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Abstract

There is an urgent need to construct highly selective low-cost sensors for fast detection of toxic metal ions such as cadmium.
When compared with 3D bulk materials, 2D layered materials after activation treatments show superior performances for
electrochemical metal ion detection. The bulk graphitic carbon nitride (hereafter b-g-C5N,4) was prepared by thermal polymer-
ization with urea as a precursor; it was then activated through ultrasonic liquid exfoliation and protonation which resulted in
successful fabrication of activated ultrathin g-C5;N4 nanosheets (hereafter a-g-CsN,4). The a-g-C3Ny-modified glassy carbon
electrode demonstrates excellent electrochemical performances for Cd** detection with 22.668 tA/uM sensitivity and 3.9 nM
LOD (S/N = 3) due to high specific surface area and active sites created on the 2D layered structure. The chemical interference of
Pb**, Cu**, and Hg”* on Cd** detection was minimal. We have also measured Cd** in natural water and rice samples using the
newly developed a-g-C;N4-modified electrode with high spike recoveries. Our results demonstrate the potential applications of
newly developed a-g-C;N4-modified electrode for rapid detection of toxic metal ions in different sample matrixes.
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Introduction

Environmental pollution by heavy metal ions (HMIs) is one of
a pressing problem facing the world today. Even at very low
concentrations, the HMI exerts a significant damage to
humans and ecological systems [1, 2]. The high proportion
of human exposure to cadmium is received from the food.
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Therefore, cadmium in food is listed as a priority pollutant
by WHO. Metallothionein is a protective protein against low
levels of exposure to Cd** in humans. If the amount of cad-
mium bio-absorbed exceeds the complexation capacity of me-
tallothionein, the free Cd** tends to accumulate mainly in the
kidney and liver in the human body. Further, due to compara-
ble ion radius ratios, Ca>* can exchange for Cd*" in bones and
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they become porous which results them to fracture and col-
lapse, i.e., itai-itai disease [3, 4]. Furthermore, rice, one of the
staple foods in Asia, has the highest accumulation of cadmium
[5]. Therefore, development of a rapid and robust determina-
tion method for Cd** in food and water is listed as a priority.

To date, many reliable analytical methods such as atomic
absorption spectrometry (AAS), atomic fluorescence spec-
trometry (AFS), and inductively coupled plasma mass spec-
trometry (ICP-MS) are available for the detection of Cd**.
These methods require costly equipment, laborious sample
preparations, and skilled operations that limit their routine
applications in environmental monitoring [6]. Further, none
of these methods has provision for in situ metal species anal-
ysis. In this context, methods based on electrochemistry are
economical and fast, and they are capable of analyzing chem-
ical species of metal ions in situ. The electrochemical methods
are sensitive, and they do not require skilled labor. When
compared to other voltammetry methods, anode stripping
based on square wave applications offers extreme sensitivity,
selectivity, and fast response for metal ions detection [7, 8].
However, the sensitivity and anti-interference properties of the
electrochemical sensing interfaces need to be improved for
their wide applications.

More recently, Lin et al. [9] studied the mutual interference
between Cd** and Cu®* on the GCE based on the detailed
theoretical and experimental results. They noted rapid deposi-
tion of Cu®* over Cd** on the electrode surface during pre-
enrichment phase due to minimal kinetic hindrance. The mod-
ification of the electrode to enhance selectivity for the analyte
is a viable option to overcome the interfering issues. In the
past decades, nanomaterials such as graphene/CeO, [10] and
N, S co-doped porous carbon [11] were employed in the elec-
trochemical detection of Cd** due to its unique physicochem-
ical properties. Some reports also show that the performance
of electrochemical detection of heavy metal ions is dependent
on their adsorption capacity [12—14].

Graphitic carbon nitride (hereafter g-C5N,4) with a stacked
2D structure offers several advantages, including excellent
chemical and thermal stabilities and being environmentally
benign. Therefore, they are widely applied in removal and
detection of pollutants [15-19]. Cai et al. [16] noted g-C3N4
nanosheets as a promising adsorbent with strong affinity for
Cd** due to its large surface area with surface sites containing
nitrogen functional groups. Shen et al. [17] prepared g-C3Ny4
by salt melt method with excellent capacity for Cd** (1.00
mmol/g), Pb>* (1.36 mmol/g), Ni** (0.64 mmol/g), and Cu?**
(2.09 mmol/g) adsorption. And also, Wang et al. [19] fabricat-
ed electrochemical sensor for sensitive detection of Cd**. The
ultrathin g-C3N4 nanosheets were synthesized via a thermal
polymerization using melamine as raw materials and deion-
ized water and acetic acid as bubble templates.

