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a b s t r a c t

The poor incorporation between graphene sheets and Ag NPs has become a problem in the application of
graphene based composites. In this paper, graphene oxide (GO) was functionalized with triethylene
tetramine (TETA), and then reduced graphene oxide/Ag nanoparticles composites (RGO/Ag NPs) were
prepared using TETA as the reductant via a hydrothermal method. TEM, SEM, XRD, FTIR, EDS and Raman
spectra were used to investigate the morphologies and structures of as-prepared RGO/Ag NPs com-
posites. The results showed that Ag NPs were successfully incorporated with RGO sheets and the
completely separated RGO sheets were disordered. Compared with functionalized GO (FGO), the in-
tensity ratio of D band to G band (ID/IG) for RGO/Ag NPs composites decreased, and ID/IG of F6G was 1.08.
When the content of AgNO3 solution increased, the Ag content in the composite also increased and that
in F8G was 26.23wt%. However, the size of Ag NPs in F8G remained small and that was in the range of 10
e20 nm. Besides the good electrochemical performance according to the CV curves, the detection limit of
the trace concentration of Cu2þ, Cd2þ and Hg2þ for F8G was calculated to 10�15M, 10�21M and 10�29M,
respectively. Although the detection limit for Cd2þ and Hg2þ had certain derivation, as-prepared RGO/Ag
NPs composites can be used as the candidate of the sensors for detecting the trace of these heavy metal
ions.

© 2019 Published by Elsevier B.V.
1. Introduction

Heavy metals ions have serious damages to the ecological
environment and human health due to their high toxicity even at a
very low concentration, thus it is important to develop a highly
sensitive, rapid and simple method for detecting them [1e3].
Various strategies have been utilized to detect heavy metal ions,
such as atomic absorption spectrometry [4], inductively coupled
plasma mass spectrometry [5], surface enhanced Raman spec-
trometry [6] and electrochemical methods [7]. Among them, the
electrochemical detecting technique has been recognized as a very
promising approach for tracing and analyzing the concentration of
heavymetal ions due to its excellent sensitivity, short analysis time,
good selectivity, portability, low cost and simple operation [8e12].
ging Engineering and Digital
'an 710048, PR China.
Synthesizing novel materials and/or modifying the working
electrode is very crucial to improve the sensitivity for detecting
heavymetal ions [13e15]. Nanomaterials with large specific surface
area and plenty of active sites can improve the efficiency for
absorbing analytes, having been applied to detect heavy metal ions
sensitively [16]. In addition, electrochemical biosensors containing
microorganisms, enzymes, Au nanoparticles (Au NPs), Ag NPs,
carbon nanotubes (CNTs) and metal oxides have also been devel-
oped [17e22]. Some nanocomposites are most promising to
improve the sensitivity and the stability due to their strong
adsorption, fast electron transfer and good biocompatibility. Chang
and co-workers used graphene/polyaniline (PANI) composite to
modify glassy carbon electrode (GCE), which can sensitively detect
Pb2þ, Cu2þ and Cd2þ by using anodic stripping voltammetry (ASV)
method [23]. Gong and co-workers used chitosan to disperse gra-
phene and prepared homogeneous graphene/Au NPs composite to
modify GCE, and then the concentration of Hg2þ was detected as a
limitation of 6 ppt by square wave anodic stripping voltammetry
(SWASV) [24]. Han and co-workers modified the graphene foam
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electrode with Ag NPs for detecting Hg2þ by using cyclic voltam-
metry (CV) method, the limitation and sensitivity was 0.11 mM and
8.0 mA/mM, respectively [25]. In addition, the composites containing
graphene and Ag NPs can be explored to use as the glucose and
quercetin sensors [26,27].

