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Abstract
An efficient non-enzymatic electrochemical sensor for hydrogen peroxide (H2O2) was constructed by modifying a glassy carbon
electrode (GCE) with a nanocomposite prepared from cobalt nanoparticle (CoNP) and tungsten carbide (WC). The nanocomposite
was prepared at low temperature through a simple technique. Its crystal structure, surface morphology and elemental composition
were investigated via X-ray diffraction, transmission electron microscopy and X-ray photoelectron spectroscopy. The results
showed the composite to be uniformly distributed and that the CoNP are well attached to the surface of the flake-like WC.
Electrochemical studies show that the modified GCE has an improved electrocatalytic activity toward the reduction of H2O2.
H2O2 can be selectively detected, best at a working voltage of −0.4 V (vs. Ag/AgCl), with a 6.3 nM detection limit over the wide
linear range from 50 nM to 1.0 mM. This surpasses previously reported non-enzymatic H2O2 sensors. The sensor was successfully
applied to the determination of H2O2 in contact lens solutions and in spiked serum samples.
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Introduction

Hydrogen peroxide (H2O2) is a crucial mediator and a signif-
icant reducing/oxidizing agent in various biological and
chemical reactions [1]. This is due to its antioxidant property,
easy storage, microbial control and high availability, and its
use in numerous fields [2, 3]. H2O2 is a representative of
reactive oxygen species (ROS), products of in-vivo metabo-
lism and also a byproduct of most oxidase enzymes, which
can diffuse through the cell membranes freely [4]. H2O2 play a
vital role in tumor incidence and also in physiological

pathways, migration, immune system function and cell
growth, and thus cause various human disorder such as cancer,
Alzheimer’s disease, atherosclerosis, myocardial infraction,
DNA damage and Parkinson’s disease etc., [5, 6]. Hence,
exploring the rapid, sensitive, selective, low-cost and reliable
analytical method for the quantification of H2O2 is significant
in biological environments. Several analytical protocols have
been developed for H2O2 assay, such as fluorescence [7],
chromatography [8], spectrometry [9], chemiluminescence
[10] and electrochemical methods [11–13]. The electrochem-
ical method is the most promising method due to their intrinsic
features such as low cost, high sensitivity, selectivity, rapidity
and real time monitoring ability toward the H2O2 determina-
tion [14]. The enormous studies have been made on the ma-
terials with excellent electrocatalysis for non-enzymatic H2O2

electrochemical sensors such as noble metal nanoparticles
[15], carbon materials [16], metal oxides [17].

Transition metal carbides (TMCs) has been significantly
used as a superior electrocatalysts in many electrochemical
devices such as supercapacitors [18], photochemical setup
and electrochemical methods [19] and oxygen reduction reac-
tion (ORR) for fuel cells [20] due to the outstanding electrical
conductivity and chemical stability. Thus, TMCs are evolving
as auspicious and attractive electrode materials for
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electrochemical applications. For example, cobalt carbide
(Co2C) was reported as a superior electrocatalysts for the hy-
drogen evolution reaction (HER) from water splitting [21].
Fan et al., developed the Fe-doped Ni3C nanosheets exhibited
outstanding electrocatalytic performance in both O2 evolution
reaction (OER) and HER [22]. Meyer et al., fabricated the
transition metal carbides including WC, Mo2C, TaC and
NbC were used as a proficient electrocatalysts in HER [23].
It can be concluded that TMCs has significantly improved
electrocatalytic behaviour towards the detection of H2O2 than
that of metal oxides, alloys and carbon materials.

