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Abstract: Three-dimensional (3D) nanostructural Flower-like cobalt sulfide (CoS) on flexible self-supporting graphene tape

electrode (GTE) with remarkably electrocatalytic activity toward glucose was successfully prepared by electrodeposition. Structural

characterizations revealed that the electrodeposited CoS was highly dispersed on GTE as an active material. The fabricated

binder-free and self-standing CoS/GTE shows a good linear response in the range of 0.025 ~ 1.0 mmol-L", reaching a high glucose

sensitivity value of 323.3 wA - (mmol-L")"-cm? and a low detection limit of 8.5 pmol-L" (S/N = 3). Moreover, the as-prepared sen-

sor was well applied for glucose determination in human serum. Thus, the self-supporting, binder-free, low-cost sensor has good po-

tential as a promising device for practical quantitative analysis of glucose in human serum.

Key words: flexible electrode; flower-like CoS; electrodeposition; glucose sensor

1 Introduction

It is of much significance to develop a fast and de-
pendable method for glucose sensing due to its exten-
sive application in many fields, including clinical di-
agnostics, biotechnology, and food industry!?. As of
now, lots of methodologies and processes have been
applied for determining glucose, such as electro-
chemical methods™, optical methods®™, colorimetry™
and fluorescent spectroscopy!™. Among the above-men-
tioned techniques, the electrochemical method has
been becoming the most highly enticing for sensor
research. According to the usage of the enzyme, the
electrochemical glucose sensors could be separated

into two types, the enzymatic and non-enzymatic

sensors™®. Glucose oxidase is a type of bio-enzyme
with high sensitivity and selectivity to glucose, and
has been widely utilized to develop various ampero-
metric biosensors for detecting glucose, but the activi-
ty of enzyme could be disturbed by many factors such
as humidity, toxic chemicals, temperature, pH, and
the immobilized technology™. Many attempts have
been made for direct detection of glucose by non-en-
zymatic sensors. Noble metals™'¥ own high catalytic
activity for enzymeless glucose electrooxidation with

their metal alloys!>"

1 but it narrows their widespread
applications due to the high cost of such catalysts. To
solve these problems, it is highly desirable to exploit

earth-ample nanomaterials for electrocatalytic glu-
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cose sensing application.

Cobalt sulfides are striking transition metal chalco-
genide owning to their catalytic activity, magnetic
properties and potential as an up-and-coming elec-
trode material of low cost and nanostructural cobalt
chalcogenides have been extensively investigated as
important electrocatalysts for splitting water and
supercapacitors!""1. Recently, cobalt sulfides have
come into being in the region of electrochemical
analysis. Wu et al. reported a non-enzymatic glucose
sensor (NEGS) by the use of tremella-like CoS with
the sensitivity values of 139.35 pA -(mmol -L*)" -
cm?and 28.44 pA-(mmol-L")"'-cm?, respectively™.
In addition, Qu et al. reported the CoS-decorated 3D
porous carbon skeleton on glassy carbon electrode
(GCE) for NEGS with a linear detection range of
0.010 mmol-L" to 0.960 mmol-L" and a low limit of
detection (LOD) of 2 pmol L', Meng and cowork-
ers prepared Co,S,/fGO-PEDOT/GCE by cyclic volta-
mmetry (CV) used for glucose sensing with the sensi-
tivity of 113.46 pA - (mmol - L))"+ cm?™!, Further-
more, Sivakumar et al. also fabricated cobalt sulfide
nanorods for vanillin detection in food samples with
a linear range from 0.5 to 56 pmol-L" and a LOD of
0.07 pmol - L™ However, their synthesis was em-
broiled in convoluted preparation processes, long
time, high temperature and require tiresome control
of the reaction conditions. Furthermore, it is not con-
venient to use GCE due to its polishing before each
use and narrow range of application.

In recent years, 3D graphene materials have
been extensively researched in the forms of foams®™,
sponges™, aerogels™!, and hydrogels”” with dominat-
ed porous structures because of their wide scope of
potential applications, in energy conversion and stor-
age, biology, catalysis, and environmental remedia-
tion™", However, it remains to be a dispiriting chal-
lenge and impeded by the intricate and time-consum-
ing procedures for the synthesis of 3D graphene mate-
rials. Recently, a 3D porous graphene tape electrode
(GTE) as a self-supporting matrix was proposed,
which showed good electron transfer ability with a

broad potential window (2.0 V)P, Herein, Combining

the advantages of GTE and cobalt sulfide nanomate-
rials, a facile flower-like CoS-based GTE biosensor
design by direct electrodeposition was demonstrated
for sensitive glucose detection for the first time. The
obtained flower-like CoS showed an outstanding