Generally, the layer-stacked materials need to be activated
as changing the internal physical/chemical properties through
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exfoliation and functionalization treatment [20-22]. Wang
et al. [23] prepared exfoliated nano-zirconium phosphate by
liquid stripping, which has selectivity for Pb**. Compared to
layered «-ZrP, the electrochemical response of exfoliated ZrP
has significantly improved due to its enhanced reactivity.
Hatamie et al. [18] prepared ultrathin g-C5;N4 nanosheets with
a thickness of 6 A through liquid exfoliation by sonication.
The total surface area of ultrathin g-C5;N,4 nanosheet-modified
electrode was 20 times larger than bare GCE. The improved
sensitivity of ultrathin g-C;N4 nanosheet-modified electrode
for Pb** is attributed to enhanced surface area. Zhang et al.
[22] activated the carbon nitride solids by HCI-mediated pro-
tonation. The protonation step enhanced substrate dispersion
by creating new surface area and it also facilitates ion mobility.
Both these modifications are used to improve sensing perfor-
mance of g-C3N, nanomaterials in electrochemical
applications.

Herein, we synthesized the activated g-CsN4 nanosheets
(hereafter a-g-C3N,4) by exfoliation and protonation to con-
struct electrochemical interface for the determination of
Cd**. F irstly, the bulk g-CsNy (hereafter b-g-C5N,4) was pre-
pared by thermal polycondensation with urea as a precursor.
Then, the b-g-C3N, was treated with liquid exfoliation by
ultrasonication and then acidified with HCI. The newly pre-
pared a-g-C3N, was used to modify the glassy carbon elec-
trode for Cd** detection with a three-electrode system. The a-
g-C3N, showed superior sensitivity to Cd** compared to b-g-
C3N, or bare GCE. The improved a-g-C5Ny4 by liquid exfoli-
ation and protonation were characterized with SEM, XPS. The
optimized a-g-C3N -modified GCE sensor was used to deter-
mine Cd** in rice and natural water samples with success.

Experimental and methods
Reagents and instruments

Urea (CH4N,0), hydrochloric acid (HCI), and cadmium chlo-
ride (CdCl,) were purchased from Sinopharm Chemical
Reagent Co. Ltd. (China). Aluminum oxide powder with dif-
ferent sizes (Al,O3) was obtained from ChenHua Instruments
Co., Shanghai, China. All chemicals were used as received
without further purification. The ultrapure water at 18.2 MQ2
was obtained from the NANOpure® Diamond™ UV water
system and used to prepare all solutions.

A conventional three-electrode system—working elec-
trode, a bare or modified glassy carbon electrode; reference
electrode, Ag/AgCl; and counter electrode, Pt—was used in
all electrochemical measurements using square wave anode
stripping method with a high-precision potentiostat (CHI
660D ChenHua Instr., China). The surface morphologies of
active substrates were characterized by a field emission scan-
ning electron microscope (FESEM, Quanta 200 FEG, FEI
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Company, USA) and high-resolution transmission electron
microscopy (HRTEM, JEM-2100F, Japan). The X-ray diffrac-
tion (XRD) measurements were recorded with Cu K irradi-
ation (A = 0.15406 nm) (X’Pert PRO MPD). Near-surface
elemental analyses were performed by X-ray photon spectros-
copy (PHI 5000 Versa Probe, USA). The FT-IR spectra were
collected by a Fourier infrared spectrometer (Nicolet 67,
USA).

Synthesis of a-g-C3N,

The b-g-C5;N4 was synthesized by using urea as a starting
material. Briefly, 6 g urea powder was put in a semi-closed
crucible and transferred it to a muffle furnace programmed at
550 °C with a ramp rate of 2 °C/min under the nitrogen atmo-
sphere. The samples were kept at the final temperature for 4 h
and then cooled. The calcined sample was powdered in a
mortar to obtain a yellow b-g-C3N,4 sample.

