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Abstract

Nanosheets of tungsten disulfide (WS,) were used to improve the physicochemical properties of reduced graphene oxide aerogel
(rGA). The nanosheets were directly integrated into 3D hybrid architecture of rGA by a solvothermal mixing method by which
the WS, sheets were assembled onto the conductive graphene network. WS, with highly exfoliated and defect-rich structure
made the WS,/rGA composite possess plentiful active sites, and this enhanced the electrocatalytic capability of the composite.
The introduction of poorly conductive WS, into 3D rGA system decreases the background current of rGA when used as electrode
material. This is advantageous in terms of signal to-noise ratio and analytical performance in general. The WS,/rGA electrode,
best operated at a potential of 0.68 V (vs. SCE) has a linear response in the 0.01 to 130 uM nitrite concentration range with a low
detection limit of 3 nM (at S/N = 3). It is selective, reproducible, stable and is successfully applied to the determination of nitrite in
spiked bacon samples.
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Introduction

Nitrite is widely used in the food industry as a food additive to
improve the flavor and color of the cured meat. However,
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excessive consumption would cause nitrite to react with amine
in food, producing carcinogenic amine nitrite [1, 2]. In addi-
tion, nitrite can cause a decrease in oxygen transport capacity,
and then hemoglobin is converted to methemoglobin. Finally,
irreversible effects affect human health [3]. Therefore, it is
urgent to find an economical and reliable way to detect nitrite.
Currently, different methods have been used to the detection
of nitrite, such as cloud point extraction spectrophotometry
[4], high efficiency liquid chromatography [5], chemilumines-
cence [6], and electrochemical detection [7]. Among these
methods, electrochemical methods have aroused widespread
concern owing to their rapid response, high sensitivity, low
cost and short time.

Graphene and its composites exhibit good electrochemical
performance owing to their superior properties, such as high
surface area, good conductivity and chemical stability [8, 9].
However, graphene sheets easily tend to aggregate due to the
strong van der Waals force and 7t interaction, which reduce the
effective surface area and the active sites [10]. Graphene
aerogel, a novel kind of highly porous three-dimensional
(3D) graphene with network structure can inhibit the
restacking of individual graphene sheets. It not only maintains
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the original properties of graphene, but also owns its unique
adjustable pore structure, large specific surface area, good
chemical and mechanical stability [11, 12]. Because of these
intriguing characteristics, graphene aerogel has been deemed
as a promising candidate material for the electroanalytical ap-
plication, e.g., detection of quercetin [13] and H,O, [14].
However, the widespread use of graphene aerogel as sensing
material for microanalysis still faces several issues: firstly,
graphene aerogel is a highly defect-free hydrophobic material,
which shows poor interaction with the detection target [15].
Secondly, the inertness of the graphene sheets has led to
graphene aerogel with an inactive property [16]. Thirdly,
graphene aerogel shows high background current, which usu-
ally results in a low signal-to-noise ratio [17]. Hence, finding
suitable modified materials to conquer these drawbacks of
graphene aerogel is quite necessary.

Transition metal dichalcogenides (TMDs) have aroused
extensive concern because of their intrinsic feature, such as
graphene-like layered structure, high surface area, and superb
electronical, photoelectron and electrocatalytic characteristics
[18]. Among these TMDs, WS, is highly regarded owing to
unparalleled electronic, optical, chemical, and physical prop-
erties [19]. Moreover, WS, with nanoscale has a greater effec-
tive surface area, more exposed active sites and better water
solubility. Compared with bulk material, nanoscale WS, ex-
hibits remarkable electrochemical performance due to its size
effect [20]. Benefiting from these advantages, WS, is deemed
as a promising decoration for carbon materials. For example,
Yang et al. have reported the self-assembly of WS, onto re-
duced graphene oxide (rGO) and the composite showed an
enhanced activity for the catalytic hydrogen evolution [21].
Liu et al. have synthesized the hybrids of WS, and carbon
nanotube, which was demonstrated as an ultrasensitive elec-
trochemical biosensor for DNA detection [22]. Although nu-
merous works on the fabrication and application of WS,/car-
bon composites have been reported, as far as we know, liter-
atures on preparation of 3D WS, nanosheets/reduced
graphene aecrogel (WS,/rGA) are relative few [23]. WS,
nanosheets/rGA hybrid acrogels may be used as a promising
electrode material. They can boost the detection performance
because the hybrid aerogels combine the attractive character-
istics of rGO sheets and WS, nanosheets, and the special
properties of tGA.