Tungsten carbide (WC) is one potential nanocatalyst and
has received specific interest in electrocatalysts, due to its
sufficient ionic conductivity, earth abundant, and low-
toxicity [24]. Many reports are developed on the tungsten
carbide (WC) as an electrocatalyst based on the several elec-
trochemical applications such as WC/carbon composite for
HER [25], WC NP for HER [26], WC/graphene for HER
[27]. Encapsulation of metal carbides within metal nanoparti-
cles, oxides or carbon materials has been proposed as an ef-
fective strategy to further improving the catalytic activity of
WC. The improved electrochemical activity is ascribed to the
alteration of the surface structures and electronic properties of
the metal carbides or active metal species [28]. The doping of
VIII group metals are feasible due to the electron rich capacity
can effectively decrease the unoccupied d-orbitals of metals of
carbides [29]. The incorporating of metal (Fe, Ni, Co, Cu) on
metal carbides has been enhanced the catalytic activity.
Among them, metallic Co has possessed tremendous catalytic
properties, various literature reported on Co incorporated to
metal carbides [29, 30]. To the best of our knowledge, no
literature available on the fabrication of Co doped WC and
its electrochemical sensing application towards H2O2.

We report here on the preparation of Co NP decorated WC
(WCC) through a simple and low temperature method.
Further, WCC was applied as an electrode modifier to create
a novel, highly sensitive and selective non-enzymatic H2O2

sensor. The electrocatalytic studies shows that WCCmodified
glassy carbon electrode (GCE) exhibited an excellent electro-
chemical performance with a wide linear range and low limit
of detection. The sensor was applied to practical application in
contact lens solution and blood serum samples. The synthesis
of WCC and electrochemical detection of H2O2 is shown in
Scheme. 1.

Experimental section

Materials and methods

Disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen
phosphate (NaH2PO4), cobalt nitrate hexahydrate
(Co(NO3)2.6H2O), sodium borohydride (NaBH4), hexacarbonyl

tungsten (W(CO)6), ethylene glycol (EG) and oleylamine (70%)
were purchased from Sigma-Aldrich (https://www.sigmaaldrich.
com/catalog/product). All commercial chemicals and reagents
were of analytical grade without further purification. For the
purpose of electrochemical experiments, 0.05 M phosphate
buffer used as supporting electrolyte, prepared by mixing
Na2HPO4 and NaH2PO4. The deionized water (DIW) was used
to prepare the all required solutions.

The surface morphology and the formation of WC-Co
nanocomposite were investigated by transmission elec-
tron microscopy (TEM, JEOL 2100F) under an acceler-
ating voltage of 200 kV. The crystal structure of WCC
NPs was scrutinized by using X-ray diffraction studies
(XRD, XPERT-3 diffract meter with Cu-Kα; K =
1.54 Å). The electronic state of Co, W and C in WCC
were confirmed by using X-ray photoelectron spectros-
copy (XPS) was performed in Thermo scientific multilab
2000. The interfacial electrocatalytic behaviour of the
modified electrode was investigated by Electrochemical
impedance spectroscopy (EIS, IM6ex ZAHNER imped-
ance measurement system) at a potential of 0.2 V (AC
potential: 5 mV) within a frequency range of 0.01 to
100 kHz. The electrochemical sensing performances of
WCC modified electrode toward H2O2 detection, were
inves t iga ted by cyc l i c vo l t ammet ry (CV) and
amperometry techniques in CHI 1205C electrochemical
analyzer (CH Instruments Company, made in the
U.S.A). The conventional three-electrode system were
used such as a saturated Ag/AgCl/Sat. KCl as a reference
electrode, a glassy carbon electrode (GCE area:
0.071 cm2 and rotating disk electrode (RDE) area:
0.2 cm2 (rpm = 1400)) as a working electrode and a plat-
inum wire used as an auxiliary electrode.

Synthesis of the cobalt nanoparticle-decorated
tungsten carbide (WCC) nanocomposite

To synthesis the WC nanoparticle, a mixture of EG
(10 mL) and oleylamine (5 mL) were degassed with
N2 gas for 5 min at room temperature in a three-neck
flask. Then, 250 mg W(CO)6 was added to the mixture
of EG and oleylamine and the reaction mixture was
vigorously stirred for 2 h at 100 °C under N2 atm.
Then the solution was allowed to cool at room temper-
ature. Then the solution was centrifuged and washed
several times with water and ethanol and dried in vac-
uum oven at 80 °C for 12 h. To receive WC, the crude
product was carbonized at 800 °C for 2 h under N2

flow. Next, 0.1 g WC flakes was dispersed in 20 mL
of DIW and 50 mg Co(NO3)2.6H2O was added into the
WC dispersion under ultrasonication. Then, 5 mL fresh-
ly prepared 0.1 M NaBH4 solution were mixed together
and ultrasonicated at 60 °C for 2 h. The resultant
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solution was centrifuged and washed with ethanol and
water then transferred to vacuum oven for drying at
80 °C. Finally, the desired WCC nanoparticle was pre-
pared and it was used for the further applications.