Until now, graphene oxide/metal NPs and reduced graphene
oxide/metal NPs composites (GO/MNP and RGO/NMP), especially
GO/Au NPs and GO/Ag NPs, can be explored in other applications
such as catalysis, microbicides, cancer nanotherapy, surface-
enhanced Raman scattering and supercapacitors [28e36]. The
wet chemical method for synthesizing GO/MNP mainly includes
self-assembly [18,19] and in-situ method [20,21], the latter is very
efficient [37e39]. For the GO/Ag NPs composites, GO sheets and Ag
NPs can support each other and achieve a co-dispersion, which is
effective to show synergistically enhanced performances [29,30].
However, the reductant and stabilizer used in this strategy, such as
hydrazine and sodium borohydride, is toxic. Thus, a large-scale
synthesis of GO/MNPs via the green and convenient method is
still a challenge. The strategy of utilizing the functionalized GO
(FGO) with some moderate reductants to realize the synthesis of
GO/MNPs via a hydrothermal reduction method is developed to
resolve this problem [32,40].

In this work, GO was functionalized by the green and moderate
reductant of triethylenetetramine (TETA), and then RGO/Ag NPs
composites were prepared via a hydrothermal reduction method.
The working electrodes modified with RGO/Ag NPs were used to
detect the trace of heavy metal ions (Cu2þ, Cd2þ and Hg2þ) using
the CV method. As-prepared electrochemical sensors exhibited a
high sensitivity for tracing the heavy metal ions.
2. Materials and methods

2.1. Materials

Natural graphite was purchased from Sinopharm Chemical Re-
agent Co. Ltd. Silver nitrate standard solution (AgNO3, 0.1M) was
purchased from Aoran Fine Chemical Institute (Tianjin China).
Concentrated H2SO4 (98%), HCl (36%), NaOH and deionized water
were purchased from Xi'an Chemical Reagent Factory. KMnO4,
NaNO3, H2O2 (30%) and ammonium hydroxide (NH3$H2O) were
purchased from Tianjin Chemical Reagent Co. Ltd. TETA (45%),
Cu(NO3)2$2H2O, C4H6CdO4$2H2O and Hg(NO3)2$1/2H2O were pur-
chased from purchased from Tianjin Tianli Chemical Reagent Co.,
Ltd. All chemicals were used without further purification.
2.2. Synthesis of functionalized GO

GO powder was obtained using a modified Hummers' method
according to the previous report [34]. The FGO was prepared by
following the analogous process described in the previous litera-
ture [37,41]. Typically, 100mg of GO powder was placed in a 500mL
three-necked flask containing 300mL of deionized water and the
GO dispersion was obtained after an ultrasonic dispersion of
30min. The pH of GO dispersion was adjusted to 11 using aqueous
ammonia and then 1mL of TETA was added with vigorous stirring.
The above solution was heated to 120 �C in an oil bath and stirred
for 10 h by using a condensing reflux device to prevent ammonia
andwater from evaporating. Subsequently, the reaction systemwas
cooled to room temperature. Finally, the product was filtered and
then washed with absolute ethanol and deionized water for 4
times. A dark brown powder of FGO sample was obtained after
drying at 120 �C for 12 h.
2.3. Preparation of RGO/Ag NPs composites

The RGO/Ag NPs composites were prepared by a hydrothermal
reduction method. Typically, 20mg of FGO powder was added into
a 100mL conical flask containing 40mL of deionized water and a
homogeneous solution was obtained after an ultrasonic dispersion
of 30min. Subsequently, 2mL of AgNO3 solution (0.001mM) was
dropwise added into the above dispersion and the mixture was
stirred for 30min at room temperature. The obtained solution was
transferred to a teflon-lined autoclave and heated at 120 �C for 6 h,
and then cooled to room temperature. The yielding black product
was washed with deionized water for 3 times and collected by the
filtration. Finally, the synthesized RGO/Ag NPs composites were
dried in a vacuum oven at 120 �C for 12 h. The as-prepared RGO/Ag
NPs composites were denoted as FxG and x was the volume of
added AgNO3 solution (2mL, 4mL, 6mL, 8mL, respectively). As a
contrast, the as-prepared GO and FGO samples were donated as GO
and FGO, respectively.
2.4. Characterizations

