Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Journal of Materials Chemistry A Dynamic Article Links »

Page 1oty 6urnal Name

Cite this: DOI: 10.1039/c0xx00000x

ARTICLE TYPE

Niy31C0¢.695; Nanoparticles Uniformly Anchored on the Porous Reduced
Graphene Oxide Framework for High Performance Non-enzymatic
Glucose Sensor

WWW.I'SC.Org/XXXXXX

Guilin Li, Huanhuan Huo, Cailing Xu*

Received (in XXX, XXX) Xth XXXXXXXXX 200X, Accepted Xth XXXXXXXXX 200X
DOI: 10.1039/b000000x

The Nig31Cog ¢9S, nanoparticle/reduced graphene oxide (Nig3;Coq ¢9S,/rGO) composites have been synthesized via hydrothermal method
and then applied as the active materials for high performance non-enzymatic glucose sensor. Field emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM) were employed to characterize the morphology of the as-prepared
samples. The results revealed that the abundant nanoparticles with the size of about 150 nm uniformly anchored on the reduced graphene
oxide nanosheets which are interconnected to form porous graphene framework. The subsequent electrochemical measurements and
kinetic analysis showed that the Nij33Co0( ¢7S,/rGO composites possessed the excellent electrocatalytic activity to glucose oxidation with
a low detection limit of 0.078 uM and wide linear range of 0.001-5 mM and 5-16 mM. And the sensitivities for two liner ranges are 1753
pA mM™" cm? and 954.7 pA mM™' cm, respectively. Additionally, the favorable selectivity, long-term stability and superior practical

application were also obtained. All these results indicate the Nig 33C0067S,/rGO composites are a promising active material for non-

enzymatic glucose sensors.

1. Introductionp
The increasing demands of fast and reliable determination of
glucose in the areas of clinical diagnostics, food industry and
biotechnology have attracted tremendous efforts to develop a
glucose sensor with high sensitivity, excellent selectivity and
good reliability." ? Non-enzymatic glucose sensors based on the
direct electrocatalytic oxidation of glucose on the electrode have
triggered great interest and been widely investigated due to its
high sensitivity, long-term stability, fast response time and simple
operation.>* So far, noble metals and their alloys, transition metal
and their oxides or hydroxides are conventional electrode
materials for non-enzymatic glucose sensors.”'® But their
applications are restricted by their high cost, low antitoxic ability,
poor operational stability or limited electronic conductivity.’
Thus, the development of newly advanced electrode materials
with high performance for glucose sensors is essential.
Recently, transition metal sulfides have been subject to
intense research as new functional materials due to their excellent
intrinsic properties and good electrochemical performance.''

They have been widely used in many fields such as

supercapacitors, hydrogenation catalysts, dye-sensitized solar
cells and lithium ion batteries and so on.'”'* Very recently,
transition metal sulfides (such as Cu,S, Ni,S) have been directly
used as electrode materials for glucose sensors and received some
attention. For example, Yang ez al.' reported that the flower-like
CusS nanoparticles have exhibited a sensitivity of 5.86 pA mM™'
and a linear range of 0.01-10 mM for non-enzymatic glucose
detection. Cu,S nanoplates synthesized by Swarup Kumar Maji et
al. showed the sensitivity of 61.67 pA mM™" and linear range of

1.'® have

0.01-3.1 mM towards glucose determination.'” Lin et a
prepared NizS,/MWCNT composites onto Ni foam for non-
enzymatic glucose detection. This composite exhibited a high
sensitivity up to 3345 pA mMem™, but the performance was
compromised due to the narrow linear range of 0.03-0.5 mM and
the high applied potential of 0.54 V (vs Ag/AgCl). Besides, our
group has also synthesized 3D Ni;S, nanosheet arrays directly
grown on Ni foam by hydrothermal method for glucose oxidation
and achieved a high sensitivity of 6148 pA mM'cm™ at 0.55
V(vs Hg/HgO) and the linear range of 0.005-3.0 mM."* Even so,

the present research in this field is still in its infancy and a little
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data are available. This can be considered as limited successes
because of the unbalanced electrocatalytic performance such as
low sensitivity, narrow linear range or high applied potential.*
Thus, it is quite necessary for further study to explore and
develop the electrode materials of transition metal sulfides by
effective routes in order to achieve high performance glucose
Sensors.

