directly on Ni
foam using thioacetamide as a sulfur ion source. Various morphologies of nickel sulfide
were fabricated using a hydrothermal process by adjusting the solvent composition of
ethanol and water. In the water-dominant condition, a dendrite structure was obtained;
otherwise, a flaky structure was achieved. A hierarchical cauliflower-like structure was
obtained at a solvent mixture composition of 1:1 and was used as non-enzymatic glucose
sensor. The hierarchical Ni3S;, electrode showed a high level of electro-catalytic activity
toward the oxidation of glucose (16,460 pAmM™cm™) over a wide range of detection
(0.0005 — 3 mM) and a low detection limit (0.82 uM) with excellent selectivity in the
presence of several electroactive species.
Key words: nickel sulfide, hierarchical cauliflower, solvent assist, glucose, biosensor
1. Introduction
Diabetes is one of the most serious diseases threatening human health. The diagnosis and

management of diabetes mellitus require quick and accurate testing of blood glucose level
(Yang et al., 2013; Shen et al., 2007; Huo et al., 2014). Conventional glucose sensors are
based on the enzymatic method. These enzymatic-type sensors suffer from instable enzyme

activity due to the immobilization process and storage period, which are significant



problems with most sensor designs (Zhao et al., 2015). Therefore, non-enzymatic sensors
based on the electrochemical method have received increasing interest in recent years.
Electrochemical glucose sensors can provide better analytical characteristics in terms of
selectivity, sensitivity, reliability, and ease of fabrications and use (Wang et al. 2008; Bojdi
etal., 2014; Hosseini et al., 2014;).

Of the various active materials used in non-enzymatic sensors, metal chalcogenides have
gained prominence due to their distinct physical and chemical properties (Ghosh et al.,
2015). Many researchers have designed non-enzymatic glucose sensors based on metal
oxide due to their abundance and low cost compared to other materials such as noble and
noble alloy metals (Wang et al., 2009; Cao et al., 2011). Metal sulfides also have catalytic
activity, a rich reserve, and low cost similar to that of metal oxides. However, the
electrochemical investigation of metal sulfides remains in preliminary stages and requires
attention due to the overall rich redox chemistry, improved electrical conductivity,
mechanical properties, and thermal stability compared to those of corresponding metal
oxides and selenides (Zhao et al., 2015; Lee et al., 2015a; Jung et al., 2014). Studies on
metal sulfides have focused on their electrochemical applications: copper sulfide in non-
enzymatic glucose sensors (Qian et al., 2013), iron sulfide in the detection of hydrogen
peroxide (Lee et al., 2015b), nickel sulfide and cobalt sulfide for dye-sensitized solar cells
(Zhang et al., 2008), and molybdenum sulfide as a catalyst of hydrogen evolution (Li et al.,
2014).

Nickel sulfide (NisS,) is a metallic conductor with a resistivity as low as 1.8 x 10° Q at
room temperature (Metcalf et al., 1993). NizS,, present in various morphologies and
nanostructures, has been investigated in the application of supercapacitors, catalysts, and

electrochemical sensors (Huo et al., 2014; Chou et al., 2013; Zhang et al., 2014; Zhou et al.,



2013). To alleviate the conductivity of NisS,, Ni-foam has been utilized as a three-
dimensional substance to obtain more exposed surface area and faster electron transfer.
Previous reports have studied the connection of Ni3S,; and Ni-foam. Three-dimensional
Ni3S, nanosheet arrays for supercapacitors and non-enzymatic glucose sensor applications
were hydrothermally synthesized on Ni foam using nickel nitrate and thiourea (Huo et al.,
2014). A flaky Ni3S; nanostructure was electrochemically deposited on Ni foam using nickel
chloride and thiourea in order to form supercapacitors (Chou et al., 2013). In this case, the
active material, Ni3S,, easily flaked and fell off of the Ni-foam.