Fourier transform infrared spectra (FTIR) were recorded on a
Thermo Nicolet iS10 spectrophotometer using the KBr wafers of
samples. X-ray diffractions (XRD) were carried out on a Rigaku
ULTIMA IV X-ray diffractometer with a Cu Ka X-ray source
(l¼ 0.154 nm) at a generator voltage of 40 kV and a generator
current of 40mA with a scan rate of 2� min�1. Transmission elec-
tron microscopy images (TEM) were obtained on a Hitachi H600
microscope operating at an accelerating voltage of 120 kV. Samples
for TEM were prepared by dropping the solution sample on a
carbon-coated Cu grid and dried in air. A JEOL JSM-6700F field
emission scanning electron microscope (FESEM) with energy-
dispersive spectroscopy (EDS, AZTec x-max 80) was used to
obtain SEM images and EDS spectra of the samples. The mapping of
the sample was performed on a JSM-6390A SEM. Raman spectra
were recorded on a confocal Raman microscope (LabRam HR800).
The excitation source was a 514 nm laser with the power below
0.5mW to avoid laser-induced heating of the samples.
2.5. Electrochemical test

The working electrode was prepared as follows: 8mg of RGO/Ag
NPs composite, 1mg of polyvinylidene fluoride (PVDF) and 1mL of
N-methyl pyrrolidone (NMP) were uniformly mixed to form a
smooth paste. Then, the mixture was pressed onto the nickel foam
and dried in a vacuum oven at 80 �C for 12 h. The area of the nickel
foamwas about 1 cm2, and the as-prepared working electrode was
preserved for the subsequent electrochemical test.

The solutions containing different concentrations of heavy
metals ions (Cu2þ, Cd2þ and Hg2þ) were freshly prepared using
Cu(NO3)2$2H2O, CH6CdO4$2H2O and Hg (NO3)2$1/2H2O before
trace concentration testing. The concentrations of Cu2þ, Cd2þ and
Hg2þwere 10�5M,10�6M,10�7M,10�8M and 10�9M, respectively.
Electrochemical test was performed on an electrochemical work-
station (CHI660E) using a two-electrode method. The RGO/Ag NPs
composite electrode was used the working electrode, the platinum
was used as the counter electrode and 6M KOH was used as the
base solution. The potential range for CV measurements was �0.5-
0.5 V and the scan rates were 10mV s�1, 20mV s�1, 30mV s�1,
50mV s�1 and 100mV s�1, respectively.
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3. Results and discussion

3.1. FTIR analysis of GO and FGO

The FTIR spectra of GO and FGO are shown in Fig. 1. The ab-
sorption peaks at 3409 and 669 cm�1 are ascribed to the stretching
and bending vibration of OeH groups on the GO sheets. The ab-
sorption peak at 1643 cm�1 represents the stretching vibration of
Fig. 1. FTIR spectra of GO and FGO.

Fig. 2. SEM images of GO and RGO/Ag NPs composite
C]C. In addition, C]O stretching vibration absorption peaks at
1719 cm�1, CeO stretching vibration adsorption peak of carboxyl at
1251 cm�1 and CeOeC stretching vibration adsorption peak of
epoxy at 1099 cm�1 in the spectrum of GO indicate that as-
prepared GO by modified Hummers' method contains plenty of
oxygen-containing functional groups on its surface [32,42].

Compared with GO, the adsorption peaks at 2913 and
2848 cm�1 in the spectrum of FGO are ascribed to the stretching
vibration of CH2 in TETA [41], indicating the presence of TETA on the
FGO. However, the CeOeC vibration adsorption peak intensity of
epoxy at 1099 cm�1 is reduced. The adsorption peaks at 1400 cm�1

is ascribed to the CeN stretching vibration and the absorption
peaks at around 3400 cm�1 lapped with the adsorption band of
OeH can be ascribed to stretching vibration of NeH in amide
groups. It can be inferred that the epoxy group on the GO could
react with TETA to form amide group. These results indicate that
TETA has been successfully grafted onto the GO surface via the
modification process.
3.2. Morphologies and components of RGO/Ag NPs composites

The SEM images of GO and RGO/Ag NPs composites obtained by
using different contents of AgNO3 are shown in Fig. 2. It can be
found that GO sheets with unique wrinkles are stacked tightly (as
shown in Fig. 2(a)). When Ag NPs are formed among RGO sheets
s: (a) GO, (b) F2G, (c) F4G, (d) F6G and (e) F8G.