According to the previous reports about glucose sensors, the
stability, conductivity, oxidation potential and specific surface
area of nanostructured materials are the key impacts for
electrochemical performance of sensors.” 2° Thus, two feasible
methods can be developed to improve the -electrocatalytic
properties of active materials, including designing bimetallic Ni-
Co sulfide materials and preparing graphene-based composites.
On one hand, Ni-Co bimetallic nanomaterials which incorporate
cobalt into the Ni-based materials will deliver superior
electrochemical properties compared to the -corresponding
monometallic counterparts, such as the lower redox potentials,
the enhanced stability and the increased electroactive sites due to
the possible valence interchange or charge hopping between Co
and Ni cations.” "> On the other hand, graphene have been
considered as an excellent supporting matrix for nanostructured
catalysts due to the advantages of high surface area and excellent

NiO/GM

conductivity.”%

For  example, (graphene
macroassembly) hybrid modified electrode synthesized by Liu ef
al. has exhibited a high sensitivity of 918 pA mM'cm™ and a
linear range of 1-100uM, which is superior to NiO nanosphere
modified electrode reported previously.” Furthermore, Zhan et
al.*® fabricated Ni(OH),/3D graphene foam as a electrochemical
electrode for non-enzymatic glucose detection. The electrode
exhibits remarkable electrocatalytic activity of a high sensitivity
(2.65 mA mM'cm™), low detection limit (0.34 mM) and a linear
response from 1 uM to 1.17 mM to glucose oxidition.

Inspired by the advantages of bimetallic Ni-Co sulfide
materials and graphene-based composites, the Nij3;C0q 60S,/1GO
composite material was synthesized via a hydrothermal method
and firstly used as the active material for non-enzymatic glucose
sensor in this present work. The electrochemical characterization
showed that this material exhibited an excellent electrochemical
performance because of the unique nanostructure and excellent
electrocatalytic activity of bimetallic Nij3;Cog¢9S,. Furthermore,

the kinetic analysis indicated that the Nig3;C0gg9S,/r1GO

composites have low charge transfer resistance, large diffusion

coefficient (D) and catalytic rate constants (K.,) for glucose
oxidation. Therefore, the Nig3;Co0gg0S,/rGO composite is

promising for the application of non-enzymatic glucose sensors.

2. Experimental section
2.1 Materials

NiCl,-6H,0, CoCl,'6H,O and other reagents in this
experiment were of analytical purity and used as received without
further purification. Ultrapure water (18.2 MQ cm™) generated by
an Aike water system was used throughout the work.

2.2 Synthesis of GO and rGO samples.

Graphene oxide (GO) was first prepared from natural
graphite (15000 mesh) by the modified Hummers’ method®" *%.
And then GO was dispersed in ultrapure water to form a 2 mg ml’
! homogeneous suspension after 1 h ultrasonication. The zeta
potential of the GO suspension is -29.3mV, demonstrating the
well dispersibility of the as-prepared GO sheets in water.

6ml as-prepared GO suspension was transferred into a
weighting bottle (25%40). Subsequently, the weighting bottle was
loaded into a Teflon-lined stainless steel autoclave and the
autoclave was maintained at 180 ‘C for 10 h. After freeze-dried
for 24 h in freeze dryer, reduced graphene oxide (rGO) was
obtained.