The other strategy is directly growing Ni3S, on Ni-foam as reactant and substrate. The
dendrite structure of Ni3S, on Ni foam as a reactive substrate using thioacetamide was
prepared by adjusting the reaction temperature (120 - 180°C) and time (2 - 8h) in water for
use in supercapacitors (Zhang et al., 2014). Ni3S, nanorods on Ni foam using thioacetamide
were also prepared by adjusting the reaction time (2 - 6h) at 180° C in water for electro-
catalytic oxygen evolution (Zhou et al., 2013). According to these studies, the morphology
of nickel sulfide was controlled by changing the temperature and time; however, no
significant change in morphology was demonstrated. Morphology control might also be
possible through the use of different precursors (Yu et al., 2002), additives (Zhang et al.,
2004), or templates (Wang et al., 2006b), which make the synthesis process more complex.
Therefore, a controlled process of formation of nanostructured NisS, on Ni foam would be
remarkable for practical applications.

Herein, we designed Ni3S; with various morphologies on Ni foam by simply adjusting the
solvent composition. Generally, the polarity and coordination of the reaction medium have
great influence on the reactivity and diffusion of reactants. Ultimately, these factors

influence the structure and morphological features of the resulting products. However,



studies on the solvent-assisted morphology confinement of NisS, structure have not been
reported. Various morphologies of Ni3S, were directly prepared on Ni foam using a simple
hydrothermal method in an eco-friendly environment of ethanol and water. A hierarchical
structure of Ni3S, was obtained by controlling the reaction medium, and the electrochemical
properties were confirmed as a function of the morphology. The prepared hierarchical Ni3S;
electrode was applied to detect glucose, exhibiting very high sensitivity, good selectivity,

and repeatability.

2. Experimental Section
2.1 Materials

All reagents were analytical grade and were used as received without further purification.
Ni foam was purchased from Wellcos Co., Ltd. (Gunpo, Republic of Korea). Thioacetamide
(TAA), glucose, fructose, lactose, ascorbic acid (AA), uric acid (UA), and dopamine (DA)
were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Deionized water and absolute
ethanol were supplied by Duksan Co., Ltd. (Ansan, Republic of Korea). A 0.5 M NaOH

solution was purchased from Samchun Co., Ltd. (Pyeoungtaek, Republic of Korea).

2.2 Preparation of nickel sulfide on Ni foam

Nickel sulfide was prepared on a piece of Ni foam (1 x 1 cm) using a hydrothermal process.
The Ni foam was successively purified in acetone, 3 M HCI, deionized water, and absolute
ethanol under ultra-sonication and then dried in a vacuum oven for 2h. The foam was then
transferred to a Teflon-lined stainless steel autoclave filled with TAA (0.017 M) and ethanol
and/or water. The sealed autoclave was heated in an oven at 120 °C for 6h. After the

autoclave was cooled to room temperature, the product was washed with ethanol and



deionized water and then dried in a vacuum at 60 °C for 8h. As a result, nickel sulfide
electrodes were prepared with various morphologies by changing the reaction conditions.
The reaction temperature and time ranges were verified at 90 - 160 °C and 3 - 12h,
respectively. Nickel sulfides were not formed in ethanol or water at 90 °C for 12h. At 160 °C
for 3h, a nickel sulfide cluster was formed in ethanol and water. Thus, the reaction
temperature and time were set at 120 °C for 6h. The volume ratio between ethanol and water

was set to 1:0, 2:1, 1:1, 1:2, or 0:1.

2.3 Characterization

The surface morphology of the nickel sulfide was observed by scanning electron
microscopy (SEM, JEOL JSM-7000F, and Japan). X-ray diffraction (XRD) patterns were
collected using a Bruker D8 Advance diffractometer (Germany) equipped with a Cu Ka
source (A = 1.54056 A). X-ray photoelectron spectroscopy (XPS) was performed using a VG
Scientific ESCA 2000 spectrometer with an Al-K® X-ray source operating at a power of

170W (13 mA and 13 kV).