Fig. 4. The mapping of RGO/Ag NPs composites: (a) F2G, (b) F4G, (c) F6G and (d) F8G.
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and/or on the surface of RGO, the sheets of as-prepared RGO/Ag NPs
composite become loose (as shown in Fig. 2(b)). Compared with
F4G and F6G, more small particles that are the Ag NPs can be
observed in F8G and RGO sheets are separated very loosely (as
shown in Fig. 2(e)). The morphologies of RGO/Ag NPs composites
are similar to that of functional graphene/Ag nanocomposite and
graphene/Ag NPs/polypyrrole nanocomposite in the previous re-
ports [41,42]. When AgNO3 is added into the FGO solution, Agþ can
be reduced to Ag NPs by TETA on the FGO via the hydrothermal
method. Meanwhile, GO is reduced to RGO [32,40]. Then, the
formed Ag NPs are uniformly distributed on the surface of RGO due
to the adsorbtion of GO sheets to Ag NPs. The schematic graphic of
the synthesis of Ag NPs and RGO/Ag NPs composite is shown in
Fig. 3. The spacing between RGO sheets becomes larger due to the
incorporation of Ag NPs, reducing the stacking of RGO sheets.

The mapping and EDS are used to investigate the components of
as-prepared RGO/Ag NPs composites. As shown in Fig. 4, the
colorful dots represent Ag NPs, indicating that many Ag NPs exist in
these composites. Compared with F2G, F4G and F6G, the distribu-
tion of Ag NPs in F8G is still dense and homogeneous. The EDS
results of RGO/Ag NPs composites are shown in Table 1. It can be
found that the content of O is very high (32.85wt%) in GO prepared
via the modified Hummers' method. In addition, it shows the ele-
ments of C, O, S, N and Ag, confirming the presence of all compo-
nents of the composites. Compared with GO, the content of O in
RGO/Ag NPs composites decreases significantly (12.76-9.08wt%),
indicating that GO has been reduced to RGO by TETA via the hy-
drothermal method. The content of Ag gradually increases from
11.05wt% to 26.23wt% with increasing the volume of AgNO3 so-
lution, which is in accordance with the result of the mapping.

The TEM images of GO and RGO/Ag NPs composites are shown
in Fig. 5. Thin GO sheets with smooth surface exhibit transparent
and have curly edge (as shown in Fig. 5(a)). Compared with GO, the
morphology of RGO in RGO/Ag NPs composites shows no obvious
changes (as shown in Fig. 5(b)-(e)). In addition, RGO sheet remains
thin according to the thickness of the edge wrinkle. The Ag NPs can
Fig. 3. The schematic graphic of the formation
be found on the surface of the composites and among RGO sheets,
which is different from the previous reports that Ag NPs existed
only on the surface of graphene/Ag NPs composites [31,36,41]. The
size distribution of Ag NPs in the as-prepared samples are shown in
Fig. 6. The size of Ag NPs in F2G, F6G and F8G is in the range of
10e20 nm, and that in F4G is in the range of 10e30 nm. According
to Gaussian fitting curves, the average size of Ag NPs in F2G, F4G,
F6G and F8G is 13.5 nm, 22.6 nm, 15.4 nm and 16.8 nm. When the
content of AgNO3 increases, the distribution of Ag NPs in the
composite changes to be dense. Moreover, it is interesting that Ag
NPs with the size of 10e20 nm still disperse homogeneously and
of Ag NPs and RGO/Ag NPs composites.



Table 1
EDS results of RGO/Ag NPs composites.

Samples Elements Weight (wt%) Atomic percent (%)

GO C 65.67 72.27
O 32.85 27.12
S 1.48 0.61

F2G C 70.38 82.35
O 12.76 11.20
S 1.45 0.64
N 4.36 4.37
Ag 11.05 1.44

F4G C 66.84 82.58
O 11.85 10.98
S 1.27 0.59
N 3.36 3.55
Ag 16.68 2.30

F6G C 65.14 83.15
O 10.74 10.28
S 1.19 0.57
N 2.88 3.15
Ag 20.05 2.85

F8G C 61.86 83.98
O 9.08 9.25
S 1.06 0.54
N 1.95 2.27
Ag 26.23 3.96

Fig. 5. TEM images of GO and RGO/Ag NPs composites: (a) GO, (b) F2G, (c) F4G, (d) F6G, (e) F8
F8G and (h) high magnification of Ag NPs in F8G.