2.3 Synthesis of Niy 3;C04.60S,/rGO composite.

The Nig31Co00.49S,/rGO composite was prepared according
to the following procedure: 26.7 mg NiCl,6H,0 and 53.5 mg
CoCl,-6H,0 (the content of Co>" is 67%) were dissolved in 6 mL
as-prepared GO suspension by magnetic stirring and
ultrasonication for 10min, respectively. Then, 256.8 mg thiourea
was introduced into the above suspension, followed by magnetic
stirring and ultrasonication for 20 min, respectively.
Subsequently, the mixture was transferred into a weighting bottle
and loaded into a Teflon-lined stainless steel autoclave. And the
autoclave was maintained at 180 ‘C for 10 h. After cooling to
room temperature, a hydrogel product (diameter of 1.5cm and
high of 1.2cm) was obtained. It was taken out and immersed into
water overnight to remove the remaining ions. Finally, the
product was freeze-dried for 24 h in freeze dryer.

For comparison, a series of samples were synthesized under

the same condition by keeping the Co*" content in initial

solutions at 0%, 50%, 74% and 100%.

2.4 Material characterization
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The morphology of Nij3;C0g60S,/rGO composites were
characterized by field emission scanning electron microscopy
(FESEM, JEOL JSM-S4800) and transmission electron
microscopy (TEM, TecnaiTM G2F30 with energy dispersive
spectroscopy (EDS)). For TEM observation, the freeze-dried
samples were suspended in water and then supported on carbon-
coated copper grid. Raman spectra were recorded on inVia
Raman microscopy system with a laser wavelength of 628 nm. X-
Ray diffraction (XRD) data was collected on a Rigaku D/M ax-
2400. The Ni/Co molar ratio in the as-prepared samples was
obtained by inductively coupled plasma—atomic emission
spectroscopy (ICP-AES) using an IRIS Advantage ER/S
spectrophotometer. Zeta potentials was recorded on Zeta

Potential Report ( Zetasizer Nano 3600).

2.5 Fabrication of the working electrode

Firstly, the different freeze-dried composites were
ultrasonically dispersed in deionized water in the presence of 0.5
mg mL"' hexadecyltrimethyl ammonium bromide (CTAB) for 2
mg mL" suspension, respectively. Here, CTAB is just used for
increasing the dispersion of the composites in deionized water.
The zeta potential (21.6mV) of the suspension prepared using
Nip31C00.60S,/rGO composite indicated the advantages of CTAB.
Secondly, the glassy carbon electrode (GCE, diameter of 3 mm)
was polished with alumina powder and then washed
ultrasonically in distilled water and ethanol for a few minutes.
After that, 15 pL Nig3;C0g69S,/rGO suspension and 2 pL. Nafion
solution (0.5 wt%) were successively dropped on the pre-treated
GCE and dried at room temperature.
2.6 Electrochemical characterization

The electrochemical experiments were performed on a
CHI760E electrochemical workstation using a three-electrode
system at room temperature: platinum plate as the auxiliary
electrode, Ag/AgCl electrode as the reference electrode, the
composite modified GCE as the working electrode and 0.3 M
NaOH aqueous solution as electrolyte.

In addition, the effects of different pH values (0.1, 0.2, 0.3,
0.5M NaOH) and temperatures (25, 30, 40, 50, 60, 70(]) for the
electrocatalytic performance of the Nij3;Co0¢9S,/rGO modified
GCE were also investigated by amperomteric response.

The detection limit (LOD) is calculated according to the
29,30,

equation as follows

LOD =3S/N 1)

where S is the standard deviation calculated from the current
response of seven parallel additions of low glucose concentration
solution into the electrolyte; N is the sensitivity of the modified

electrode; the number 3 stands for a signal-to-noise ratio.

3. Results and Discussions
3.1 Electrocatalytic performance of different modified
electrodes

The ICP results of the as-prepared bimetallic samples
indicated that the contents of Co element (45%, 69 and 74%) are
close to the values (50%, 67%and 75%) in the initial solutions.
Therefore, a series of samples (denoted as NiS,/rGO,
Ni 55C00.45S,/r1GO, Nij3;C0( 9S2/rGO, Nig26C00 74S,/rGO and
C0S,/tGO) can be obtained by keeping the Co>" content in the
initial solutions.