2.4 Electrochemical measurements

Electrochemical measurements of the prepared nickel sulfide were performed in a three-
electrode system. Nickel sulfide on Ni foam, a platinum electrode, and Ag/AgCl (sat’d KCl
solution) were used as the working, counter, and reference electrodes, respectively. A
solution of 0.5 M NaOH was used as the electrolyte. Cyclic voltammetry (CV),
chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS)
measurements were performed on a VSP potentiostat (Princeton Applied Research, USA) at

room temperature. At least 5 test samples were measured to obtain the average and relative



standard deviations (RSD).

3. Results and Discussion
3.1 Morphology and composition of nickel sulfide

The preparation of nickel sulfide on the Ni foam is schematically represented in Figure 1.
In the reaction, TAA was needed to supply sulfur ions to react with the surface of the Ni
foam, and nickel sulfides were obtained directly on the Ni foam (Wang et al., 2014). The
result was a three-dimensional porous structure of the Ni foam in which the diameter of the
pore was approximately 100 - 200 um. The porous structure provides easy ion diffusion and
electron transfer. Ni3S; crystals with the desired morphology can be obtained by control of
the solvent composition of ethanol and water. In ethanol medium, flake structures with
nanowalls of Ni3S, crystals were obtained and changed into dendrites with the addition of
water.

Various morphologies of NizS, according to the ratio of ethanol to water are shown in
Figures 2 and S1 (see Supporting Information). Figure 2A shows the Ni3S, flakes formed in
ethanol. When a small amount of water was added, the flakes started to coagulate, and larger
particles were formed, as shown in Figures S1 (B)-(C). In the case of the mixed solvent
system of ethanol and water (1/1, v/v) shown in Figure 2B, a cauliflower-like structure was
observed. As shown in the high magnification images in Figure 2C, aggregated flakes were
observed, indicating that a hierarchical structure can be produced. By increasing the water
content, the cauliflower-like structures gradually transformed to dendritic structures, as
shown in Figures S1 (E)-(F). The SEM image in Figure 2D presents a dendritic morphology
in which the sizes of the trunk and branches were 10 - 30 and 0.5 - 5 pm, respectively. The

growth was initiated from the center of the crystals and extended outward to form the trunks



and the branches of the dendrites. Additionally, the dendrite structures grew from the crystal
center through a diffusion-limited process. In addition, EDS analysis and elemental mapping
confirmed that the cauliflower-like structures consisted of Ni, S, and O (Figures 2E and S2).
The O present was likely due to traces of oxide. As shown in the analysis, Ni and S elements
were homogeneously distributed throughout the formed structure.

Considering that all of the nickel sulfides were synthesized at the same temperature and
time, the resulting varied morphologies should be dependent on the reaction solvents in the
hydrothermal synthesis. The polarity and coordinating ability of the mixed medium have
strong effects on the reactivity, saturated vapor pressure, dielectric constant, and diffusion
behavior of the reactants (Wang et al., 2006a). Thus, the solvent composition ultimately
influences the morphological features of the resulting products.

According to the experimental results, the solvent composition has a significant influence
on the final morphology and structure of the Ni3S, crystals. With respect to the polarity of
the solvent, water has a relatively high polarity compared to ethanol. In the hydrothermal
treatment, water is in a state of lower saturated vapor pressure than ethanol. With a decrease
in water content, the polarity of the solution decreases; thus, the reactivity of the reactant
and the rate of nucleation of the crystal increase, which results in the formation of particles
or flakes (Zhang et al., 2002; Cong et al., 2009). Compared to ethanol, a water molecule is
quite small and can be easily polarized to effectively stabilize ions in the solution. Due to the
high polarity of water and low reactivity of the reactant, water is liable to form a fractal
pattern, such as flower-like structure or a dendrite, through a diffusion-limited process.

The crystalline nature of the phase and the surface elements of the nickel sulfides prepared
in various media were determined via XRD, and the results are shown in Figures 3A and 3B.