Herein, 3D WS,/rGA hybrid network was fabricated via a
one-pot hydrothermal technique along with in-situ self-assem-
bly procedure and was employed as electrode material for the
determination of nitrite. The 3D porous interconnected net-
work with huge specific area provided a perfect matrix to load
WS, nanosheets and enhanced the exposed edge sites of WS,.
The unique WS,-anchored-on-rGA structure endowed the
composite with plentiful active sites, which facilitated the cat-
alytic oxidation of nitrite. Also, the WS,/rGA electrode
showed a lower background signal than rGA electrode,
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resulting in a low detection limit of nitrite. In addition, the
WS,/tGA electrode revealed good selectivity and reproduc-
ibility, as well as excellent long-term stability towards electro-
chemical detection of nitrite.

Experimental section
Chemical materials and reagents

Graphene oxide (GO) was purchased from Nanjing XF Nano
Co (Nanjing, China, www.xfnano.com). The lateral size of the
GO is about 0.5~5 um, and the thickness is about 0.8~1.2 nm.
Na,HPO,, NaH,P0,, KCI, K;[Fe(CN)x], and K4Fe(CN)q
were purchased from the Sigma-Aldrich (www.sigmaaldrich.
com). Nitrite, N,N-dimethylformamide (DMF, >98%) and
tungsten disulfide (WS,) were purchased from Aladdin
Chemistry Co. Ltd. (Shanghai, China, www.aladdin-e.com).
Other reagents were of analytical grade and used as
received.

Apparatus

The morphology of nanocomposites was performed by scan-
ning electron microscopy (SEM) (Hitachi S4800, Japan). The
X-ray photoelectron spectroscopy (XPS) data were collected
on a Thermo Fisher Scientific using an Al Kx X-ray source.
X-ray diffraction (XRD) pattern was measured on a Germany
Bruker D8 X-ray diffractometer. All electrochemical measure-
ments were studied by a computerized CHI660D electro-
chemical workstation from CH instruments (Shanghai,
China). A traditional three-electrode system was established
in the experiment, including saturated calomel reference elec-
trode, platinum wire auxiliary electrode, and glassy carbon
working electrode (GCE, ¢ =3 mm).

Synthesis of tungsten disulfide (WS,) and its
composite with reduced graphene oxide aerogel
(WS,/rGA)

Chemically exfoliated WS, nanosheets were synthetized by
lithium intercalation [24]. Briefly, 0.6 g WS, was dispersed in
a mixture of n-hexane (24 mL) and n-butyl lithium (6 mL).
After that, the mixed solution was transferred to a 50 mL
three-necked flask, and heated at 80 °C under a nitrogen at-
mosphere. 48 h later, the mixture was centrifuged at 8000 rpm
and rinsed excess n-butyllithium with n-hexane for five times.
The product was dried under vacuum for 0.5 h at room tem-
perature, mixed with water to a 1.5 mg mL™' WS,, and ultra-
sonic for 20 min to obtain a homogeneous solution.

The WS,/rtGA composite was synthesized via hydrother-
mal technique by the following procedure. In a typical syn-
thesis of WS,/rGA, GO (40 mg) was dissolved in deionized
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water (14 mL) and sonicated for 10 min to form homogeneous
solution. Then, 6 mL of WS, solution (1 mg mL ") was added
into GO solution. After 30 min of stirring, the mixture was
transferred into 20 mL Teflon equipped autoclave, sealed and
reacted at 180 °C for 12 h. After that, the autoclave was
allowed to cool to room temperature. The product was
freeze-dried at —50 °C for 12 h to remove water, and a porous
internetwork structure was formed in this process.