Y. Cheng et al. / Journal of Alloys and Compounds 787 (2019) 683e693 687
show no aggregations, and they still keep homogeneous in the large
region (as shown in Fig. 5(e) and (g)). The electron diffraction
pattern of RGO region in F8G is similar to that of the graphite (as
shown in Fig. 5(f)), indicating that RGO obtained via the hydro-
thermal reduction of GO remains the microcrystalline structure of
the graphite. The fringe spacing of as-prepared Ag NPs in F8G is
about 0.205 nm (as shown in Fig. 5(h)), which agrees well with the
(2 0 0) lattice plane of Ag NPs in the previous report [43].
3.3. The structure of RGO/Ag NPs composites

XRD patterns are used to further investigate the structure of FGO
and RGO/Ag NPs composites, and the results are shown in Fig. 7. The
diffraction peak of GO at around 10.3� corresponds to the (001)
crystal plane [29], suggesting the large layer distance between GO
sheets. Compared with GO, the diffraction peaks are almost absent
in the pattern of FGO, indicating that the FGO sheets are completely
disordered due to the separation of TETA on its surface. For the
RGO/Ag NPs composites, the diffraction peaks ascribed to (001) and
(002) crystal planes in the previous report hardly can be observed
[35,36], inferring that the RGO sheets are also separated well. In
addition, the diffraction peaks at round 37.9�, 43.9�, 64.4� and 77.3�,
corresponding to the crystal faces of (111), (200), (220) and (311) for
Ag NPs respectively, indicate that Ag NPs are successfully loaded on
the surface of RGO and/or among RGO sheets. These results are in
G, (f) the electron diffraction pattern of the RGO region in F8G, (g) lowmagnification of



Fig. 6. Size distribution of Ag NPs in as-prepared RGO/Ag NPs composites: (a) F2G, (b) F4G, (c) F6G and (d) F8G.

Fig. 7. XRD patterns of GO, FGO, F2G, F4G, F6G and F8G. Fig. 8. Raman spectra of GO, FGO, F2G, F4G, F6G and F8G.
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accordance with the that of SEM and TEM for the as-prepared
samples.

Raman spectroscopy is a significant tool for investigating gra-
phene based materials, and Raman spectra of GO, FGO and RGO/Ag
NPs composites are shown in Fig. 8. They show two significant
bands at around 1323 and 1598 cm�1. The D band at 1323 cm�1

refers to the lattice defects or vacancies of C atoms that are related
to the amount of impurities or the degree of oxidation, and the G
peak at 1598 cm�1 refers to the amount of ordered C atomswith sp2

hybridization [44]. The intensity ratio of D band to G band (ID/IG)
represents the disordered degree of as-prepared samples. The ID/IG
of GO is 0.97 indicating that there are many disordered structures
due to the edge defects, vacancies and amorphous C atoms [32,41],
that of FGO increases to 1.22 due to the increasing of sp3 C atoms in
TETA. Compared with FGO, the ID/IG of RGO/Ag NPs composites
decreases due to the increasing of p conjunction between C atoms
after the hydrothermal reduction of GO, and that of F6G decreases
to 1.08. Furthermore, the intensities of D band and G band for RGO/
Ag NPs composites are enhanced compared with GO and FGO,
exhibiting the surface enhanced Raman spectroscopy. This
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phenomenon can be explained by the chemical enhancement
mechanism that the charge-transfer between RGO sheets and Ag
NPs yields the short-range chemical effects [41].
3.4. Electrochemical performance of RGO/Ag NPs composites

The CV curves of RGO/Ag NPs composites are obtained using the
mixtures containing RGO/Ag NPs composites as the working elec-
trode via a two-electrode method in 6M KOH solution. The voltage
is 0e1 V, and the scan rate is 10mV s�1, 30mV s�1, 50mV s�1,
100mV s�1, 200mV s�1 and 300mV s�1, respectively.