The electrocatalytic performance of different modified
electrodes (NiS,/rGO, Nigs55C0045S,/1GO, Nig31C009S,/rGO,
Nig»6C00.74S,/rGO and CoS,/rGO) was firstly investigated by CV
measurements for giving the highest sensing performance. As can
be seen from Fig.S1A-E, upon the doping of Co, the redox peak
gradually shifts to the low potential due to the lower redox
potential of CoS,/CoS,0H couple. Furthermore, the
corresponding catalytic currents of different modified electrodes
at different potential were shown in Fig.S1F. It can be seen that
the Nij3,Co0g69S,/rGO modified electrode shows the highest
catalytic current at a low potential, demonstrating its excellent
electrocatalytic activity for glucose oxidation. The results proved
that an appropriate Ni/Co molar ratio is an important factor for
7,33, 34

high performance electrocatalyst.

3.2 Characterization of the Nij3;Co0y 6S,/rGO sample
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Fig.1 (A) XRD pattern of the Nig3;C006S,/rGO sample. (B) Raman
spectra of the Nig31C00.60S,/rGO (a) and rGO (b) samples.

The typical XRD pattern of the Nig3CooS»rGO sample is
shown in Fig.1A. As can be seen, the diffraction peaks at 27.2°,
31.7°, 35.6°, 39.2°, 45.6° and 54.1°, which can be assigned to the

(111), (200), (210), (211), (220), (311) planes, are located
between the characteristic diffraction peaks of cubic CoS,
(PCPDF 41-1471) and NiS, (PCPDF 88-1709), indicating the
atomic scale mixing of Ni and Co ions in the disulphide matrix of
the sample.”' The content of Co, Ni and S element in the EDS
pattern (Fig.S2) further demonstrated that it is a bimetallic Ni-Co
sulfide. The broad peak at 23° is the (002) plane of reduced
graphene oxide.

Raman spectrum was used to characterize the structure and
electronic properties of graphene. As shown in Fig.1B, for the
Nig3,C00.69S,/rGO and rGO samples, two typical peaks around
1350 and 1580 cm™ are ascribed to the disorder (D) and graphite
(G) bands of graphene nanosheets. Generally, the Iy /I intensity
ratio was used to estimate the degree of disorder and average size
of the sp2 domains.*> 3° The value of Iplg for the
Nig31C0 60S,/rGO sample (1.26) is higher than that of rGO (1.10),
implying the existence of more defects/disorders or decreased sp*
domains in the graphene nanosheets. This can be attributed to the
anchor of nanoparticle on the graphene nanosheets. Furthermore,
the slightly red shifted D and G bands of the Nig3;Cog ¢9S,/rGO
sample revealed the charge transfer between graphene nanosheets
and Nig3;C0g6S, nanoparticles.’” This can be attributed to the
interaction between Nij3;Coq69S, nanoparticles and graphene
nanosheets. In addition, the 2D/G intensity ratio has been
widely used as a characteristic feature for the number layers in
graphene sheets. As shown in Fig. S3, the low Lp/ig values of GO
and rGO indicated that both of them contain multilayer of

graphene. ** %
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Fig. 2 (A, B) FESEM images, (C) TEM image, (D) HRTEM image and (E) SAED pattern of the Nig3;Co06S,/rGO sample.

The FESEM images (Fig.2A, B) reveal that a great deal of

Nip31C0p69S, nanoparticles uniformly anchored on the
interconnected porous graphene framework with pore size from
submicrometer to several micrometers. Furthermore, the
Nig3;C0g 60S, nanoparticles resided on or were encapsulated by
the ultrathin graphene nanosheets, resulting in the large contact
area between the nanoparticles and high conductive graphene.
Such porous graphene framework is beneficial to enhance the
transmission rate of ion and electron in electrochemical reaction
process.