In Figure 3A, several well-defined diffraction peaks indicate that the obtained products were



well crystallized. All of the products in Figure 3 exhibited similar behavior and were
considered to consist of NisS,. The peak intensity of NisS,-Et/W was greater than that for
NizS,-Et or NisS,-W, indicating that NisS,-Et/W has an impressive crystallinity. The
diffraction peaks were assigned by analyzing the image in Figure 3B. The notable peaks
were located at 21.7°, 31.1°, 37.8°,44.3°,49.7°, 54.6°, 55.1°,69.0°, 73.0°, and 77.9° and were
respectively assigned to the (101), (110), (003), (202), (113), (104), (122), (303), (214), and
(401) facets of hexagonal NisS, with lattice constants of a = 5.745 A and ¢ =7.135 A,
which correspond to those in JCPDS No. 44-1418 (Huo et al., 2014; Zhou et al., 2010).
Detailed nickel sulfide phase information was also obtained from XPS. The spectrum
(Figure 3) indicates the presence of Ni and S. The two strong peaks near 855.2 and 872.7 eV
in Figure 3D can be attributed to Ni 2ps;, and Ni 2pys,, respectively. The peak at 852.7 eV is
known as the characteristic peak of Ni3S,. The peak at 162.5 eV in Figure 3E can be
assigned to S 2p. These results are in good agreement with the results reported in the

literature (Wang et al., 2007; Zhou et al., 2013).

3.2 Electrochemical behavior of nickel sulfides

The electrochemical properties of the nickel sulfides were investigated by conducting
electrochemical impedance (EIS) measurements and cyclic voltammetry (CV).

Figure 4A presents typical Nyquist plots obtained on four different electrodes. In the
equivalent circuit from the inset of Figure 4A, Rs, W, R, and C represent the solution
resistance, Warburg diffusion resistance, electron-transfer resistance, and double layer
capacitance, respectively. The semicircle in the high-frequency range can be attributed to the
resistance capacitance, e.g., electron-transfer process (Jung et al., 2014; Chou et al., 2008).

ZSimpWin software was used to perform measurements according to the equivalent circuit



model. There was a small semicircle domain on the bare Ni foam (NF), implying a very low
Ret with respect to the redox-probe dissolved in the solution. The bare NF exhibited a small
electron transfer resistance of approximately 7.03 Q cm™. The diameter of the Nyquist plot’s
semicircle changed upon reaction with TAA on the surface of NF and the production of
nickel sulfides. The nickel sulfide prepared in ethanol, Ni3S,-Et, exhibited a Re value of
14.60 © cm™ (curve b). In the case of NisS,-Et/W (curve c), the diameter of the Nyquist plot
semicircle decreased, which equates to a large reduction in Re (Ret = 9.13 Q cm™). The
nickel sulfide prepared in water, NisS,-Et/W, exhibits a Re; value of 11.06 Q em™ (curve d),
which is smaller than those of the other electrodes. The difference in Ret was approximately
2 - 6 Qecm™, and the result tended to change according to the morphology. As shown in
Figure 2, Ni3S,-Et/W was expected to have a large surface area.

EIS is currently used as a non-destructive technique to provide useful information about the
electrode surface. The electroactive surface area of the modified electrodes was also
estimated by EIS, as in the literature (Chou et al., 2008; Lee et al.,, 2013). The
electrochemically active specific surface (Sa) can be calculated from the specific
capacitance of the electrochemical double layer with a constant value of 20 uFem™ (Chou et
al., 2008). The electroactive surface area calculated for each electrode was 1.58 m?g™ for
Ni3S,-Et/W, 0.13 m?g™ for NisSy-Et, and 0.97 m?g™ for NisS,W. The results of EIS are
summarized in Table S1. The SEM images and EIS analysis were used to determine that the
Ni3S,-Et/W has a porous open void structure, large electroactive surface area, and low
electron transfer resistance compared to other Ni3S; electrodes. The open void space in the
hierarchical structure can serve as an “ion and electrolyte reservoir” to facilitate the
transportation of electrolyte ions (Wang et al., 2006b). Based on the EIS analysis and SEM

images, we conclude that the Ni3S,-Et/W exhibits the best electrochemical behavior among



the prepared nickel sulfide electrodes. In the present work, the electrochemical performance
of nickel sulfide electrodes prepared under different medium conditions was measured by
cyclic voltammetry.