The CV curves of FGO and F8G at different scan rates are shown
Fig. 9. CV curves of FG
in Fig. 9. All curves remain quasi rectangle with the increasing of
the scan rate, indicating that FGO and F8G exhibit good cycling
stability and rate capability as the electrode materials for the
supercapacitors. In addition, the linear relation between the peak
current of the two samples and the scan rate can be observed. To
evaluate the specific capacity of as-prepared samples, the CV curves
of GO, FGO and F8G at the scan rate of 100mV s�1 are shown in
Fig.10. Compared with GO and FGO, the shapes of curves are almost
the same and the area of the CV curve of F8G is larger than that of
GO and FGO, suggesting that the specific capacity for F8G is higher.
These results indicate that the synergistic effect of RGO/Ag NPs
obtained via the hydrothermal method can improve the
O (a) and F8G (b).



Fig. 10. CV curves of GO, FGO and F8G at the scan rate of 100mV s�1.
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electrochemical performance of GO and FGO due to the high con-
ductivity and specific surface area of RGO/Ag NPs [40].
Fig. 11. CV curves of FGO obtained under different concentrations of Cu2þ, Cd2þ and
Hg2þ.
3.5. Detection of heavy metal ions

The CV curves of FGO and RGO/Ag NPs composite obtained by a
two-electrode method are used to detect the trace concentration of
heavy metal ions. The concentration of Cu2þ, Gd2þ and Hg2þ in the
base solution of 6M KOH is set as 10�5M, 10�6M, 10�7M, 10�8M
and 10�9M, respectively. According to the results of TEM and
electrochemical test, F8G is selected as the representative sample of
as-prepared RGO/Ag NPs composites.

The CV curves of FGO obtained under different concentrations of
Cu2þ, Cd2þ and Hg2þ in 6M KOH at the scan rate of 100mV s�1 are
shown in Fig. 11. It can be found that the peak current for detecting
the trace concentration of Hg2þ is higher than that for Cu2þ and
Cd2þ. In addition, the area of CV curves in Fig. 11(a) and (b) in-
creases first and then decreases when the concentration of Cu2þ

and Cd2þ decreases from 10�5M to 10�9M. The change of CV curve
area for detecting the trace concentration of Hg2þ is more
complicated (as shown in Fig. 11(c)). The CV curves of F8G obtained
under different concentrations of Cu2þ, Cd2þ and Hg2þ in 6M KOH
at the scan rate of 100mV s�1 are shown in Fig. 12. The change of
the peak current and CV curve area for detecting the trace con-
centration of heavy metal ions using F8G is similar to that for using
FGO.

The relationship between the CV curve area and the logarithm
concentration of heavy metal ions is obtained by the curve fitting
using the least squares method. The linear relationship between
the CV curve area and the concentration of Cu2þ, Cd2þ and Hg2þ at
the scan rate of 100mV s�1 using FGO and F8G are shown in
Figs. 13e15, respectively. For FGO and F8G detecting the trace
concentration of Cu2þ, the plot of CV curves area vis the logarithm
concentration of Cu2þ satisfies the linear equations (1) and (2),
respectively. The standard deviation of the slope, the standard
deviation of the intercept and the curve fitting degree for Eq. (2) is
0.08688, 0.62044 and 85.3%, respectively. According to Eq. (2), the
detection limit of Cu2þ by using F8G is 10�15M. In addition, the plot
of CV curves area vis the logarithm concentration of Cd2þ using FGO
and F8G satisfies the linear equations (3) and (4), respectively. The
above three parameters for Eq. (3) is 0.00673, 0.04803, 17.8%
respectively, and the detection limit of Cd2þ by using FGO is
10�14M. Furthermore, the curve fitting degree for Eq. (4) is 15.6%
and the detection limit of Cd2þ by using F8G is 10�21M. For
detecting the trace concentration of Hg2þ, the plot of CV curves area
vis the logarithm concentration of Hg2þ satisfies the linear equa-
tions (5) and (6), respectively. The curve fitting degree for Eqs. (5)
and (6) is 83.8% and 17.2%, and the detection limit of Cd2þ by us-
ing FGO and F8G is 10�15M and 10�29M, respectively. The detection
limits for the metal ions calculated in this paper are much lower
than those reported in the previous literature as shown in Table 2.
According to the above results, it can be found that the sensitivity
for detecting the trace concentration of Cu2þ, Cd2þ and Hg2þ in this
paper is higher than that in the previous reports [10,16,45e48].