electrochemical performance for glucose detection.
2 Experimental

2.1 Reagents and Materials

Scotch transparent tape and commercial graphite
foil were purchased from 3M Company and North
China Technology Metal Material Company, respec-
tively. Glucose, CoSO, - 7H,0, KSCN, fructose, uric
acid (UA), dopamine (DA), ascorbic acid (AA) and
other reagents were purchased from Aladdin Ltd.
Teflon tape and human blood serum samples were
obtained from Chukoh Chemical Industries, Ltd., and
Sangon Biotech Co., Ltd. (Shanghai, China). All chem-
icals were used without further purification unless
otherwise indicated. Deionized-water was used
throughout the study. Water was deionized with the
Millipore Milli-Q UF Plus system.

2.2 Apparatus and Measurements

Scanning electron microscopy and energy disper-
sive X-ray spectrometry (SEM/EDS) employed in sur-
face morphologic and elemental characterizations by
field-emission scanning electron microscopy (SEM,
FEI Quanta 650 FEG) at an accelerating voltage of
20 kV. X-ray photoelectron spectroscopic (XPS) mea-
surements were performed by ESCALAB 250Xi
X-ray photoelectron spectrometer.

The electrochemical tests were conducted by the
use of a CHI660E electrochemical workstation (CH
Instruments Inc., China) including a typical three-ele-
ctrode cell equipped with the as-prepared CoS/GTE
as the working electrode, Ag/AgCl (saturated KCI)
electrode and Pt sheet as the reference and auxiliary
electrodes, respectively. All the electrochemical tests
were carried out in 0.1 mol-L" NaOH solution.

2.3 Preparation of the Flexible GTE

A simple peeling method was used for fabricating
the GTEs following the previously reported one after
slight modification®". Firstly, the commercial graphite
foils were cut into proper size (2 cm X 5 cm), and then
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they were polished using abrasive paper (grit 2000 and
5000). Secondly, after respective ultrasonic washing
by acetone, ethanol, and ultrapure water for 15 min,
the as-pretreated graphite foils were put into a drying
oven at 60 °C for 12 h. Thirdly, an above-pretreated
graphite foil was put onto a cleaning glass slab, and
then the scotch transparent tape was manually ap-
plied and stuck to the piece of top surface of graphite
foil. After pressed by a glass slide, the tape was
quickly stripped off. Finally, the parts of the tape
without graphite were sheared off to obtain the 3D
porous self-standing flexible GTE. The area of GTEs
exposed to the electrolyte solution was controlled by
Teflon tape sealing and limited at 0.25 cm?
2.4 Electrodeposition of CoS on GTE

The cobalt sulfide (CoS) was electrochemically sy-
nthesized with cobalt sulfate (CoSQO,) as cobalt source
and potassium thiocyanate (KSCN) as sulfur source. It
is reported that SCN™ can bring in varieties of com-
plexes with the assistance of S or N atom coordina-
tion with transition metal ions, and is also known to
facilitate the electrochemical reactions using its two
coordination sites with transition metal ions for ad-
sorption onto an electrode surfacet*. To prepare the
CoS/GTE sensor, the pliable GTE set by electrode
holder was submerged in an aqueous solution includ-
ing 0.05 mol -L"' CoSO,, 0.2 mol -L"' KSCN, and
then, a potential of -1.0 V (vs. Ag/AgCl) was applied
to the GTE via chronoamperometry technique for 20

X

Graphite foil

Glucose Gluconolactone

0.5 Vvs. Ag/AgC], 0.1 mol-L'* NaOH

\
Scotch tape

0.05 mol-L! CoSO, +0.2 mol-LFy'
-1.0 Vvs. Ag/AgCl, 1200s h

min to electrodeposit CoS, whose electrochemical
active area was calculated to be 6.69 cm? using the
double layer capacitance in 1 mol L' NaOH. The
as-prepared sensor was washed with copious deion-
ized water and dried at room temperature. The
preparation procedure of CoS/GTE is depicted in
Scheme 1.

3 Results and Discussion
3.1 Morphological Analysis

The structure and morphology of the as-prepared
GTE were investigated by means of SEM. As dis-
played in Figure 1(A), the surface of GTE exhibited
the typical folded and crumpled layered structure of
graphene sheets with some exposed graphene edge
planes on its surface, which denotes that the GTE
could improve the electron transmission rate and
multidimensional electron transfer pathways for the
electrolyte solution. Figure 1(B) presents SEM image
of CoS. It is interesting that 3D flower-like structure
of CoS can be clearly seen, which is piled up from
randomly interwoven nanosheets with the dimensions
of several nanometers. It makes the surface area of
CoS bigger due to the 3D hierarchical structure,
bringing high catalytic activity. And it confirms the
homogenous distribution of Co and S atoms in the
plane of CoS (Figure 1(C) and (D)) by performing el-
emental mapping.