Figure 4B shows cyclic voltammograms (CVs) of various nickel sulfide electrodes. The
electrochemical reaction corresponding to the exhibited redox peaks is expressed as follows

(Chou et al., 2015; Lin et al., 2014a):

Ni3S; + OH — Ni3S,0H + e

The oxidation and reduction peaks of CVs are located near 0.6 V and 0.35 V, respectively,
within the potential range of 0 - 0.8 V and can be attributed to the reversible redox reaction
of Ni**/Ni** and OH" in an alkaline electrolyte. The result is consistent with the literature
(Huo et al., 2014; Chou et al., 2013). The CV of the Ni3S,-Et/W electrode possesses a pair of
broad redox peaks, a high current density, and a larger area under the CV compared to those
of bare NF, Ni3S,-Et and Ni3S,-W. This is in good accord with the EIS results.

Figure 4C shows the CVs of the NisS,-Et/W electrode at different scan rates from 5 mVs™
to 100 mVs™. With an increase in scan rate, the current response increases accordingly, and
the peak shapes are well retained even at 100 mVs™, implying fast charge/discharge
properties. The oxidation peak moved slightly toward the positive direction, and the
reduction peak moved to the negative potential as the scan rate increased. The potential
change might be caused by the strengthened electric polarization generated during the
oxidation-reduction process. Figure 4D shows a good linear relationship between the redox
peak current and the square root of the scanning rate v'/? with error bars: R? of oxidation

peak current is 0.999 and R? of reduction peak current is 0.999. The electrochemical activity
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on the electrode is controlled via diffusion, and the rates of electronic and ionic transfer in

the electrode are sufficiently fast (Guo et al., 2014; Yang et al., 2016).

To evaluate the properties of the Ni3S,-Et/W electrode as a glucose sensor, the CV was
measured in a 1 mM glucose solution. The oxidation peak current obviously increased when
glucose was added to the NaOH solution. The NisS,-Et/W electrode exhibits the catalytic

effect of the redox couple for the oxidation of glucose to gluconolactone:

Ni** + glucose + e — Ni?* + gluconolactone

The Ni®* on the electrode surface rapidly oxidizes glucose at the anode, producing Ni?* and
sacrificing Ni**. This results in changes in the concentrations of Ni** and Ni?* that cause an

increase in the anodic peak current at +0.6 V (Huo et al., 2014; Chou et al., 2013).

3.3 Sensing characterization of the nickel sulfide electrode

The performance of the nickel sulfide electrodes to detect glucose was evaluated by
chronoamperometry according to detection range, selectivity, reproducibility, and stability.
The amperometric response was evaluated for the prepared electrode with successive
addition of 0.1 mM glucose under different potentials from 0.5 V to 0.65 V (shown in Figure
S3). At a potential of 0.55 V, the most significant increase in current was observed; thus,

+0.55 V was chosen as the optimum working potential (Lu et al., 2015).

Figure 5 shows the amperometric responses of bare NF, Ni3S,—Et, NizS,—Et/W, and NizS,—

11



W electrodes with various morphologies at successive addition of glucose. A remarkable
increase and fast response of amperometric current were observed with NisS,—Et/W, which
has a hierarchical structure and large electroactive surface area, as shown by SEM and EIS
analyses. The calibration curves of the prepared electrodes are plotted in Figure 5B. The
increase in current density (nAcm™®) was proportional to the glucose concentration (mM). It
can be expressed in a model such as y(uAcm™) =ax(mM) + b, where a is the slope of the
calibration curve as a sensitivity and R? is the coefficient of determination. The linear
regression equations are: y=1.148(+0.24) x+0.2403(+0.25), R?=0.991 for bare NF;
y=11.92(+0.24) x+2.071(+0.32), R?=0.995 for NisS,—Et; y=16.46(+0.37) x+1.489(+0.43),
R?=0.999 for Ni3Sy—Et/W; y=14.47( +0.34) x+1.618(+0.30), R?*=0.995 for NizS,-W.

