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Sensing

Metal sulphide nanoparticles (NPs) have great potential applications in environmental remediation as
they can oxidize peroxidase substrates like 3,3',5,5'-tetramethylbenzidine (TMB) due to the production of
hydroxide radicals (OH*) via the Fenton reaction in presence of H,0,. Their good binding affinity toward
heavy metal ions through their S-containing sites, causes the blockage of the active sites of the catalyst
and inhibits the oxidation process of peroxidase substrate. This property can be used for the sensing
of heavy metal ions. Herein, a cobalt sulphide (CoS) decorated porous reduced graphene oxide (p-rGO)
nanocomposite is proposed as a novel matrix for heavy metal ions detection in aqueous medium. The
nanocomposite was fabricated by adopting a simple and easy solvothermal approach. After determination
of the kinetics of the as-synthesized nanocomposite for the oxidation of TMB in presence of H,0-, the
matrix was further used for the colorimetric detection of heavy metal (Hg, Pb, Cd)ions in aqueous medium.
Depending on the metal ion, a detection limit of 14.23 nM for Hg(II) could be reached. Furthermore, the
synthesized nanocomposite was successfully utilized for the detection of heavy metal ions present in

real samples.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal ions are major hazardous environmental pollu-
tants which can affect negatively the environment as well as public
health [1]. Due to high solubility in aqueous solutions, they can
undergo excessive accumulation in the aquatic ecosystem [2]. In
case of carcinogenic mercury ions (Hg2*) severe damages to kidney,
heart, respiratory and nervous systems in humans and animals are
reported [3-5]; high levels of lead (Pb2*) ions are affecting the rate
of human growth [6], while cadmium ions (Cd2*) are extensively
used in several industries and agriculture and can affect the human
lung, kidney, bone, liver,immune and cardiovascular systems. Cd2*
ion is also dangerous to the living organisms due to its longer accu-
mulation time in the environment as well as its long half-life period
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of about 30 years [7]. Thus the development of a simple, facile, cost
effective, selective, sensitive and reliable method for the identifi-
cation of heavy metal ions in environmental samples has become
a great challenge and a focus of many researchers.

Analytical approaches such as atomic absorption spec-
troscopy (AAS) [8], atomic fluorescence spectroscopy [9], liquid
chromatography [10], inductively coupled plasma mass spec-
trometry (ICP-MS) [11,12], inductively coupled plasma-atomic
emission spectrometry [13], electrochemical [14] as well as
high-performance liquid chromatography (HPLC) [15] are mainly
exploited currently. These analytical techniques require however
expensive instruments and complicated pre-treatment procedures
thus limiting their practical applications.

The use of nanomaterials in colorimetric detection of heavy
metal ions is considered as a simple and an easy to operate
analytical approach. In recent years, metal nanoparticles based
nanocomposite materials are successfully utilized as colorimetric
probes for the detection of heavy metal ions based on the colour
change of the 3,3',5,5'-tetramethylbenzidine (TMB)-H,0, system
[16-19]. Tan et al. used Au nanoparticles supported on hollow
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fibre liquid membrane for the colorimetric detection of Hg2* ions
[20].Chen and co-workers developed graphene oxide-gold nanohy-
brids and utilized them for the colorimetric detection of Hg2* and
Pb2* in the presence of single-stranded DNA (ssDNA) [21]. The
presence of sulphur containing functional groups in the nanocom-
posite materials proved to be a good strategy to integrate metal
ions binding sites based on the stronger affinity of metal ions and
S-containing ligands. It has been shown lately that, while metal
sulphide nanoparticles catalyse the oxidation of peroxidase sub-
stances in presence of HyO,, the strong binding affinity toward
heavy metal ions causes the blockage of the active sites of the cata-
lyst and results in the inhibition of the oxidation process [22]. This
assay was used for the colorimetric detection of Hg(II) ions [22].