3.2 XPS Studies

XPS measurements were performed to further study

Transferred

graphene
on tape

Scheme 1 Schematic illustration showing the synthetic process of CoS/GTE and the mechanism for glucose oxidation (color on line)
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Figure 1 SEM images of (A) GTE and (B) CoS. EDX elemental mapping images of (C) Co and (D) S for CoS/GTE. (color on line)

A Co 2p;, Co 2p

Intensity/(a.u.)

770 780 790 800 810 820
Binding energy/eV

B S2p

S 2pp
S 2p;,

Intensity/(a.u.)

160 162 164 166 168 170
Binding energy/eV

Figure 2 XPS spectra of Co 2p (A) and S 2p (B) of the electrodeposited CoS. (color on line)

the as-electrodeposited CoS. In Figure 2(A), the Co
2p spectrum displays a main characteristic peak at
780.78 eV with a shoulder peak at 796.49 eV, which
is characteristic peak of Co® *¥. Another two peaks at
786.4 and 802.49 eV can be sequentially ascribed to
the satellite peaks of Co 2p;, and Co 2p;,. In S 2p
region displayed in Figure 2(B), the two peaks at
163.36 eV and 162.3 eV correspond to the S 2p,,and

S 2pss, separately, which relies on the existing sulfur
ion on the surface and the Co-S bonds™. Specifically,
the appearance of the additional peaks at ca. 164.5 ~
168.6 eV should be attributed to the trivial amount of
CoS byproducts since the electrodeposited CoS is
generally a non-stoichiometric compound®®. Another
peak at 169.1 eV can be allotted to SO, potentially
resulting from the surface adsorbed CoSO,™ *. The
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XPS results were in good agreement with the previ-
ous reported™.
3.3 Electrochemical Behavior of Prepared
CoS/GTE

Initially, the electrochemical performance of the
as-prepared CoS/GTE was investigated in 0.1 mol -L"!
NaOH electrolyte via CV with a potential range from
0t0 0.7 V (vs. Ag/AgCl) at a scan rate of 50 mV -5, As
shown in Figure 3(A), no significant redox peaks were
observed for GTE in the absence of glucose, which
indicates that it is not electrochemically active in the
potential window. In stark contrast, two pairs of re-
dox peaks appeared andcorresponded to the reduc-
tion and oxidation processes of electrodeposited CoS
on GTE’s surface, which could be allotted to the
Co*/Co* (labelled as I/IT) and Co*/Co* (labelled as
HI/IV) redox couples.

Figure 3(B) shows the CVs of the CoS/GTE at dif-
ferent scan rates. The anodic peak moved a little pos-

1.5
1.0} !
0.5F b

0.0t

Current/mA

-0.5F

a: GTE
b: Cos/GTE

-1.0F
-1.5F

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Potential/V

2.0
1.5t
1.0t >
0.5t
0.0t
-0.5}
-1.0}
-15}

I/mA

0.10 0.15 020 025 030 035

Scan ratel/z/(Vs'l)l/2

itively, while the cathodic peak a negative shift with
the increasing scan rate, denoting an electrochemical-
ly quasi-reversible electron transfer reaction for the
reactions in equation (1) and (2)* “\, In addition, as
shown in Figure 3(C), both the oxidative and reduc-
tive peak currents varied linearly in proportion to the
square root of scan rate, indicating that the redox re-
action of CoS at the GTE surface is diffusion-regulat-
ed electrochemical process.
CoO+OH =— CoOOH+H,O +¢ (1)
CoOOH + OH = Co0,+H, 0+ ¢ (2)
Figure 3(D) shows the CVs of the CoS/GTE col-
lected in different concentrations of glucose (0 ~ 1
mmol - L) in 0.1 mol - L' NaOH solution at a scan
rate of 50 mV -s'. A striking increase of anodic peak
current was observed. It is indicative of the good
electrocatalytic activity of CoS/GTE against the
catalytic oxidation of glucose due to the increase of

the anodic peak currents, implying that the CoS could

3tB 100 mV-s™
2r 10 mV-s”
<
g Ir
5 of
S-1+t
21
3t
-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Potential/V
1.5tD
1.0}
<
£ 05¢
5 00}
3
03T 1.0 mmol-L™
-1.0F T
-1.5¢ . . . . . .O mlm01~‘L'1
-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Potential/V