Fabrication of WCC modified electrode

For the electrode fabrication process, the synthesized
WCC (2 mg) was dispersed in 1 mL DIW and sonicated
for 30 min. In before, the glassy carbon electrode
(GCE) was polished by 0.05 mm alumina powder and
washed with DIW and 6 μL of WCC dispersion was
drop-cast onto the surface of pre-cleaned GCE, dried
in a hot air oven. Subsequently, to remove the unbound-
ed materials on GCE were washed with DIW and then
the fabricated electrode was used to the determination of
H2O2. All the electrochemical experiments were carried
out in deoxygenated buffer.

Results and discussion

Choice of material

Transition metal carbides (TMCs) has been significantly
used as a superior electrocatalysts in many electrochem-
ical devices such as supercapacitors [18], photochemical
setup and electrochemical methods [19] and oxygen re-
duction reaction (ORR) for fuel cells [20] due to the
outstanding electrical conductivity and chemical stabili-
ty. Encapsulation of metal carbides within metal nano-
particles, oxides or carbon materials has been proposed
as an effective strategy to further improving the catalyt-
ic activity of WC. The improved electrochemical activ-
ity is ascribed to the alteration of the surface structures
and electronic properties of the metal carbides or active
metal species [28]. The incorporating of metal (Fe, Ni,
Co, Cu) on metal carbides has been enhanced the

Scheme 1 Pictorial representation of the synthesis of cobalt nanoparticle-decorated tungsten carbide (WCC) and its H2O2 sensing application
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catalytic activity. Among them, metallic Co has pos-
sessed tremendous catalytic properties, various literature
reported on Co incorporated to metal carbides [29, 30].
To the best of our knowledge, no literature available on
the fabrication of Co decorated WC and its electrochem-
ical sensing application towards H2O2. Hence, we have
synthesized the Co nanoparticle decorated WCC and it
wa s s u c c e s s f u l l y emp l oy ed a s a n ex c e l l e n t
electrocatalyst for the detection of H2O2.

Surface characterization

The morphology of the WC and WCC was character-
ized by transmission electron microscopy (TEM). From
Fig. 1a exhibits TEM image of WC, the WC appears as
flake-like structure with the average particle size is to
be around 500 nm. Further, the observed TEM image
(Fig. 1b) of WCC, indicates that the cobalt nanoparti-
cles are embedded on the surface of WC flakes and it
confirms the formation of WCC. The selective area
electron diffraction (SAED) (inset of Fig. 1b) patterns
also validated the formation of WCC. Further, the cor-
responding elemental mapping images (Fig. 1c (mix), D
(W), E (Co), F (C)) confirmed the uniform distribution
and presence of W, Co and C in WCC.

The crystal structure of WC and WCC have been
investigated by X-ray diffraction (XRD) studies
(Fig. 2a). The XRD spectrum of WC (red) shows the

diffraction peaks at 31.5° (001), 35.6° (100), 48.3°
(101), 64° (110), 65.7° (002), 73.1° (111), 75.5° (200),
77.12° (102), and 84° (201) are consistent with the dif-
fraction planes of hexagonal WC (diamond; JCPDS
073–0471). For the XRD spectra of WCC (green), the
diffraction peaks appeared at 44.1° (111) and 51.6°
(002) (star; JCPDS 15–0806) with the standard diffrac-
tion peaks of WC, which results validates that the sur-
face decoration of Co NP on WC flakes.