In this work we investigate the potential of cobalt sulphide
(CoS)nanostructures embedded on reduced porous graphene oxide
(p-rGO) as a novel metal ion sensing platform, based on the
inhibition of peroxidase-like activity. Most of the chalcogenide
materials supported on graphene sheets have shown peroxi-
dase like activity [23-25]. The presence of graphene sheets in
metal sulphide/graphene nanocomposite materials enhances the
peroxidase-like activity due to their synergistic effect. We demon-
strate herewith that the synthesized CoS-p-rGO nanocomposite
increases the peroxidase like activity when compared to other
graphene based catalysts because of the high surface area and large
pore size of the nanocomposite. The interest of the integration of
CoS onto p-rGO is that CoS is cheap, highly abundant and biocom-
patible. Co(Il) ions can in addition decompose peroxide substrates
to hydroxyl radicals [26]. Herein CoS [p-rGO nanocomposite was
synthesized by a simple solvothermal method and its peroxidase
like activity toward colorimetric detection of heavy metal ions like
Hg (II) ions is demonstrated.

2. Materials and methods
2.1. Materials

Cobalt(Il) nitrate hexahydrate (98%, Sigma-Aldrich, India),
thiourea (99%, Merck, India), graphite powder (<20 pm, Sigma-
Aldrich), sulfuric acid (AR grade, Qualigens, India), potassium
permanganate (>99%, E-Merck, India), hydrochloric acid (AR grade,
Qualigens, India), hydrogen peroxide (30%, Qualigens, India),
sodium hydroxide (99%, Qualigens, India), polyvinylpyrrolidone
(M.W. 10,000, Alfa Aesar, India), 3,3’,5,5'-tetramethylbenzidine
(TMB, >99%, Sigma-Aldrich, USA), mercuric chloride (99.5%, Quali-
gens, India), lead (II) acetate (99.5%, Sd fine Chem.), cadmium
chloride (Loba Chemie, India), mercury (I) nitrate dihydrate
(>97.0%, Sigma Aldrich, India), phenol (Alfa Aesar, India), sodium
humate (Sigma Aldrich, India) were used as received. Chlorophyll
green algae, containing both chlorophyll aand b, was collected from
the pond of CSIR-NEIST campus, Jorhat.

2.2. Synthesis of porous graphene oxide (p-GO)

Graphite oxide was synthesized adopting the modified Hum-
mers and Offemann’s method [27]. The synthesized graphite oxide
was dispersed at a concentration of 1.5 mg/mL in 500 mL DI water
by ultrasonication for 1h to obtain a homogeneous suspension of
graphene oxide (GO). Then 0.5 g of NaOH was added to the suspen-
sion and the mixture was heated at 120 °C under magnetic stirring
for 90 min. The base treated GO was separated by centrifugation
and again dispersed in 500 mL DI water by ultrasonication. The
mixture was then heated for 90 min at 120°C after the addition
of 20mL of 37% HCI solution. The final product was filtered and
washed with DI water and acetone. The synthesized p-GO was dried
in a desiccator under vacuum [28].

2.3. Synthesis of CoS-p-rGO

To synthesize CoS-p-rGO nanocomposite, 16mg of
polyvinylpyrrolidone (PVP) was added to 20mL of 0.1 mg/mL
of p-GO suspension in 1:1(v:v) ratio of ethylene glycol and DMF
and allowed to stir for 30 min. 0.025 mmol of Co(NOs),-6H,0
was added to the suspension followed by 20mL of 0.075 mM
thiourea solution. The mixture was then stirred for 30 min at room
temperature for homogeneous distribution and then transferred
into a Teflon lined autoclave and kept at 180 °C for 6 h. After cooling
to room temperature the product was filtered, washed with DI
water and ethanol and dried in an air oven at 60°C for 4 h.