TEM image (Fig.2C) further defines that the diameter of
nanoparticles is about 150 nm, which uniformly located on the

ultrathin graphene nanosheets. Additionally, considering the

ultrasonication treated before TEM characterization, the absence
of isolated nanoparticles demonstrates the strong interaction
between Nij3;Coq60S, nanoparticles and graphene nanosheets.
The lattice spacing of about 0.262 nm corresponds to the (200)
lattice plane of Nij 33C0¢ 7S, crystal, as seen from HRTEM image
of Fig.2D. Besides, the SAED pattern of the Nij3,Cog ¢9S,/1GO
sample (Fig.2E) shows that the multi-layer diffraction rings
stands for the polycrystalline features and can be assigned to the
(111), (200), (210), (211), (220) and (311) planes (from interior
to exterior) of Nij33C0¢¢7S,, which are well consistent with the
XRD data.

3.3 Electrochemical performance of the Nij3;Co00S,/rGO

modified electrode for glucose detection

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (A) CVs of the Nip3;Co06S,/rGO modified electrode at 20 mV/s in 0.3 M NaOH solution with different concentration of glucose (from inner to

outer curve: 0, 1,2, 3, 4 mM). (B) Amperometric response of the Nig31C00,69S2/rGO modified electrode at different potentials with successive additions of

0.5 mM glucose (a: 0.4 V, b: 0.45 V, ¢c: 0.5 V and d: 0.55 V vs Ag/AgCl); (C) Amperometric response of the Nig31C0.69S2/rGO modified electrode to

successive additions of different concentration glucose solution up to 16 mM (Inset: a partial magnification of the current response toward the low

concentration glucose solution.). (D) The corresponding calibration curves of Fig.2C.

The impact of pH value toward the electrocatalytic
performance of glucose oxidation was firstly investigated by
of the
Nig 31C00.60S,/rGO modified electrode in different concentrations

(0.1, 0.2, 0.3 and 0.5 M) of NaOH solution to successive

amperometric responses. Amperometric responses

additions of different concentration glucose (from 5uM to 10 mM)
were shown in Fig. S4. The current responses increased with the
increase of NaOH concentration from 0.1 to 0.3 mM and
maintained nearly unchanged when the NaOH concentration
exceeded 0.3M. Therefore, the 0.3M NaOH solution was selected

as electrolyte in this work.

Fig. 3A presents the cyclic voltammetry curves (CVs) of the
Nig 31C0g69S,/ GO modified electrode in 0.3 M NaOH solution
in the glucose concentration from 0 to 4 mM, which is recorded
at scan rate of 20mV/s. It can be seen that a pair of well-defined
redox peaks located at 0.35 and 0.22V is observed in the absence
of glucose, which is attributed to the redox reaction of
Nig.31C00.60S2/Nig 31C00 69S,0H*. Upon an addition of glucose,
the anodic peak current is increased and the enhancement is more
obvious with the increase of glucose concentration. This
indicates  the

Ni0_3 1C00_6QSZOH

phenomenon good catalytic ability of

toward glucose

This journal is © The Royal Society of Chemistry [year]
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( 2Niy,,Co, ¢,S,0H + glucose — 2Ni ; Co,S, + gluconolactone + H,O

). Furthermore, the insignificant redox peak shift implies the low
polarization in the electrocatalytic process*” when the glucose
concentration is up to 4 mM, indicating the good reversibility of
the electrode due to the little charge transfer resistance and
diffusion resistance.