The Ni3S,—Et/W electrode demonstrated excellent linearity between the steady state current
and the glucose concentration in the range from 0.0005 to 3 mM, with a high sensitivity of
16,460 pAmM™'cm? (RSD=1.1%), a low detection limit of 0.82 uM, and a low
quantification limit of 2.73 uM (Shribasatava et al., 2011). Generally, the blood glucose
range is 1.1-20.8 mM for diabetic patients (Wang et al., 2008). For a small amount glucose
sensing in urine, saliva, sweat, and food, the sensitivity of prepared electrode was tested in
the lower blood glucose range (Wang et al., 2008).

The quantitative results of amperometric responses for the electrodes are summarized in
Table S2. As expected from the morphology, electroactive surface area, and electrochemical
properties, the hierarchical structure of the NisS,-Et/W electrode produced high sensitivity
and a low detection limit for glucose sensing.

The common existing interferences of human blood serum were investigated to test the
selectivity of the NizS,—Et/W electrode. Figure 5C illustrates the amperometric response of

the optimized Ni3S,-Et/W electrode to 200 uM of glucose and 10 uM of different interferent
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species (fructose, lactose, dopamine, uric acid, and ascorbic acid). Interfering species usually
exist with glucose in human blood serum (Yang et al., 2016). The Ni3S,—Et/W electrode
exhibits a specific response to glucose and a negligible response to these interfering species.
A comparison of the representative non-enzymatic glucose sensors is listed in Table 1. A
higher electrochemical performance is presented in order of 3D porous Ni networks on
SPCE (Niu et al., 2013), Ni3S, nanosheet arrays on Ni foam (Huo et al., 2014),
NizSo/MWCNT on Ni foam (Radhakrishnan et al., 2015), and NiS on an ITO electrode
(Kannan et al., 2015). Nickel sulfide and nickel oxide/hydroxide have similar activities for
glucose detection due to similar activity in redox chemistry. Compared with the previous
reported electrodes, the Ni3S,-Et/W electrode showed a higher sensitivity, low detection

limit, and shorter response time.

3.4 Stability and reproducibility

Stability and reproducibility are other critical factors when the material is used in a non-
enzymatic glucose sensor. A series of five determinations of 1 mM glucose in 0.5 M NaOH
was performed in order to demonstrate the reproducibility of the developed NizS,-Et/W
sensor (RSD=8.6 %). To confirm the long-term stability of the prepared NizS,-Et/W
electrode, an amperometric study was performed in 1 mM glucose/0.5 M NaOH over one
month. The prepared electrode was stored at room temperature and tested every five days.
The current response toward 1 mM glucose retained 98.9 % of the initial value. The results
in Figure 5D show no significant changes in current response over one month. Based on
these findings, the Ni3S,-Et/W sensor had effective reproducibility and satisfactory stability

for use in glucose sensing applications.
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3.5 Real sample analysis

To further address the possible selectivity and reliability of the prepared NizS;-Et/W
electrode, human serum samples with known glucose concentrations were analyzed. In Table
S3, Sample No. 1 is the original serum (4.89 mM, H4822), purchased from Sigma-Aldrich,
and No. 2 and No. 3 were diluted with 0.5 M NaOH solution. The electrochemical detection
of glucose using the nickel sulfide electrode was assessed by comparing the amperometric
responses from the samples before and after spiking with a standard amount of glucose (5
mM). The results are shown in Table S1, demonstrating spike recoveries of glucose from 92
to 95 %, with RSD of less than 8% from three independent measurements. We conclude that
the developed sensor can be used to detect glucose in human samples with sufficient

reliability.