2.4. Characterization

The crystal structure of the synthesized nanocomposite was
investigated by powder X-ray diffraction (XRD) analysis. XRD pat-
terns were recorded using Rigaku X-ray diffractometer (Model:
ULTIMA 1V, Rigaku, Japan) with a scanning rate of 3°min~! and
20 value ranging from 5 to 100° using Cu Ko (A =1.54056 A) as the
X-ray source and operates at a generator voltage of 40 kV and cur-
rent 40 mA, respectively. Fourier transform infrared (FT-IR) spectra
were recorded using IR Affinity, Shimadzu, Japan FT-IR spectropho-
tometer equipped with a Shimadzu DRS-8000 DRIFT accessory and
IR solution software with 4 cm~! spectral resolution.

The surface morphology of p-GO sheets and the nanocompos-
ite were analysed by field emission scanning electron microscopy
(FESEM) using ZEISS Gemini scanning electron microscope
(Germany) operated at an accelerating voltage of 9-7 kV. The mor-
phology and crystal structure of the materials were examined by
transmission electron microscope (TEM) and high-resolution TEM
(HRTEM) using a JEOL JEM 2100, transmission electron microscope
(Japan) operated at an accelerating voltage of 200 kV. For analy-
sis, dispersed colloidal solutions of nanocomposite were prepared
and dropped onto standard carbon-coated copper grids and then
air dried at room temperature.

X-ray photoelectron spectroscopy (XPS) of the synthesized
nanocomposite was recorded using ESCALAB 220 XL spectrom-
eter from Vacuum Generators featuring a monochromatic Al Ko
X-ray source (1486.6 eV) and a spherical energy analyser operated
in the constant analyser energy (CAE) mode (for survey spectra
CAE =100eV and for high-resolution spectra CAE = 40 eV), using the
electromagnetic lens mode. The angle between the incident X-rays
and the analyser is 58° and the detection angle of the photoelec-
trons was 30°.

The specific surface area of the synthesized CoS-p-rGO
nanocomposite was examined by nitrogen gas adsorption study at
77 K by using an Autosorb-iQ Station 1 (Quantachrome, USA) and
applying Brunauer-Emmett-Teller (BET) calculations. Before per-
forming the experiments, the samples were degassed at 200 °C for
3h.

The catalytic oxidation of TMB and colorimetric detection of
heavy metal ions were monitored using a UV-vis spectrophotome-
ter (MS-11-UV-1800, Shimadzu, Japan).

2.5. Determination of peroxidase-like activity of CoS-p-rGO

0.5mM TMB and 50 pL of 30% H,0, were added into 2.5mL
sodium acetate buffer (pH 3) and the reaction mixture was incu-
bated at 45 °C for 30 min, followed by investigation of the formation
of oxidation product of TMB using UV-vis spectrophotometer at
652 nm. The effect of CoS-p-rGO concentration on the catalytic
reaction was investigated over the range of 3-7 mg/L. The effect
of pH on the catalytic reaction was evaluated by carrying out the
reaction at varying pH from 2 to 7. The temperature effects were
studied by varying the temperature from 25 to 55 °C.
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Fig 1. XRD pattern of CoS-p-rGO nanocomposite.

Typical Michaelis-Menten curves for CoS-p-rGO nanocompos-
ite were obtained by varying the concentrations of both TMB and
H, 0, over a certain concentration range. The affinity of the enzyme
towards the substrate was determined from the Lineweaver-Burk
double reciprocal plot. The equation of the Lineweaver-Burk plot is
represented as:

1/V=Km/VmlS] + 1/Vm

where Vis the initial rate of the reaction, V, is the maximal rate of
the reaction and [S] is the substrate concentration.

2.6. Detection of heavy metal (Hg(Il)) ions in aqueous medium

For the detection of heavy metal ions like Hg(Il), different con-
centrations of HgCl, were added to a mixture containing 0.5 mM
TMB, acetate buffer (0.2 M, pH 3, 2.5 mL), 7 mg/L catalyst and 50 p.L
H,0,. The volume of the mixture was adjusted to 5 mL by adding
acetate buffer. After that the mixture was incubated at 45°C for
30 min. The UV-vis spectra of the mixture were monitored at the
wavelength of 652 nm.