To synthesize exfoliated g-C3Ny, 0.3 g powdered b-g-C3Ny
was placed in a 500-mL glass bottle with a cap, and 300 mL
isopropanol was added to prepare a 3-mg/L mixed solution.
The mixture was ultrasonicated for 15 h, and the suspension
was centrifuged at 3000 rpm to remove unexfoliated b-g-C5Ny
to ensure uniformly dispersed g-C;Ny solution. The solution
was freeze-dried to yield exfoliated g-C3N,4 powder.

The protonation of g-C;N, was similar as discussed
elsewhere [22]. Typically, a 0.05 g of exfoliated g-
CsN4 powder was placed in a 100-mL glass bottle,
and 50 mL 10 M HCI solution was added to prepare
a 1-mg/mL mixed solution. A uniformly mixed solution
after sonicated for 2 h was centrifuged to remove su-
pernatant. After washing three times with deionized
water, the precipitate was re-dispersed in distilled wa-
ter. The dispersion was freeze-dried to yield a-g-C3Njy.

Preparation of modified electrodes

To fabricate a modified electrode, the surface of glassy
carbon electrode (GCE) was polished with 1.0 pm, 0.3
pum, and 0.05 um alumina slurries to remove any im-
purities. For the GCE, a successive ultrasound was ap-
plied in 1:1 HNOs;, ethanol, and deionized water for 2
min. The bare glassy carbon electrode was dried in air.
The 3-mg a-g-C3N4 powder was dispersed in 3 mL of
ultrapure water and sonicated for 30 min to yield a
homogeneous suspension. The modified electrode was
prepared by a simple casting method. In brief, 5 uL
of a-g-C3N, suspension was spread onto the surface of
the cleaned GCE and left it dry at room temperature.
For comparison, the b-g-C;N4-modified glassy carbon
electrode was also prepared by the same procedure.

Rice sample collection

The digestion of rice sample was conducted according to the
methods shown elsewhere [24]. The rice samples were obtain-
ed from the supermarket in Heilongjiang Province, China.
One-gram rice sample and 10 mL HNO; were sealed and
the container was placed in a pre-programed microwave di-
gester. The digested solution is heated to remove the acid. The
sample was diluted with deionized water to a final volume of 5
mL and preserved for Cd** analysis.

Electrochemical detection of Cd**

Electrochemical detection of Cd** on a-g-C3N,4/GCE was car-
ried out in 0.1 M NaAc-HAc (pH 5.0) by square wave anode
stripping voltammetry (SWASV) under the deposition poten-
tial of — 1.5 V for 150 s. After standing for 5 s, SWV was
scanned from -1.2 V to 0.2 V while reduction of the deposited
metal into metal ions and the anodic dissolution peak of Cd**.
After each analysis, the electrode surface was cleaned for
120 s at a potential of 1.0 V. The deposition potential and
deposition time and solution parameters were optimized spe-
cifically for our electrode system before any measurements.

Results and discussion

The morphology and structure characterization
of a-g-C5N,

Figure 1 shows the SEM and TEM electrographs of the b-g-
C3N, samples fabricated by thermal polycondensation. The a-
g-C3N, exhibits gauze-like 2D nanosheets with irregularly
block morphology. The 2D layers show reduced thickness,
which may result due to the destruction of large structures
during ultrasonication and protonation. The TEM
electrographs in Fig. lc, d show a-g-CsN, irregular nano-
sheets which corroborate well with the observed SEM mor-
phologies. The newly fabricated near transparent lamellar a-g-
C3Ny structures resemble graphene [25]. Our data confirm the
successful fabrication of g-C3N,4 nanosheets.