It should be noted that that the applied potential can strongly
affect the current response of the sensor. So the applied potential
was optimized through a typical I-t technique as shown in Fig.3B.
When the applied potentials are increased from 0.4 to 0.5 V, the
electrode delivers low background current and increased step
current. But the current response is decreased accompanying with
more pronounced background current when the applied potential
further increased to 0.55 V. Thus, 0.5 V vs. Ag/AgCl which
enables the best sensing performance for glucose oxidation was
selected as the optimal applied potential in subsequent studies.
Moreover, this optimal potential will have a positive effect on
improving the selectivity because most of the interfering species
such as uric acid (UA) and ascorbic acid (AA) are not active

when the potential is below 0.5 V (vs. Ag/AgCl).*

The amperometric response of the Nig3;C0g¢9S,/1GO
modified electrode at 0.5 V in 0.3 M NaOH electrolyte with
stepwise change of the glucose concentration is shown in Fig. 3C.
It is noted that once the glucose is added to the electrolyte, the
current response improved immediately and achieved 95% of the
steady-state current within 3 s, indicating a fast response to
glucose oxidation. As shown in Fig. 3D, the corresponding
current response is linear with glucose concentration over a broad
range of 0.001 to 5 mM. The sensitivity is 1753 pA mM™ cm™
with a correlation coefficient of 0.9965. And the detection limit is
as low as 0.078 uM, calculated at a signal-to-noise ratio of 3.
Moreover, in the range of 5-16 mM, the modified electrode
shows another linear range with a sensitivity of 954.7 pA mM™'
cm and a correlation coefficient of 0.9937. Herein, the decrease
of sensitivity may be due to the adsorption of more intermediates
on the surface of active materials at high concentration of
glucose.*** Compared with other non-enzymatic glucose sensors
previously reported (shown in Table 1), the Nig3;Cog¢9S,/r1GO
modified electrode has the low detection limit, wide linear range,

high sensitivity and low applied potential of 0.5 V vs. Ag/AgCl.

Tablel. Comparison of the electrochemical detection performance of the Nig3;C0.69S,/rGO modified electrode with other glucose

Sensors.
Sensitivity T . Detection potential Ref.
Electrode (A mM-em) Detection limit (uM) Linear range )

Co0304/3DGF 3390 0.025 Up to 80pM 0.58 vs. Ag/AgCl 27

Ni(OH),/3DGF 2650 0.34 1uM-1.17mM 0.55vs. Ag/AgCl 30

3D GM/NiO 918 1.6 1-100pM 0.55 vs. Ag/AgCl 29

Ni-Co NSs/RGO 1773.61 3.79 10uM-2.65mM 0.5 vs. SCE 7

Ni;S;/MWCNT 3345 1 30-500uM 0.54 vs. Ag/AgCl 18
Nig31C00.60S2/rGO 1753;954.7 0.078 1uM-5mM;5-16mM 0.5 vs. Ag/AgCl This work

3.4 Kinetic analysis of the Nij3Co0y¢S,/rGO modified

electrode for glucose detection

This journal is © The Royal Society of Chemistry [year]
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Fig.4 (A) Electrochemical impedance spectroscopy (EIS) of GCE (a) and the Nig3;Co00.60S,/tGO modified GCE (b) in 0.3 M NaOH solution. (B) CVs of
the Nig31C00.60S2/rGO modified electrode in 0.3 M NaOH solution with 1mM glucose at various scan rates (from inner to outer curve): 5, 10, 20, 30, 50,
80, 100 mV/s. (C) The corresponding plots of anodic and cathodic peak currents vs. the square root of potential scan rate of Fig.4B. (D)
Chronoamperograms of the Nig 3;C00¢S,/rGO modified electrode in 0.3 M NaOH solution with different concentrations of glucose: 0 mM (a), 1.0 mM (b),
2.0 mM (c), 3.0 mM (d) and 4.0 mM (e). (E) Dependency of transient current density on t ' (F) Dependency of je/ja on t"? derived from the data of

chronoamperograms curves b,c,d,e and a in Fig.4D.
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Kinetic analysis was conducted to explain the advanced
electrochemical performance of the Nig3;C0g0S,/rGO modified
electrode by EIS, CVs and chronoamperometry response. The
EIS of the Nig 3;Coy 69S,/rGO modified electrode was measured at
open circuit potential in the frequency range of 102 Hz and
10°Hz. As shown in Fig.4A, the comparable equivalent series
resistance (R,) of the GC electrode and the Nig3;Co0q40S,/rGO
modified electrode demonstrates the low intrinsic resistance of
electroactive material. Furthermore, the small diameter of the
semicircle in the high-frequency range and the nearly vertical line
in the low frequency region indicate the low charge transfer
resistance (R.) and diffusion resistance in the electrochemical
system, demonstrating the fast reaction kinetic process. ****