2.7. Detection of Hg(Il) ions in environmental samples

The practical applicability of the suggested method was investi-
gated by spiking different concentrations of Hg(Il) ion into various
environmental water samples (i.e tap, pond, tube well and river
water). The tap water samples were collected from CSIR-NEIST,
Jorhat. The pond and tube well water were collected from local area
of Jorhat city, Assam, India and river water samples were collected
from the Brahmaputra River (Jorhat, Assam, India). The collected
water samples were filtered through a filter membrane with pore
size 0.22 wm and standard solutions of Hg(Il) ions (10, 30, 100 nM)
were added separately and analysed by the same procedure as dis-
cussed above.

3. Results and discussion
3.1. Characterization of CoS-p-rGO nanocomposite

The crystalline structure of the synthesized nanocomposite was
monitored by powder XRD analysis. Fig. 1 shows the XRD pattern
of the synthesized CoS-p-rGO nanocomposite material. The major
diffraction peaks (100),(101),(102),(110) and (202) at correspond-
ing 20 values of 30.64°, 35.30°, 46.92°, 54.56° and 74.82° reveal the
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Fig. 2. FTIR spectrum of CoS-p-rGO nanocomposite.

formation of hexagonal CoS nanoparticles on the p-rGO sheets with
average crystallite size of 28 nm based on Scherrer equation using
PDXL software [JCPDS card no. 03-065-8977].

The bonding and functional groups present in the CoS-p-rGO
nanocomposite were analysed by DRIFT-FTIR spectroscopy. Fig. 2
depicts the characteristic DRIFT spectrum of CoS-p-rGO. The peak at
3729 cm~! corresponds to the stretching of —OH groups. The peaks
positioned at 1079 and 1623 cm~! are due to the bending vibration
of sulphonated and adsorbed H, O in the nanocomposite. The peaks
at 767 and 618 cm~! are attributed to the stretching vibration of
Co-S bonds [29].

The morphology and microstructure of the synthesized CoS
nanoparticles on the p-rGO sheets were examined through FESEM
and HRTEM analysis. The FESEM images of the synthesized
nanocomposite material are displayed in Fig. 3. TEM and HRTEM
images of the CoS-p-rGO nanocomposite material are shown in
Fig. 4. The FESEM and low resolution TEM images (Figs. 3 and 4 (a
and b)) indicate the homogeneous distribution of CoS nanoparticles
on the p-rGO sheets. The average CoS particle size of the synthe-
sized nanocomposite was calculated using Image ] software and
was found to be around 3.16 +0.076 nm. TEM images suggests that
the CoS particles underwent agglomeration during the synthesis.
The HRTEM images of the CoS-p-rGO nanocomposite (Fig. 4c and
d) indicate the formation of a crystalline structure. The selected
area electron diffraction (SAED) pattern confirms the crystalline
structure of the sample by the presence of (100), (101), and (110)
crystalline planes (Fig. 4e).

Information about the surface electronic state of the Co and S
atoms and the chemical composition of the synthesized nanocom-
posite were obtained from XPS analysis. The S;;, spectrum (Fig. 5)
exhibits a band at 161.5 eV, characteristic of CoS, and an additional
peak at 167.5 eV due to the presence of partially oxidized sulphur
ion. The Coyp, spectrum (Fig. 5) displays bands due to CoS at 778.8
and 794.0 eV with a spin-orbit splitting of 15.2 eV as expected for
CoS. The bands at 781.7 and 797.6 eV with spin-orbit splitting of
15.9eV are assigned to CoSO4 with additional satellite peaks due
to Co2* at 781.6 and 803.9 eV. The high resolution XPS spectrum of
Cys indicates the presence of sp? hybridized C-atoms (284.3 eV) and
thus reduced GO together with bands for C—C/C-S (285.3 eV), C—0
(286.2eV) and C=0 (287.7 eV). The overall Coyp and Sy, content in
CoS-p-rGO are found to be 17.5 and 21.5%, respectively.