Figure 2 shows the X-ray diffractograms of b-g-C5N, and
a-g-C3N, nanosheets. In both substrates, the intense peak at
31.8° corresponds to (002) plane [26]. The appearance of
(100) plane is confirmed by the presence of a peak at 13.2°.
The intensity of both peaks decreased from b-g-C5Ny to a-g-
C3N4 nanosheets. However, the XRD signatures of the b-g-
C3N, to a-g-C3Ny did not vary, which conforms the presence
of base a-g-C;Ny structures in both materials. According to
the Scherrer formula, the calculated crystallite sizes of b-g-
C3N, and a-g-C5Ny are about 15 nm and 11 nm, respectively
[27, 28]. The FTIR spectrums of b-g-C3N4 and a-g-C3N,
nanosheets are similar. In agreement with XRD data, the
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Fig. 1 SEM and TEM images of
b-g-C3N4 (a, ¢) and a-g-C;Ny (b,
d)

FTIR data confirm that ultrasonication and protonation did not
destruct base b-g-C3N, structure [22]. The sharp band appears
at 809 cm ! relates to the s-triazine ring vibrations. The bands
in the range of 900~1800 cm ™' are derived from the CN het-
erocyclic structure. The broad band in the range of 3200~3400

Fig. 2 XRD pattemns (a) and
FTIR spectra (b) of b-g-C3N,4 and
a-g-C3N4; XPS spectra of (¢) Cls
and (d) N1s of a-g-C3Ny,
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cm ! is due to stretching vibrations of absorption -NH or -NH,
groups [29, 30]. The Cd** interactions with both b-g-C5N,
and a-g-C3N, were also examined, and the spectral results
are shown in the Electronic Supplementary Material (ESM,
Fig. S1). The EDX data evidence the presence of Cd** on a-g-
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C5N, used for sensor electrode fabrications. The shift of 2800
cm ' band shows an intimate association of Cd** with OH
groups on C;Ny surface sites. FTIR signatures around -OH
group bands showed marked variations upon Cd** addition
on a-g-CsNy [31].

The chemical state of elements on C;N, substrates at the
near surface, particularly C and N is also determined by X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 2c, in
agreement with previous work [32], the C;4 peak at
288.34 ¢V is due to sp” hybridized aromatic C. The character-
ized peak at 284.8 eV corresponds to graphene-like structure
[33]. Three peaks at binding energies of 401.12, 399.95, and
398.8 eV, respectively, are observed in the N 1s spectrum. The
intense peak at 398.7 eV is derived from the N attached to the
graphite carbon. The peak at 399.95 eV assigns due to the
bridging of N in N-(C); [34-36]. A very weak peak at
401.12 eV is due to charging, or charge localization in hetero-
cycles and canon of N3 atomic moiety.

CV and EIS characterization of a-g-C3N,-modified GCE

The electron transfer rates of the newly prepared a-g-C;N4 and
b-g-C3;Ny-modified GCE electrodes, i.e., hereafter a-g-C5Ny
and b-g-C5N4 GCE, respectively, were determined electro-
chemically using cyclic voltammograms (CV) and electro-
chemical impedance spectroscopy (EIS) in 5 mM Fe (CN6)3
% and 0.1 M KCl solution at a 100-mV/s scanning rate. As
shown in Fig. 3a, when compared to bare GCE, the current
intensity of the modified electrodes is weakened due to
inhibited electron transfer [37]. The CV current density of a-
g-C3N4-modified electrode is higher than that of b-g-C3Ny4
electrode. Due to high specific surface area and conductivity,
the a-g-C5N, show enhanced electron transfer rates across the
interface. Figure 3b shows the EIS spectra obtained using b-g-
C5Ny and a-g-C3Ny-modified GCE and bare GCEe in Fe
(CNg)*"* redox system. In a typical EIS spectrum, the circu-
lar and linear segments reflect high frequency electron transfer
resistance (R, and low frequency diffusion, respectively. The

R values of the electrode vary in the following order: RS >

Rnanosheet 5, RY%re When compared to GCE, R, values of the
a-g-C3Ny -modified electrodes are larger. Several conclusions
can be drawn: (i) the nanomaterials are attached onto elec-
trodes successfully and (ii) the semicircle portion corresponds
to the electron transfer resistance at high frequencies and a
linear portion reflecting the diffusion process at low frequen-
cies. The modified electrodes possess semicircles with large
curvature than bare GCE, representing that the R, values of b-
2-C5N, and a-g-C3Ny4 nanosheets are bigger. This suggested
that the nanomaterials have been successfully assembled on
the electrode surface. Besides, the smaller R, value of a-g-
C3N4/GCE when compared to b-g-C3N4/GCE implies en-
hanced electron transfer properties of a-g-C3N, activated by
exfoliation and protonation [37]. These results are consistent
with the CV data shown in Fig. 3a.