Preparation of modified glassy carbon electrodes

2 mg WS,/rGA composite was suspended in 2 mL DMF to
obtain WS,/rGA dispersion (1 mg mL .

For the fabrication of modified electrode, bare glassy car-
bon electrodes (GCEs; ¢ =3 mm) were firstly polished for
5 min by aluminum oxide to form a bright mirror surface, then
the impurity was completely removed by ultrasonic with dou-
ble distilled water. After drying, GCE was modified with 5 uL
WS,/rGA suspension. The WS,/rGA modified electrode was
dried under the infrared lamp. The synthesis process is illus-
trated in Scheme 1.

Electrochemical measurements

5 mL of phosphate buffer (PB) solution (0.1 M, pH 6.0) as the
supporting electrolyte was used during all electrochemical ex-
periments. Cyclic voltammetry (CV) measurement was car-
ried out in the range of 0.3—1.1 Vat a scan rate of 100 mV s .
Different pulse voltammetry (DPV) analysis was performed in
the range of 0.2—1.2 V with a pulse period of 0.5 s, a pulse
width of 0.05 s and the amplitude of 50 mV. Electrochemical
impedance spectroscopy (EIS) was carried out in the mixture

Scheme 1 Schematic
presentation of the fabrication
procedure of tungsten disulfide/
reduced graphene oxide aerogel

(WS,/rGA) and the detection ,@b
principle for nitrite o\@’

Bulk WS:2

of 5 mM [Fe(CN)]>"* and 0.1 M KCL. The frequency range
was 10° Hz to 1.0 Hz and the amplitude was 5 mV.

Real sample analyses

To assess the practical analytical utility of the designed WS,/
rGA electrode, electrochemical detection of nitrite in bacon
was studied. The bacon was purchased from the local super-
market. 2 g of bacon sample was cut and dispersed into 10 mL
0.1 M PB solution (pH 6.0) buffer solution. The mixed solu-
tion was stirred for 20 min and then centrifuged for 10 min to
remove impurities and obtain a clear solution.
Electrochemical detection of nitrite in practical samples was
carried out by using standard addition method. The content of
nitrite in the actual sample was analyzed in the form of
recovery.

Results and discussion
Characterization of WS, and WS,/rGA materials

X-ray diffraction (XRD) is used to confirm the phase and
crystal structure of rGA and WS,/rGA. As shown in Fig. 1a,
rGA presents a broad diffraction peak at 22.3°, which can be
ascribed to (002) reflections of rGA, demonstrating the dif-
fraction characteristics of graphene [25]. For the WS,/rGA
composite, the diffraction peaks exhibit at 20 =223, 415
46.8°, 65.4" and 71.3°, which correspond to the (002), (103),
(006), (112) and (200) of WS,, respectively (JCPDS-ICDD
87-2417), indicating the formation of WS, in the microstruc-
ture of rGA [26].
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Fig. 1 XRD patterns of rtGA and WS,/rGA (a); SEM images of tGA (b) and WS,/rGA (c); TEM images of WS, (d) and WS,/rGA (e); Digital image (f)

of WS, (a), rGA (b) and WS,/tGA (c)

The surface morphologies of rGA and WS,/rGA composite
were characterized by scanning electron microscope (SEM).
From Fig. 1b, it can be clearly seen that rGA exhibits an
interconnected porous 3D framework, and is rich in hierarchi-
cal pores with a wide size distribution. After the self-assemble
of WS, into rGA network (Fig. 1c), the composite appears to
be much smoother and the pores became larger. In addition,
the chemical constitution of WS,/rGA composite was charac-
terized by energy dispersive X-ray spectroscopy (EDS). As
shown in Fig. S1, the W and S signals are from WS,. The C
and O signals are from rGO. To further investigate the micro-
structure of WS,/rtGA composite, Transmission electron micro-
scope (TEM) analysis was then performed. As shown in Fig. 1d,
WS, nanosheets with 2D layered structure are clearly observed.
From the TEM of WS,/rGA, we can see that WS, nanosheets are
uniformly and tightly decorated on the surface of rGA.