The BET specific surface area of the p-GO was found to be
301.476 m2/g with a pore volume of 0.099 cm3/g and a pore radius
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Fig. 3. FESEM images of CoS-p-rGO nanocomposite.
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Fig. 4. TEM images (a,b), HRTEM images (c,d), SEAD pattern (e) and particle size distribution (f) of CoS-p-rGO nanocomposite.

of 1.88 nm. The surface area value is comparable to that of p-GO 1.79 nm, based on the Barrett-Joyner-Halenda (BJH) plot. The typ-
reported by Tandiana et al. [28]. On the other hand, after decorat- ical N, adsorption-desorption isotherm with corresponding pore
ing CoS nanoparticles on the p-GO surface, the surface area of the size distribution of CoS-p-rGO are shown in Fig. S3.

CoS-p-rGO nanocomposite decreased to 56.94 m2 /g with a pore vol-
ume 0.126 cm3/g. The average pore radius of CoS-p-rGO remains at
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p-rGO +H;0,;.

3.2. Peroxidase like activity of CoS-p-rGO nanocomposite

The peroxidase-like catalytic activity of CoS-p-rGO nanocom-
posite was investigated by analysing the oxidation of TMB in the
presence and absence of H,0,. CoS-p-rGO as well as p-GO alone did
not result in the oxidation of TMB in acetate buffer and no colour
change was observed. The use of CoS-p-rGO in the presence of H,0,
turns the solution blue due to the oxidation of TMB to 3,3,5,5'-
tetramethylbenzidine diimine (TMBDI), which has a maximum
absorption peak at 652 nm (Fig. 6). The peroxidase-like activity
of CoS-p-rGO nanocomposite can be briefly explained through a
Fenton reaction mechanism as shown below [26]:

Co(Il) + H,0, — Co(IlI)OH + *OH
Co(INOH + H,0, — Co(Il) + H,0 + HOO*

TMB + *OH — o0x-TMB (bluecolour)

The catalytic activity of CoS-p-rGO towards TMB oxidation reac-
tion depends on the temperature and pH of the medium. We
analysed the peroxidase-like activity of the catalyst in the tem-
perature range from 25 to 55°C and pH from 2 to 7. Fig. 7a depicts
the variation of the catalytic activity of CoS-p-rGO towards TMB
oxidation in presence of H,0; at different temperatures. Maximal
catalytic activity was recorded at 45°C, pH 3 and a concentration
of CoS-p-rGO of 7 mg/L (Fig. 7b, c¢). Thus, our optimal experimental

Table 1
Michaelis-Menten constant (K, ) and maximum reaction rate (Vy,) for CoS-p-rGO,
CoS-rGO and CoS nanocomposites.

Catalysts Substances K (mM) Vi (1078 Ms—1)
CoS-p-rGO H,0, 0.1114 12.2
CoS-p-rGO TMB 0.3380 5.0

CoS-rGO H,0, 0.16 2.4

CoS-rGO TMB 0.36 5.01

CoS H,0, 0.26 0.6127

CoS TMB 0.41 8.4459

conditions were pH 3, 45 °C and 7 mg/L of CoS-p-rGO nanocompos-
ite.