Figure 3 (A) CVs of bare GTE and CoS/GTE in 0.1 mol-L"' NaOH (scan rate: 50 mV +s™). (B) CVs of CoS/GTE in 0.1 mol-L' NaOH
at different scan rates from 10 to 100 mV -s™. (C) The Plots of cathodic and anodic peak currents vs. square root of scan rate. (D) CVs
of CoS/GTE from 0 to 1.0 mmol-L"' glucose in 0.1 mol-L" NaOH (scan rate: 50 mV -s™). (color on line)
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accelerate the transformation of glucose into glu-
conolactone, which is widely accepted that the oxida-
tion reaction is through 2-electron electrochemical
reaction™!. Meanwhile, it can be seen that the current
connected with the Co*/Co** redox couple remained
nearly unchanged with increasing the concentration
of glucose, while the increase of the anodic peak cur-
rent connected with the oxidation of Co® species was
observed, manifesting that it is chiefly catalyzed for
the electrooxidation of glucose by CoOOH/CoO,
rather than Co(OH),/CoOOH, which is in line with the
previous report™, as following equation (3):

With consuming CoQO, and producing CoOOH, the
extent of Reaction (2) would greatly favor the forward
reaction (CoOOH — Co00,), which results in the in-
crease of oxidation peak III upon the addition of glu-

10.0
A 8.0°% (mmol-L™")

g
=

—
(9]

53
9

Current density/(mA-cm™)
(e

o
=)

0 200 400 600 800

Time/s

)
<)
o

Y=0.32328¢+0.00398
O Ri=09953

Current density/(mA-cm™

e Lo e 9
o M B o ®
:

0 2 4 6 8 10
Glucose concentration/(mmol-L™")

cose.

Figure 4(A) displays the amperometric current re-
sponses of CoS/GTE with continuously adding 0.2
mmol-L" glucose at different applied potentials (0.45
V, 0.5V, 0.55V)in 0.1 mol-L! NaOH. An obvious
current response was noticed with increasing the ap-
plied potential, however, upon applying 0.55 V, it
caused a high background current. Therefore, 0.50 V
was selected as the optimal potential for the follow-
ing current measurement. The typic amperometric re-
sponses upon consecutive droppings of glucose on
the proposed sensor is shown in Figure 4(B). With the
increase of glucose concentration, the current de-
creased. It is ascribed that adsorption of glucose
could obstruct the mass transfer that influenced the

fresh glucose molecules closer to the electrode surface

(mmoI~L'1)

0 200 400 600 800 1000 1200

Time/s

0.8

Glu

g
o
T

<o
[}
T

Current density/(mA‘cm'z)
S
i

e
=

100 200 300 400 500
Time/s

S

Figure 4 (A) Amperometric current responses of the CoS/GTE at different applied potentials (0.45, 0.50 V and 0.55 V) with differ-

ent concentrations of glucose in 0.1 mol-L' NaOH. (B) Amperometric current responses of the CoS/GTE with successive addition

of glucose in 0.1 mol-L" NaOH at 0.50 V. (C) The corresponding calibration curve for current responses to various glucose concen-

trations from 0.025 to 9.0 mmol-L" at 0.50 V. Inset shows the corresponding calibration curve established between response current

and glucose concentration from 0.025 to 1.0 mmol-L". (D) Amperometric current responses of the CoS/GTE against the addition of

glucose (1.0 mmol- L") and various co-existing interferents (0.1 mmol - L", respectively) injected into in 0.1 mol-L"' NaOH at 0.50 V.

(color on line)



HLfb2% (). Electrochem.) 2022, 28(1), 2104211 (7 of 11)

diffusing™. It can be seen that the corresponding cal-
ibration curve of the proposed sensor (Figure 4(C))
showed a linear response in the ranges of 0.025 ~ 1.0
mmol - L' (correlation coefficient R? = 0.9953), with
a detection sensitivity of 323.29 pA «(mmol-L')'-cm?
and a LOD of 8.5 wmol-L" (S/N = 3). Compared with
the behaviors of other reported Co-based electro-
chemical nonenzymatic glucose sensors (Table 1),
analytical parameters of our proposed sensor are sat-
isfactory.