Fig. 1f(a), (b) and (c) show the photographs of WS,, rGA and
WS,/rGA, respectively. As shown, WS, sheets can be well dis-
persed in water (Fig. 1f(a)). However, rGA is completely settled
down at the bottom of the vial (Fig. 1f(b)). By contrast, WS,/rGA
(Fig. 1f(c)) can be easily dispersed in water to form a dark sus-
pension, demonstrating that the composite is hydrophilic.

The oxidation state and chemical composition of WS,/rGA
was characterized by X-ray Photoelectron Spectroscopy (XPS).
For the spectrum of WS,/tGA (Fig. 2a), it denotes four main
peaks for W4f, S2p, Cls and Ols, which are located at 34.6,
168.9, 285.6 and 568.9 eV, respectively. Fig. 2b presents Cls
spectrum of WS,/rGA. As shown, three functional groups appear
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at 285.4, 286.6 and 288.8 eV, which are associated with C-C, C-
0, and C=0, respectively. The binding energy of the S2p peak
(Fig. 2¢) appears at 167.9 and 170.6 eV, corresponding to S2ps/»
and S2p,», respectively [27]. W4f XPS spectra is shown in Fig.
2d. W4ft;, and W4fs), are observed at 33.4 and 35.8 eV, respec-
tively, indicating that the existence of W (VI) in WS,.

Electrochemical characterization of the composite
prepared from tungsten disulfide and reduced
graphene oxide aerogel (WS,/rGA)

Electrochemical impedance spectroscopy (EIS), an effective
method was used to evaluate charge transfer on electrode sur-
face [28]. The high frequency semicircle represents the resis-
tance of the electron transfer (Ret), and the straight part rep-
resents the diffusion-limited process [29]. Fig. 3 shows the
Nyquist diagrams of bare GCE (a), WS,/GCE (b), rGA/
GCE (c), and WS,/rGA/GCE (d). As shown, bare GCE
(a) exhibits a large semicircle. For WS,/GCE (b), the Ret
is larger than that of bare GCE, which can be attributed to
the poor conductivity of WS, (b). Nevertheless, after rtGA
was decorated on bare GCE (c), the Ret is dramatically
decreased, which is because that rGA with excellent elec-
tronic conductivity improves the electron transmission
rate. Furthermore, for WS,/rGA/GCE (d), the Ret is in-
creased, which indicates the successful introduction of
WS, into rGA.
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Electrochemical behavior of nitrite at different
electrodes

Cyclic voltammetry (CV) experiments were performed to in-
vestigate the electrochemical behavior of 80.0 uM nitrite at
bare GCE (a), WS,/GCE (b), tGA/GCE (c) and WS,/rGA/
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Fig. 3 EIS of different modified electrodes bare GCE (a), WS,/GCE (b),
rGA/GCE (¢) and WS,/rtGA/GCE (d) in the supporting electrolyte of
0.1 M KCl solution containing 5.0 mM of [Fe(CN)]> ™+

GCE (d) in 0.1 M PB solution (pH = 6.0) (Fig. 4a). As shown,
bare GCE (a) and WS,/GCE (b) show a relatively weak and
irreversible oxidation peak due to the sluggish electron trans-
fer kinetics of GCE and the poor conductivity of WS,.
However, for rGA/GCE (c), the anodic peak current increases
dramatically associated with a negative shift in the peak po-
tential, which is because that the high electron transfers rate
and the 3D architecture of rGA accelerate the electrochemical
oxidation of nitrite. Moreover, the WS,/rGA/GCE (d) shows a
much higher peak oxidation along with a lower background