The elemental composition and electronic state of W,
C and Co in WCC was investigated via X-ray photo-
electron spectroscopy (XPS). The characteristics survey
spectrum (Fig. 2b) indicate the existence of W, C and
Co in WCC. The high resolution XPS spectrum of W
(Fig. 2c) displays two major signal, W 4f7/2 and W 4f5/2
at 33.8 and 36.0 eV respectively, confirms the formation
of WC. In addition, the two less intense peaks appeared
around 37.6 (W 4f7/2) and 39.8 eV (W 4f5/2), which are
assigned to W 4f orbits of surface WOx passivation
layer [31]. On the other hand, the Gaussian fitting peaks
of Co 2p (Fig. 2d) exhibits two main peaks at binding
energies of 784.3 and 799.7 eV of Co (II), correspond-
ing to Co 2p3/2 and Co 2p1/2, respectively. Further, the
high energy side of core level binding energies were
appeared due to the high spin state of Co (II), while
the low spin Co (III) does not show any satellite peaks
[32]. It can be concluded that the oxidation state of Co
nanoparticles in WCC is +2 [33].

Fig. 1 TEM image of WC (a) and WCC (inset SAED pattern) (b). Elemental mapping of WCC; Mix (c), W (d), Co (e), and C (f)
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Electrocatalytic properties of different modified
electrodes

In Electrochemical impedance spectroscopy (EIS) (Fig. 3a), a
semicircle at high frequencies and linear part at low frequen-
cies represent to the electron transfer limited process and dif-
fusion process, respectively. Typically, the charge transfers
resistance (Rct) can be defined by the diameter of the semicir-
cle part, its value varies when different substances are
adsorbed on to the surface of electrode. As depicted in Fig.
3a, the calculated charge transfer resistance (Rct) of unmodi-
fied GCE (curve a) is about 344 Ω. After introducing WC on
the surface of GCE, the Rct value was decreased (Rct = 30 Ω,
curve b) due to the good ionic conductivity. An anticipated,
the minimal resistance value (Rct = 6Ω, curve c) was obtained
at WCC/GCE in compared with that of bare GCE and WC/
GCE, promote a rapid electron transfer between the
electroactive material and electrolyte. These results indicate
the enhanced electrocatalytic activity of WC has been signif-
icantly enhanced by introducing Co NP and WCC provides
essential pathways for the development of H2O2 detection.

Figure 3b exhibits the CVs of bare GCE, WC/GCE, and
WCC/GCE, and in the absence and presence of 1 mM H2O2

in 0.05 M phosphate buffer (pH 7) at a scan rate of 50 mV s−1.
As can be seen from Fig. 3b, in the case of bare GCE (curve a),
WC/GCE (curve b), Co NP (curve c) and WCC (curve d), no
characteristic peaks were appeared without the addition of
H2O2, which clearly explains that the electrodes are inactive at
this potential window. In the case of bare GCE (curve a’), only
displays a very less reduction peak current (Ipc: 1.3 μA) while
adding the 1 mM H2O2 due to the less electrocatalytic activity
toward the reduction of H2O2. Besides, WC/GCE (curve b’)
(Ipc: 2.9 μA) and Co NP (curve c’) (Ipc: 3.7 μA) showed obvi-
ously increased catalytic reduction current for 1mMH2O2when
compared with the bare GCE. Interestingly, addition of 1 mM
H2O2 caused in an enhanced cathodic peak current (Ipc: 6.7 μA)
at lower reduction potential (Epc: −0.4 V) on the WCC/GCE
(curve c’) electrode matrix. These results revealed that the mod-
ified WCC effectively promoted the electron transfer between
the electrolyte and the electrode surface. Many possible descrip-
tions may contribute to these remarks: (i) flakes-like structure of
WC and nanosheets-like structure Co NP and good synergistic

Fig. 2 XRD of WC (red) and WCC (green) (a), XPS survey spectrum of WCC (b), W4f (c), and Co 2p (d)
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effect can effectively enhanced the electrocatalytic reduction of
H2O2; (ii) the high surface to volume ratio of the WC on the
good conducting ability of Co nanoparticle boosted the catalytic
efficiency; and (iii) the carried WC with Co nanoparticle might
help as an intervening spacer matrix to extend the electron away
from the substrate into themobile phase, causing in binding sites
more available to electron.