It is one of the indispensable concerns in the elec-
trochemical glucose sensor to own good selectivity
performance towards other physiological species in-
cluding ascorbic acid (AA), dopamine (DA), uric acid
(UA) and fructose (Fru). Therefore, the /I-i curve was
measured in order to investigate the influence of com-
mon interferents on glucose oxidation at a fixed poten-
tial. As shown in Figure 4(D), it can be evidently seen
that the CoS/GTE had a notable response for glucose,
the interference signals of AA and DA current respons-

es to the glucose were 2.98% and 3.33%, respectively,
while no apparent responses of UA and Fru to the glu-
cose were presented. By add glucose, the current den-
sity increased again. Considering that the blood glu-
cose level for a healthy person (3 ~ 8 mmol - L") is
prominently higher than that of the competing inter-
ferents, such as UA (0.33 mmol-L") and AA (0.125
mmol - L)1 it can be concluded that the CoS/GTE
exhibited superior selectivity toward glucose detec-
tion, which can potentially applied in clinical analy-
sis of in vitro glucose.

The repeatability of the CoS/GTE was tested. The
consecutive tests were carried out at the same CoS/
GTE in 0.1 mol -L"!' NaOH including 0.5 mmol -L"
glucose for five parallel times. The calculated RSD of
the glucose oxidation-current response for each mea-
surement was 3.38%, demonstrating a good repeata-
bility of the fabricated CoS/GTE.

For reproducibility assessment, five as-obtained

CoS/GTEs sensors were examined under the same

Table 1 Comparison of analytical performances for different Co-based sensors.

Electrode Sensitivity Linear range/ Test Det.ecFlon Flexible
. Method B N B . Limit/
material (LA -cm?-(mmol-L")Y) (mmol-L") Potential/V . Substrate
(pmol-L")

Hydrothermal 139.35; 0.005 ~ 1.10;
oS method 28.44 120~ 10.20 0-20 13 Noo [20]
CoS/3D porous Hydrothermal 679 0.01 ~0.9 0.45 ) No 21]
carbon skeleton method
Co,S/ 0.0002 ~
{GO-PEDOT CVv 113.46 1,380 0.65 0.079 No [22]
Nickel-cobalt Hydrothermal 302.99 0.002 ~ 4.47 0.55 0.4 No  [42]
phosphate method
NiCo,S,/Ni/CFP Cv 283 0.0005 ~ 6 0.45 0.05 Yes [43]
3D graphene
frameworks/ Sol-gel 122.16 0.025 ~0.080 0.58 0.157 No [44]
Co;0, composites
CoTsPc - 122.5 0.01 ~6.34 - 0.14 No [45]

H

€000 Redox reaction 341 0.03 ~0.7 0.4 30.9 No [46]
nanosheets

Precipitati
CoP reciptiation 116.8 05~55 9 No  [47]

method

This

CoS/GTE CA 323.3 0.025~1.0 0.5 8.5 Yes

work
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Table 2 Results for detection of glucose in

human serum samples (n = 3)

Spiked/ Detected/ Mean
RSD/?
(pmol-L) (pmol - L) SDi% recovery/%
25 25.63 3.92 102.5
50 48.25 4.84 96.5
75 72.55 4.51 96.7

conditions using 0.5 mmol - L glucose in 0.1 mol -L*
NaOH. The RSDs were calculated to be 6.03% ,
evincing a good reproducibility. After being stored in
air exposure for half a month, the CoS/GTE showed
85.7% of its initial response current, indicating that
the enzymeless CoS/GTE glucose sensor owns agree-
able stability.
3.4 Practical Applications

To validate the applicability of the CoS/GTE, the
detection of the glucose in healthy human blood
serum sample was further investigated with the glu-
cose concentration of 5.20 mmol - L' by the standard
addition method. The original serum sample was di-
luted using 0.1 mol -L' NaOH, and then the given
concentration of glucose was drop by drop added into
the serum sample. It indicates an acceptable recovery
ranging from 96.5 to 102.5% in human serum sam-
ples with RSD from 3.92% ~ 4.84%(Table 1). Hence,
the CoS/GTE can be used as a potential sensor for

the determining glucose in human serum samples.

4 Conclusions

The flexible, binderless and self-supporting
CoS/GTE fabricated by electrodeposition was direct-
ly employed as an efficient nonenzymatic glucose
sensor. The sensor exhibited high sensitivity which
might be attributed to the high reaction surface area
and ample electroactive sites of flower-like CoS, and
good electron transfer ability of GTE. Its application
for glucose analysis in human serum was also
demonstrated successfully. The results indicate that
CoS/GTE is a promising contestant for enzymeless
glucose sensor. Meanwhile, the proposed sensor of-

fers a very promising electrode material toward many

further electrochemical applications with its flexibili-
ty, disposability, portability and low price.
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