3.3. Kinetic analysis of CoS-p-rGO as peroxidase mimics and
determination of Michaelis constant

Kinetic analysis was studied by changing the concentration of
the substrates (TMB and H,0,), while keeping the concentration
of other reagents constant. The value of absorbance at a particular
concentration of the substrate was calculated using Beer Lambert’s
law:

A= ETMBDIXCXL

where erpppr = 39,000 M~ 1cm~1 at 652 nm and A is the absorbance
[30]. Cis the concentration of the substrate and L is the path length.
Fig. 8 displays the typical Michaelis-Menten curves. The catalytic
parameters Ky, (Michaelis constant) and Vi, (maximal velocity) of
the enzyme mimics CoS-p-rGO were evaluated from Lineweaver
Burk double reciprocal plots (Fig. 8a and b insets). For comparison,
the peroxidase-like catalytic activity of CoS and CoS-rGO nanocom-
posite was investigated by analysing the oxidation of peroxidase
substrate TMB in the presence of H,O, under same experimental
conditions as for CoS-p-rGO. Similarly, in the presence of CoS and
CoS-rGO, the TMB solution exhibited a maximum absorption peak
at 652 nm, indicating the formation of oxidized product of TMB by
H,0,. Kinetic analysis was studied by changing the concentration
of the substrates (TMB and H,0,), while keeping the concentra-
tion of other reagents constant. Figs. S9 and S10 depict the typical
Michaelis-Menten curves for TMB and H,0,, respectively as sub-
strates in a certain concentration range in presence of CoS and
CoS-rGO nanocomposite. The catalytic parameters Ky (Michaelis
constant) and Vy, (maximal velocity) of the enzyme mimics CoS
and CoS-rGO were evaluated from Lineweaver Burk double recip-
rocal plots (Figs. S9 and S10 insets). The Ky, and Vi, values for all
the three catalysts CoS-p-rGO, CoS-rGO, CoS are listed in Table 1.
The low Ky, values for the three catalysts suggest significant affin-
ity towards both TMB and H,0,. The lowest K, value (0.3380 for
TMB) exhibited by CoS-p-rGO indicates its better substrate affinity
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Fig. 7. (a) UV-vis absorption spectra of TMB using 3 mg/L CoS-p-rGO at different
temperatures in sodium acetate buffer (0.2 M, pH 3, 2.5 mL), 0.5 mM TMB, and 50 p.L
of 30% H, 0, pH 3; (b) UV-vis absorption spectra of TMB using 3 mg/L CoS-p-rGO at
different pH in sodium acetate buffer (0.2 M, pH 3, 2.5 mL), 0.5 mM TMB, and 50 p.L of
30% H,0,, temperature: 45 °C; (c) UV-vis absorption spectra of TMB using different
concentrations of CoS-p-rGO in sodium acetate buffer (0.2 M, pH 3, 2.5mL), 0.5 mM
TMB, and 50 nL of 30% H,0,, temperature: 45 °C, pH 3.

in comparison to CoS-rGO and CoS towards TMB. Also, the Ky, value
obtained for CoS-p-rGO with H,0, is much lower, signifying that
lower H,0, concentration is required for TMB oxidation than many
other enzyme mimics.

3.4. Sensitivity of CoS-p-rGO for metal ions detection

The CoS-p-rGO nanocomposite was in addition investigated for
the possibility to detect heavy metal ions. From the above experi-
mental results, it was found that CoS-p-rGO catalyses the oxidation
of TMB in presence of H,0, to form a blue coloured solution hav-
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Fig. 8. Steady-state kinetic assay and catalytic mechanism of CoS-p-rGO: (a) Varia-
tion of H,0, concentration (0.01-5.0 mM) at constant TMB concentration (0.5 mM),
(b) Variation of TMB concentration (0.02-10.0 mM) at constant H,O, concentra-
tion (50 mM). The corresponding Lineweaver-Burk plots of the double reciprocal of
Michaelis-Menten equation are shown in the insets.

ing a strong absorption peak at 652 nm. Whenever metal ions like
Hg(II), Pb(II) and Cd(II) are added, the catalytic activity of CoS-p-
rGO is inhibited. The variation of the UV-vis spectra of the oxidized
TMB in the presence and absence of Hg(II) ions is depicted in Fig. 9a.
This inhibition is attributed to the strong binding affinities of the
metal ions to the S containing sites of the catalyst, which block the
active sites of the catalyst surface [22].