The influence of H2O2 concentration toward the electrocat-
alytic activities ofWCC/GCEwas scrutinized at different con-
centrations in N2 saturated 0.05 M phosphate buffer at a scan
rate of 50 mV s−1. As shown Fig. 3c, upon increasing the
concentration of H2O2 (1 to 10 mM), leads to the reduction
current at −0.4 V (vs. Ag/AgCl) was gradually improved due
to the strong catalytic reduction of H2O2. As we can see from
Fig. 3d, the linearity was obtained between the reduction peak
current and various concentration in the range of 1 to 10 mM
with a correlation coefficient (R2 = 0.9979).

The electro kinetics of H2O2 reduction at WCC/GCE was
studied by analyzing the voltammograms at the scan rate range
of 20–200mV s−1 using 1mMH2O2 in 0.05Mphosphate buffer
(pH 7). As depicted in Fig. 3e, the obtained cathodic peak current
(Ipc) were consecutively increased with an increase of scan rate
from 20 to 200 mV s−1 (a-j). Moreover, the observed Ipc values
were linearly correlated with the square root of the scan rate with
a high correlation coefficient (R2 = 0.9926), shown in Fig. 3f.

Hence, it is clear that the electrochemical reduction of H2O2 at
WCC/GCE unveiled diffusion-controlled process [12].

Amperometric studies

The quantitative detection of non-enzymatic H2O2 sensing
properties of WCC was performed via amperometric i-t meth-
od. To find the optimal potential for H2O2 sensor, the amper-
ometric measurements were carried out by applying various
potentials including −0.2, −0.3, −0.4, −0.5, and − 0.6 V with
the consecutive addition 100 μM H2O2 on WCC modified
electrode. From Fig. 4a, the current response was obviously
increased from −0.2 to −0.4 Vand then decreased with further
increase of operational potential (−0.5 and − 0.6 V) toward
H2O2 detection. The current response reaches the highest val-
ue at −0.4 V and it was selected as an optimum potential for
amperometric determination of non-enzymatic H2O2 sensor.

Figure 4b reveals the amperometric current response of
WCC modified electrode on the successive addition of H2O2

concentration at an applied potential −0.4 V in to the N2 sat-
urated 0.05M phosphate buffer (pH 7). As depicted in Fig. 4b,
the responses toward H2O2 lead to swiftly, and a current re-
sponse was accomplished with in a 5 s, due to H2O2 was
quickly absorbed and activated on the WCC modified elec-
trode surface. With consecutive addition of H2O2, the steady-

Fig. 3 a EIS of bare GCE (a), WC (b), andWCC (c). bCVs of bare GCE,
WC/GCE, Co NP/GCE andWCC/GCE in the absence (a, b, c and d) and
presence (a’, b’, c’ and d’) of 1 M H2O2 in 0.05 M phosphate buffer at a
scan rate of 50 mV s−1. c CVs of WCC/GCE in the presence of various
concentration of H2O2 (1 to 10 mM) in 0.05M phosphate buffer at a scan

rate of 50 mV s−1. d calibration plot between the cathodic current (Ipc)
and [H2O2] (n = 3). e CVs of WCC/GCE for 1 mM H2O2 in 0.05 M
phosphate buffer at various scan rate. f calibration plot between the ca-
thodic current (Ipc) and scan rates (n = 3)
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state reduction current increased progressively with increasing
the concentration of H2O2 in the range from 50 nM to
1.02 mM. The corresponding correlation plots of H2O2 con-
centrations vs response current is manifested in Fig. 4c.
This result demonstrates that the current and concentra-
tion of WCC establish a good linear relationship in the
wide range 50 nM to 1.02 mM, correlation coefficient
(R2) is about 0.9996. The calculated detection limit and
sensitivity of WCC modified electrode are to be 6.3 nM
(signal to noise ratio S/N = 3) and 6.696 μA μM−1 cm−2,
respectively. Further, to elucidate the advantages of the
sensor, the analytical parameters such as linear range, lim-
it of detection for WCC modified electrode were com-
pared with other reported non-enzymatic H2O2 sensor is
displayed in Table 1. This results clearly proved WCC
modified electrode has higher electro catalytic property
and much better than those reported sensors with the per-
spectives of wide linear range and low detection limit.