Fig. 4B shows the CVs of the Nig3;C0g ¢9S,/rGO modified
electrode at various scan rates of 5, 10, 20, 30, 50, 80, 100 mV/s
in 0.3 M NaOH solution with the present of 1 mM glucose. In
most cases, the peak separation (AEp) will become larger at high
scan rate because a greater overpotential is needed to achieve the
same rate of electron transfer. Thus, with the increase of scan rate,
the small increased AEp value indicates the excellent reversibility
of the Nij3,Co009S,/rGO modified electrode. The corresponding
plots of anodic and cathodic peak currents vs. the square root of
potential scan rate are shown in Fig. 4C. It can be seen that the
redox peak currents are proportional to the square root of the scan
rate, indicating a typical diffusion-controlled reaction.*’ Fig.4D
shows  the  chronoamperometry  response  for  the
Nig31C00.60S,/rGO modified electrode in the absence (curve a)
and presence (curve b—e: 1.0-4.0 mM) of glucose at the applied
potential of 0.5 V. In a static glucose solution, a large anodic
current response occurred once the potential was applied due to
the oxidation of glucose. Then the current decreased gradually as
the glucose near electrode surface was oxidized into
gluconolactone. Finally, a stable current was maintained because
of the stable concentration diffusion of glucose from bulk
solution to electrode. According to the chronoamperometry
curves, it can be obtained Fig. 4E and Fig.4F.>">' As shown in
Fig.4E, the net current vs. the minus square roots of time revealed

a linear dependency. It demonstrated that the electrocatalytic

oxidation of glucose was diffusion-controlled process, which is
consistent with the result Fig. 4B. The diffusion coefficient (D) of

2 1

glucose could be estimated as 8.54x107 cm® s ' according to

Cottrell equation:

j:%: nFDCx ™V (o)

where j is the current density (A cm™), I is the net current (A), A
is the electrode surface geometrical area (cm?), n is the electron
transfer number, F is the Faraday constant (F = 96493 C mol ™),
C is the bulk concentration (mM) of electrolyte and t is the
clapsed time (s). Besides, the time of obtained stable current
depends on the catalytic rate constants (K,). Thus, from Fig. 4F,
the K., can be calculated as 3.67x10% cm® mol™ s! with the help

of the following equation:

Ja — p2(g_CO @)

Ja
where j., and jq are the catalytic current density and the
diffusion-controlled current density(A/cm™), respectively. C is
the bulk concentration (mM) of electrolyte and t is the elapsed
time (s).

As a result, the prominent electrocatalytic performance of
the Nig 3,C00.9S,/rGO modified electrode can be attributed to the
synergic effect of Nig33C0g47S, nanoparticles and the porous
graphene framework: (1) apart from the enhanced catalytic
activity, the doping of Co could increase the conductivity and
reduce the redox peak potentials of the Nij3;C0q60S,/1GO
composites; (2) the interconnected porous graphene matrix can
provide buffers for electrolytes to minimize the diffusion distance
of glucose to the surface of Nij3;C0q0S, which results in fast
sensing response; (3) the high conductive graphene can collect
electron from a vast range of reaction sites and transmit them

rapidly to the electrode.

3.5. Selectivity and stability of the Nij3;C0y60S,/rGO modified

electrode

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (A) Amperometric response of the Nig3Co0g ¢S,/rGO modified
electrode in 0.3 M NaOH aqueous solution with successive additions of 1
mM glucose, 0.1 mM fructose, 0.1 mM lactose, 0.1 mM AA, 0.1 mM UA,

0.1 mM L-cysteine and 1 mM glucose. (B) Amperometric response
towards 1 mM glucose over a long time-period of 3600 s; Inset shows the
stability of the sensor to glucose tested every two days by amperometric

measurement over 30 consecutive days.