To investigate the sensitivity of the nanocomposite materials
towards Hg(II) ion, we investigated the UV-vis response upon addi-
tion of Hg(II) ion to the TMB+ H, 0, system by keeping all the other
parameters constant (Fig. 9b). In this case, the absorbance decreases
with increasing the concentration of metal ions. Fig. 9b (inset)
shows that the catalyst displays a linear response towards Hg(II)
ions in the concentration range of 2-100nM (R?=0.9813). The
limit of detection (LOD) defined as 3.3 o/slope is determined to be
14.23 nM (Standard deviation (0)=0.00931 and slope =0.002159).
It was observed that the LOD was lower in comparison to the max-
imum contamination level of Hg(Il) ion in drinking water (30 nM)
permitted by the World Health Organization (WHO) [31]. Table 2
presents a comparative study for the detection of Hg(II) ion adopt-
ing different colorimetric probes.

For selectivity, we also investigated the oxidation of TMB + H, 0,
system in presence of 0.5 M of Pb(II), Cd(Il) and Hg(I) ions. No
significant change was observed in the absorbance of ox-TMB at the
wavelength of 652 nm in the presence of Hg(I) ions, while a small
change was observed for Pb(Il) and Cd(II), as shown in Fig. 9c. Thus
it can be concluded that the synthesized nanocomposite has good
selectivity for Hg(II) ion. The selectivity is attributed to the very low
Ksp value of HgS (2 x 1072) as comparable to the K, value of CoS
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Table 2
Comparison of different methods using different materials for Hg(II) ions detection.
Materials Detection Methods LOD Linear Range Ref.
Graphene-gold nanocomposite Colorimetry 16nM 0-3.5uM [32]
Graphene quantum dots Fluorescence 0.12 pM 0.15-20 uM [33]
BSA-Pt nanozyme Colorimetry 7.2nM 0-120nM [17]
Silver nanoparticles Colorimetry 2.73nM 0-13.6 nM [34]
Graphene oxide-gold nanohybrids Colorimetry 300nM - [21]
Cu-based MOF Colorimetry 0.22 pM 3-40 uM [22]
CoS-p-rGO Colorimetry 14.23 nM 2-100 nM Present study
1.6 (4 x10721), PbS (3 x 10728) and CdS (8 x 1028), Therefore, HgS is
1.4 _ Hg(II) concentration formed at the interface of the active binding sites of the catalyst
E 0nM surface and inhibits the catalytic efficiency of the catalyst towards
1.2F peroxidase oxidation of TMB.
[} E The effect of time on the peroxidase activity of CoS-p-rGO cata-
g 1.0¢ lystin presence of 0.05 M Hg(II) ions was investigated by keeping
g 0.8 : the reaction mixture for 3 h under same experimental conditions
s and the absorbance of the oxidized TMB product was recorded
o 0.6F at different time intervals at wavelength 652 nm (Fig. S11). It
g duA was found that by increasing the contact time more Hg(Il) ions
TF are bound to the catalyst surface and thus more active sites are
0.2F occupied by the ions, inhibiting its catalytic efficiency towards per-
oxidase oxidation of TMB. Therefore, the blue colour of the oxidized

0.0 L 1 1 1
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0.25¢

0.20f%,
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Fig. 9. (a) UV-vis spectra of the oxidized TMB product in presence and absence of
Hg(1I) ion (0.5 mM TMB in acetate buffer (0.2 M, pH 3, 2.5mL), 7 mg/L CoS-p-rGO,
50 wL H,0;, temperature: 45°C; (b) plots of the absorbance values versus Hg(II)
concentration, inset: standard linear calibration plots of the reaction system at dif-
ferent concentrations of Hg(II); (c) Absorbance of the ox-TMB in presence of 0.5 uM
of different ions (0.5 mM TMB, acetate buffer (0.2 M, pH 3, 2.5 mL), 7 mg/L CoS-p-rGO
and 50 wL H,0,, temperature: 45 °C).

product has turned into green colour with increasing the contact
time.