Fig. 12. CV curves of F8G obtained under different concentrations of Cu2þ, Cd2þ and
Hg2þ.

Fig. 13. Linear plot of CV curves area vis the logarithm concentration of Cu2þ.

Fig. 14. Linear plot of CV curves area vis the logarithm concentration of Cd2þ.

Fig. 15. Linear plot of CV curves area vis the logarithm concentration of Hg2þ.
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Y ¼ 0:088Xþ 0:80466 (1)

Y ¼ 0:42791Xþ 6:48379 (2)

Y ¼ 0:00919Xþ 0:13313 (3)
Y ¼ 0:06891Xþ 1:46131 (4)

Y ¼ 0:0067Xþ 0:1028 (5)



Table 2
Comparison of some characteristics of the different electrodes for the detection of
Cd2þ, Cu2þ and Hg2þ.

Electrode Method Analyte Detection limit Reference

MgeAl-LDH/Nafion GCE SWASV Cd2þ 0.2 nM [10]
Cd2þ 5.96 pM

BIM/MCNF/Nafion/GCE DPASV Hg2þ 0.3 nM [16]
GCE/NFC DPASV Cd2þ 5 nM [45]

Cu2þ 0.5 nM
Pb2þ 0.5 nM
Hg2þ 5 nM

GCE/GO/Fe3O4 SWASV Cd2þ 8 nM [46]
Pb2þ 6 nM
Hg2þ 4 nM

PyTSeCNTs/Nafion/PGE DPASV Cd2þ 8.9 nM [47]
Pb2þ 4.8 nM

CPE/Fe3O4/CPE SWASV Cd2þ 47 nM [48]
Cu2þ 30 nM
Hg2þ 10 nM

RGO/Ag NPs CV Cu2þ 10�15M This work
Cd2þ 10�21M
Hg2þ 10�29M

Y. Cheng et al. / Journal of Alloys and Compounds 787 (2019) 683e693692
Y ¼ 0:0366Xþ 1:0681 (6)

Compared with other results, the fitting curve obtained by using
F8G to detect the concentration of Cu2þ has a higher fitting degree,
and the detection limit of the concentration of Cu2þ is more accu-
rate. The fitting degree of the fitting curves for detecting the trace
concentration of Cd2þ and Hg2þ is low, and the linear relationship
between the CV curve area and the logarithm concentration of Cd2þ

and Hg2þ is poor. It can be inferred that the detection limit of the
concentration of Cd2þ and Hg2þ shows a certain deviation. The
result can be used for the research reference. However, compared
with the results obtained by using FGO, the detection limit by using
F8G is lower. Therefore, the sensitivity for detecting the trace
concentration of Cu2þ, Cd2þ and Hg2þ by using the as-prepared
RGO/Ag NPs composite is very high.

4. Conclusions

In this work, RGO/Ag NPs composites were prepared via a hy-
drothermal method after the surface modification of GO using
TETA. GO and Agþ can be reduced to RGO and Ag NPs by TETA. In
addition, RGO can be separated well by TETA and Ag NPs, and Ag
NPs were dispersed on the surface of RGO and/or among RGO
sheets. When increasing the content of AgNO3, the distribution of
Ag NPs changed to be dense. Compared with GO and FGO, F8G with
the Ag NPs size of 10e20 nm exhibited good cycling stability and
rate capability in 6M KOH. Furthermore, F8G was utilized to detect
the trace concentration of metal heavy ions via an electrochemical
method. The detection limit for the trace concentration of Cu2þ,
Cd2þ and Hg2þ was 10�15M, 10�21M and 10�29M according to CV
curves. Therefore, the as-prepared RGO/Ag NPs composites can be
used the sensitive sensors for detecting the trace of heavy metal
ions except for certain deviation.
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