Good selectivity is one of the vital characteristics of high-

performance non-enzymatic glucose sensors since the
interferences which have similar electroactivity usually coexist
with the target analyte. In human serum, fructose, lactose, uric
acid (UA) and ascorbic acid (AA) are the main interferences for
the detection of glucose. But the physiological level of glucose is
3-8 mM and the levels of these interfering species are no more
than 0.1 mM in normal serum.® Therefore, the amperometric
response of the Nig31Co0(¢0S,/rGO modified electrode with
successive additions of glucose and interferences in the ratio of
10:1 was conducted. According to the results presented in Fig. 5A,
the current responses produced by 0.1 mM fructose, lactose, AA,
UA and L-cycteine are only 2.5%, 1.2%, 4.2%, 0.6% and 1.1% of
the current response of 1 mM glucose, respectively. The excellent

selectivity can be explained as follows: the porous graphene

structure is beneficial to the enhanced oxidation of glucose than
that of interferences due to the faster diffusion rate of glucose.™
Furthermore, the low applied potential of 0.5V is low for the

% In addition, the low

oxidation of interferences.**
electrocatalytic activity of the interferences (fructose and lactose)
is another factor for the excellent selectivity of the modified
electrode for glucose oxidation. >*>°

The long-term stability is important parameters to evaluate
the practical application potential of the active materials. As
shown in Fig. 5B, only 19% current signal is lost over a long
period of 3600 s. The stability of the active materials was also
tested by measuring the current response to 1 mM glucose at
intervals of one day. The current response of the active materials
maintains 91.6% of the initial value after one month (the inset of
the Fig. 5B). These results suggest the active materials have good
stability. Besides, the reusability of the electrode was determined
by conducting amperometric measurements of 1.0 mM glucose
for five different electrodes which prepared through the same way.
The relative standard deviation (RSD) of current response is
4.55%, indicating the proposed method was reliable.

The effect of temperature for the electrocatalytic
performance of the Nij3;C0060S,/rGO modified electrode was
invested by amperomteric response. As shown in Fig. S5, the
current responses of the Nig3;C0g60S,/rGO modified electrode
were increased when the temperature increased from 25 to 70°C.
It is attributed to the fast redox reaction and excellent thermal

stability of the as-prepared material in a high temperature.

Table 2 Concentration of glucose in human serum sample
measured by commercial GOD-based glucose sensor and the
as-prepared Nij 3;C0q¢S,/rGO modified electrode

Commercial sensor Our sensor RSD (%)
Sample
(mM) (mM) (n=3)
1 7.8 7.8 3.7
2 5.7 5.8 2.8
3 7.8 7.9 4.1

The as-prepared Nig3;C0¢¢9S,/tGO modified electrode was
also used to determine the glucose concentration in human serum
for practical applicability. As shown in table 2, the calculated

concentration was in good agreement with the value measured by
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the commercial GOD-based glucose sensor, indicating which can

be utilized for the glucose detection of practical serum samples.

Conclusions

In  summary, the as-prepared Nig3;Co0g9S,/rGO
composites by hydrothermal method are composed of nearly
monodisperse nanoparticles and porous reduced graphene oxide
framework. Benefited from the excellent electrocatalytic activity
of Nij 33C0¢ 7S5, good conductivity and high specific surface area
of porous graphene framework, the Nig3,C04S,/rGO modified
electrode exhibits remarkable electrocatalytic activity towards
glucose oxidation in alkaline medium, including high sensitivity,
low detection limit, wide linear range and low applied potential.
In addition, the Nij3;Co0ggoS,/rGO modified electrode was
confirmed to have excellent selectivity and long-term stability as

well as superior practical application ability for glucose detection.
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