To study the effect of co-existing different natural organic mat-
ters (NOM) like chlorophyll, humic acid and phenol with Hg(II)
ions in aqueous system on the variation of the absorbance of blue
coloured ox-TMB solution, the peroxidase oxidation of TMB in pres-
ence of CoS-p-rGO was carried out under the same experimental
conditions in presence of 1 mg/L of each NOM with 0.05 uwM Hg(II)
ions separately. It was found that in presence of chlorophyll and
phenol, the blue colour of the solution of ox-TMB turns green and
the absorbance of 0x-TMB solution is lower than that of the solu-
tion containing only Hg(Il) ions, suggesting that more Hg(II) ions
are bound with the catalyst surface in presence of these species
which lowers the peroxidase efficiency of the catalyst. Whereas in
presence of humic acid the absorbance of the 0x-TMB solution is
higher than that of the solution containing Hg(Il) ions alone. Humic
acid inhibits the binding of Hg(Il) ions with the catalyst surface and
blocks the active sites present on the catalyst. Therefore, the peroxi-
dase activity of the catalyst is increased as compared to the solution
containing Hg(II) alone. The variation of UV-vis spectral changes in
presence of different NOM with Hg(II) ions is shown in Fig. S12.

3.5. Detection of Hg(Il) ion in environmental samples

The practical sensor application of the synthesized materials
was investigated for the detection of Hg(Il) ion in different envi-
ronmental samples. The percentage recovery and relative standard
deviation in different environmental samples are displayed in
Table 3 (n=3). The proposed method showed good recovery per-
centage for Hg(ll) ions in different environmental samples. The
results suggest that the proposed sensor can be effectively used
for the detection of Hg(Il) ions in real samples with good recovery
values.

4. Conclusion

In summary, we have successfully synthesized CoS nanopar-
ticles on porous reduced graphene oxide sheets by a simple
solvothermal method and successfully used as a peroxidase mimic
system for the detection of Hg(Il) ion colorimetrically. The syn-
thesized nanocomposite showed highly efficient peroxidase-like
activity for the oxidation of peroxidase substrate TMB into blue
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Table 3
Recovery of Hg(II) ions in environmental samples.

Samples Hg(ll) added Hg(Il) found Recovery" RSD™
(nM) (nM) (%) (%)
10 9.93 99.30 0.46
Tap water 30 29.50 98.33 1.50
100 99.94 99.94 0.05
10 9.85 98.50 0.36
Tube well water 30 28.68 95.59 1.70
100 99.41 99.41 0.33
10 9.91 99.10 0.46
Pond water 30 29.34 97.81 0.87
100 98.52 98.52 0.08
10 9.87 98.70 0.51
Brahmaputra river 30 29.92 99.72 0.13
water
100 99.49 99.49 0.44

coloured oxidized TMB. Moreover, the presence of porous reduced
graphene oxide nanosheets provided high surface area for CoS
particles hence CoS-p-rGO nanocomposite exhibited better cat-
alytic efficiency in comparison to CoS and CoS-rGO nanocomposite
materials with a detection limit of 14.23 nM for Hg(II) ions. The
strong interaction between metal ions like Hg(Il) and —S atoms
of the nanocomposite played a significant role in the qualitative
and quantitative determination of Hg(Il) ions. Thus this simple,
cost effective and easy colorimetric technique using metal sulphide
nanocomposite materials has potential applications in toxic Hg(II)
ion detection in various environmental samples.
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include decoration of metal sulphide nanoparticles on different two dimensional
materials and their applications in various fields like photocatalysis, sensor etc.
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