Selectivity, stability, and reproducibility of the sensor

The most important features for a detection of H2O2 is the
capability to distinguish amongst the target analyte and other
possible interfering compounds. So as to evaluate the selectiv-
ity of theWCCmodified electrode toward H2O2 was studied in
the presence (5-fold) of co-interfering compounds such as do-
pamine (a), ascorbic acid (b), uric acid (c), glucose (d), albumin
(e), and globulins (f) were carried out in 0.05 M phosphate
buffer (pH 7) at a fixed potential of −0.4 V. Though, the afore-
mentioned compounds were less answerable in the reduction
potential. Figure 4d represents the amperometric i-t responses
of 0.5 mM H2O2 with consecutive addition of aforementioned
biologically active species. It can be seen that there is no re-
markable response current was obtained upon addition of
aforesaid interferents and they do not interfere with the reduc-
tion current response of H2O2. Besides a stable and well-
defined current response was appeared for the further addition

Fig. 4 a Amperometric current response of WCC modified electrode for
consecutive addition of 100 μMH2O2 at different applied potential (−0.2,
−0.3, −0.4, −0.5, and − 0.6 V). bAmperometric current response ofWCC
modified electrode for consecutive injection of various concentration of
H2O2 at an applied potential of −0.4 V. c calibration plot between the

response current and [H2O2] (n = 3). d Amperometric current response of
WCC modified electrode for 100 μM H2O2 and interferents (10-fold)
such as dopamine (a), ascorbic acid (b), uric acid (c), glucose (d), albumin
(e), and globulins (f) at an applied potential of −0.4 V
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of H2O2. These results established that WCC modified elec-
trode can be selectively determined the H2O2 even in the pres-
ence of aforementioned interfering compounds.

To evaluate the stability of the sensor, the modified
electrode was stored at room temperature for 30 days
and the reduction current response toward 1 μM H2O2

was examined every five days. The sensor kept 95.6%
of its initial current responses at 30th day, suggesting a
good stability. The reproducibility of the WCC modified
electrode was studied toward the detection of H2O2 sen-
sor. The sensor exhibited a relative standard deviation
(RSD) of about 2.09% for the 1 μM H2O2 detection
with ten consecutive measurements under the same con-
dition. These results indicate that the WCC modified
electrode has good reproducibility.

Real sample analysis

To assess the feasibility of WCC modified electrode for prac-
tical analysis, the sensor was applied to determine the H2O2

content in lens-cleaning solution and human blood serum
samples with standard addition method. The samples were
spiked and diluted through the N2-saturated 0.05M phosphate
buffer (pH 7) prior to determine the response current. Then,
the current response was analyzed after adding the standard
H2O2 solution into the system. The obtained recoveries for
contact lens solution and human blood serum samples is about
99.3% and 99.12%, respectively (Table 2). The satisfactory
recoveries are demonstrated that the sensor has good accuracy
in the detection of H2O2 in real time applications.

Conclusion

A simple synthesis method for the cobalt nanoparticle anchored
tungsten carbide (WC) flakes with excellent catalytic activity
for non-enzymatic detection of H2O2 is reported. The decora-
tion of cobalt nanoparticles significantly accelerated the elec-
tron conducting ability of the WCC, creates synergistic effects
and thus making this highly effective candidate to detect H2O2.
The amperometric responses of WCC improved sensing per-
formance with a detection limit of 6.3 nM, wide linear range of
50 nM-1.02 mM and rapid response time (5 s) toward H2O2.
Owing to the enhanced catalytic activity, WCC showed excel-
lent selectivity, stability and reproducibility. In real sample
analysis, the sensor was achieved the good accuracy and high
precision for H2O2 detection in contact lens solution and hu-
man blood serum samples. Hence, this methodwas easy way to
create high efficiency non-enzymatic H2O2 sensor.
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