150
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Fig.4 CV response of different electrodes including bare GCE (a), WS,/
GCE (b), rGA/GCE (¢) and WS,/tGA/GCE (d) in 0.1 M PB solution
(pH 6.0) containing 80.0 1M nitrite at a scan rate of 100 mV s’
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current in comparison with rtGA/GCE (c). The observed en-
hancement in the anodic peak current as well as lowering of
background current can be attributed to the synergistic effect
between rGA and WS,. rGA serves as a scaffold and support
for the dispersion of WS, nanosheets and the loaded WS,
affords more active edge sites, thereby increasing the
electro-catalytic activity of the composite electrode for the
nitrite oxidation.

Optimization of experimental conditions

The influence of different pH values (3.0~8.0) on the nitrite
oxidation peak current (80.0 M) was investigated. As ob-
served from Fig. S2, the response current increases with in-
creasing pH from 3.0 to 6.0, and maximizes at pH 6.0. The
reason for this phenomenon is attributed to the fact that nitrite
can be easily decomposed to nitric oxide and nitrate in strong-
ly acidic solution [30]. When pH is higher than 7.0, the oxi-
dation peak current gradually decreases, demonstrating the
oxidation of nitrite became more difficult because of the lack
of protons [31]. Therefore, PB solution with pH of 6.0 is
chosen as electrolyte in subsequent experiments.

Effect of scan rate

The kinetic characteristic for the nitrite oxidation reaction at
WS,/rGA electrode was studied by CV experiments at

different scanning rates. As shown in Fig. 5a, the peak current
increases as the scan rate increases from 30 mV s ' to
210 mV s~ '. Moreover, the oxidation peak current is propor-
tional to the scan rates (Fig. 5b). The linear equation is de-
scribed as I (LA)=29.730+0.333 v (mV s ') (R*=0.992).
The result indicates that the electrochemical oxidation of ni-
trite on WS,/rGA/GCE surface is a diffusion control process.
Moreover, the oxidation peak currents and the square root of
the scan rate have a satisfactory linear relationship (Fig. 5c).
The linear equation is I=-2.335+6.801 v'%, (R?=0.998),
which also suggests that the oxidation of nitrite on WS,/rGA
modified electrode is a diffusion control process.

Analytical performance

Under optimal conditions, the quantitative analysis of nitrite
on WS,/rGA/GCE was carried out by differential pulse volt-
ammetry (DPV). As presented in Fig. 6, the anode peak of
nitrite is observed at about 0.68 V and the peak current is
enhanced gradually with the increase of nitrite concentration.
From the inset of Fig. 6, the oxidation peak currents exhibit a
good linear relationship with nitrite concentrations in the
range from 0.0100 uM to 130 uM. The linear equations can
be described as I (LA)=2.734+0.323 ¢ (uM) (R° =0.997).
The detection limit is estimated to be 3 nM on the basis of
S/N =3 [32, 33]. The analytical performance of the WS,/rGA
electrode is compared with other published results (Table 1). It

Fig.5 a CV curve for WS,AGA/ @ 59 b
GCE at different scan rates from 210 -1
. 1. mV s

30mVs to2l0mVs  in 100F 1=29.730+0333 v
0.1 M PB solution (pH 6.0) « 100 2_ 0.992
containing 100.0 uM nitrite; b =3 < so} R"=0.
Linear relation of scan rates vs. = Sof E"
oxidation peak current; ¢ The 5 = 6o}
plots of the oxidation peak £ ol @
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Fig. 6 DPVs of WS,/rGA/GCE in 0.1 M PB solution (pH =6.0) for
different nitrite concentrations in the range of 0.0100, 0.0500, 0.300,
0.500, 0.800, 5.00, 8.00, 10.0, 30.0, 50.0, 80.0, 100 to 130 uM. Inset:
Plots of oxidation currents versus the concentration of nitrite

is found that the present WS,/rGA electrode shows a lower
detection limit. This can be attributed to the following several
aspects: firstly, 3D architectural rGA shows large specific sur-
face area, which is propitious to the loading of WS,. Secondly,
the WS, sheets attached on rGA provide plentiful active sites,
and thus the electro-catalytic properties of composites are
enhanced.