4. Conclusion

We demonstrated the varied morphology of NisS, fabricated directly on Ni foam through
the use of eco-friendly solvent assistance. The morphology was simply controlled by the
volume ratio between ethanol and water. The hierarchical cauliflower-like Ni3S, prepared in
ethanol and water (1:1) served as an excellent electrode material for glucose sensing. This
material achieved a remarkable glucose sensitivity of 16,640 nAmM™cm™ and a low
detection limit of 0.82 uM. This result is attributed to the large electroactive surface area and
effective ion/electron transfer resulting from the hierarchical structure. Moreover, nickel
sulfide electrodes can be useful for use in glucose detection devices, as well as in other

electrochemical applications.
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Figure 1. Schematic representation of preparation of nickel sulfide on Ni foam as a reactive
substance according to the volume ratio between ethanol and water
Figure 2. SEM images of nickel sulfide using various reaction medium: NisS,—Et (A),

Ni3S—Et/W (B), NisS,—Et/W with high magnification (C), and NizS,-W (D), and
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EDS maps of nickel, sulfur, and oxygen from Ni3S,—Et/W (E)

Figure 3. (A) XRD pattern of the nickel sulfides: NizS,—Et, Ni3S, —Et/W, and Ni3S,-W. (B)
XRD diffraction peak of NisS,—Et/W. XPS profiles of as-prepared NisS,—Et/W
electrode: full scan (C); Ni (D); and S (E)

Figure 4. (A) Nyquist plots of bare Ni foam (a), NizS,—Et (b), NizS,—Et/W (c), and NizS,-W
(d) in 0.1 M KCI containing 1 mM Fe(CN)e. (B) CVs of various electrodes in 0.5
M NaOH solution at 10 mVs™. (C) CVs with different scanning rates of NisS,—
Et/W from 5 to 100 mVs™. (D) Redox peak currents obtained from Fig 4C as a
function of the square root of the scanning rates (E) CVs in 1. mM glucose/0.5 M

NaOH aqueous solution at 20 mVs™.

Figure 5. (A) Amperometric response of bare NF (a), NigS,—Et (b), NisS,—Et/W (c), and
NizS,~W (d) in 0.5 M NaOH with stepwise addition of glucose (0.5, 10, 100, 200 and
400 UM, respectively) stock solution at applied potential, +0.55 V. Inset: magnification of
curve c. (B) Calibration curves of current response vs. glucose concentration from Fig 5A.
(C) Amperometric response of NizS,—Et/W in successive addition of 200 uM Glucose and
10 uM interferences (Fructose, Lactose, AA, DA, and UA) in 0.5 M NaOH at applied
potential: +0.55 V. (D) Retention percentage of initial response of NisS,—Et/W sensor to 1
mM glucose tested by amperometric measurements over one month.
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Table 1. Comparison of glucose sensing performance of nickel sulfides with some reported

Sensors
Sensitivity . Low
4 - Linear .
Electrode (MAmM “cm detection Ref.
5 Range (mM) o
) limit (uM)
CuS nanotube/Cu 3,135 0.0002-2.5 0.045 Qian et al., 2013
Ni(OH)s/gold 3,529 0.002-7 0.73 Guo et al., 2014
Ni/NiO/Cu 4,490 0.01-8.3 - Zhang et al., 2012
NiO nano
8,500 0.01-0.8 1.2 Wang et al., 2012
arrays/FTO
3D porous Ni/SPCE? 2,900 0.0005-4 0.07 Niu et al., 2013
NiO/NE” 6,657 0.005-5.5 0.46 Guo et al., 2013
Radhakrishnan et
NiS/RGO/GCE - 0.00005-1.7 0.1
al., 2015
Kannan et al.,
NiS/ITO 7,430 0.005-0.045 0.32
2015
3,345
Ni3S,/MWCNT/NF 4 0.03-0.5 1.0 Lin et al., 2014b
HAMM
Ni5;S; nanosheet/NF 6,148 0.005-3.0 1.2 Huo et al., 2014
Ni3Sy hierarchical
16,460 0.0005-3.0 0.82 This work

nano cauliflower/NF

4SPCE: Screen-printed carbon electrode, ® NF: Nickel foam

Highlights

e This paper analyses glucose based on nickel sulphides prepared
by solvent assist.

e The hierarchical cauliflower-like structure is obtained in ethanol

and water co-solvent.

e The sensor shows high sensitivity (16,460 pA mM™cm™) and high
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selectivity.