Selectivity, reproducibility and stability

The selectivity of the fabricated WS,/rGA modified electrode
for the determination of nitrite was investigated.
Electrochemical results show that the current response of
100.0 uM nitrite at WS,/rGA modified electrode has no ob-
viously influence by the addition of 50-fold K*, Na*, Zn**,
Ca®*, CI', NO;™, SO,> or CO;”". The result shows that the
peak current change is less than 5%, which suggests the good

selectivity of the created WS,/rGA modified electrode toward
the determination of nitrite.

To test the practicality of the created WS,/rGA modified
electrode, five independently electrodes were used to detect
100.0 uM nitrite and the RSD was about 3.7%, which illus-
trates that the WS,/rGA/GCE has a favorable reproducibility.
Furthermore, the long-term stability of WS,/tGA/GCE was
evaluated over 2 weeks’ period and the response toward
100.0 uM nitrite was monitored every 2 days. The change
of the peak current for nitrite is almost negligible, indicating
that the constructed WS,/rGA electrode has a good stability.

Real sample determination for nitrite

To validate the effectiveness of the fabricated approach, WS,/
rGA/GCE was applied for the electrochemical detection of
nitrite in bacon samples. 2 g of samples were pretreated to
give a clear solution and stored in a 4 °C refrigerator.
Quantitative analysis was carried out by adding a known con-
centration of nitrite to the sample solution. Each sample was
tested for five times in parallel and then averaged. The corre-
sponding test results are listed in Table S1. As shown, the
recovery is in the range of 97.46-104.2% and the RSDs for
the current response are less than 5%. These results suggest
the WS,/rGA electrode have great application prospect. To
further evaluate the accuracy of the WS,/rGA electrode, the
result was compared with that from high performance liquid
chromatography (HPLC). As shown in Table S1, the results
from our designed method are in good agreement with HPLC
method. As expected, the designed method can be applied to
determine the nitrite concentration in real samples.

Conclusion

We have designed a novel WS,/rGA electrode for nitrite de-
tection based on 3D WS,/rGA hybrid aerogel electrode

Table 1 Performance comparison

of WS,/rtGA/GCE for detection of Electrode Linear range (uM) LOD (nM) Reference

nitrite over various modified

electrodes o-Fe,05 NAs/CF* 0.5-1000 120 [34]
Cuw/Ag/MWNTs/GCE 1-1000 200 [35]
Cu/MWCNTs/GCE 5-1260 1800 [31]
Poly(TazoCoPc)/CNP*/GCE 0.02-1 6 [36]
c-MWCNT/TIN/GCE 0.006-950 4 [37]
Chit-TsCuPc!/GCE 0.0005-0.065 22 [38]
WS,/1GA/GCE 0.0100-130 3 This work

* a-Fe,03 NAs/CF: «-Fe, 05 nanorod arrays/carbon foam

® Poly(TazoCoPc)/CNP: polymeric phthalocyanine

¢ c-MWCNT/TIN: carboxylated multiwalled carbon nanotubes/titanium nitride

94 Chit-TsCuPc: copper phthalocyanine

@ Springer
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material, which was synthesized through a hydrothermal
method of mixing solvothermal. WS, nanosheets were well
decorated on the porous network. The hybrid aerogel exhibit-
ed good 3D porous network, large active specific surface area
and a great many active site, which enable it high catalytic
activity toward nitrite oxidation. The WS,/rGA composite as
electrochemical platform showed wide detection range, low
detection limit and high selectivity toward the determination
of nitrite. The WS,/rGA electrode can be used to detect nitrite
in real samples with suitable recovery values.
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