Optimization of experimental parameters

The performance of Cd** detection by a-g-CsNy, and b-g-
C3N4 GC electrodes was assessed under SWASV mode. The
Cd** detection experiments were performed in 0.1 M acetate
buffer (pH 5.00) with — 1.5 V depositional potential. As
shown in Fig. 4, when compared to bare GCE, the highest
peak current is observed with a-g-C;N, GCE sensor.
Performance of Cd** detection by a-g-C;N,-modified
GCE electrode was optimized by varying experimental pa-
rameters as supporting electrolyte, pH, deposition potential,
and deposition time. Figure 5a shows the variation of stripping
current of a-g-C3N4 GCE for 5 uM Cd** in 0.1 M NH,CI-
HCI, NaAc-HAc, and PBS at pH 5.0. The a-g-C;N, GCE
shows the highest stripping current in 0.1 M NaAc-HAc buft-
er. The solution pH also exerts a significant effect on the Cd**
stripping current. In our experiments, a maximal stripping
current is noted when solution pH 5.0, where over 95% of
cadmium occurs as free Cd** species. At high acid conditions,
the competition between H* and Cd** towards the sensor is
apparent. Both deposition potential and time also play a vital

Fig. 3 The cyclic voltammetry a b
current curves of 5 mM 450 T
Fe(CNg)* ™ (a) and 30 .
electrochemical impedance < £ s he .
spectra (b) of bare GCE, b-g- =2 < 300 % S
C3N4/GCE, and a-g-C3N,, /GCE e 0 5 .
2 = "’
g N 1501
o 307 —GCE —= GCE
—b-g-C,N, o b-g-CN,
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Fig. 4 The stripping responses toward 0.5 pM Cd** in 0.1 M acetate
buffer solution (pH 5.0) under four different electrodes. Deposition
potential, — 1.5 V; deposition time, 120 s

role in metal accumulation on the electrode surface. Variation
of stripping current as a function of depositional potential for
0.5 uM Cd** in 0.1 M NaAc-HAc at pH 5.00 is shown in Fig.
5. The deposition reaches a plateau around — 1.5 V deposition
potential. When deposition potential < — 1.5 V, Cd** tends to
deposit on the electrode with evolution of H, passivating the
electrode surface. In a separate experiment, the deposition
time was varied while keeping other parameters fixed at opti-
mized values. The stripping current for 0.5 pM Cd** shows a
monotonous increase reaching a breaking point around 150 s.

After the breakpoint, the deposition time shows a decline.
The 150 s deposition time was chosen as optimal for 0.5 uM
Cd** deposition. Based on the results obtained so far, a

solution with following base conditions was used in develop-
ing a sensitive Cd** detection method at ambient room tem-
perature: pH 5 0.1 M NaAc-HAc buffer, deposition potential —
1.5V, deposition time 150 s, step potential 5 mV, amplitude 25
mV, and frequency 25 Hz.

Electrochemical detection of Cd**
with a-g-C3N;-modified GCE by SWASV method

To determine Cd** in environmental samples, as shown in
Fig. 6, a calibration curve in the range 0.05~0.7 pM is devel-
oped using a-g-C3N, and b-g-C3N, sensor by the electro-
chemical method under SWASV mode from the data received
for method opitmization. The relationship between stripping
current vs. Cd*" is linear, i.c., I/uA =—0.265 + 22.668 C/nA/
UM (R*=0.986), and, i.e., /uA = — 0.463 + 12.792 C/uA/uM
(R? = 0.991), with limit of detection (LOD) of 0.00394 M
and 0.00703 uM, respectively. Compared with theb-g-C5Ny-
modified electrode, the a-g-C3N4-modified electrode displays
higher sensitivity and lower detection limit. As shown in
Table 1, the sensing electrode material was coated with differ-
ent materials to gain enhanced LOD and sensitivity for metal
ions detection. As always, it is important to promote environ-
mentally benign substrates for electrode modification experi-
ments. Therefore, we compared our data with graphite-based
electrode modification data. Our method shows comparable or
slightly better sensitivity when compared to published data
[41].

Fig. 5 Optimum experimental a 18 b
conditions. Influence of a
supporting electrolytes, b pH 154 — PBS 121
value, ¢ Deposition potential, and — NH,CI-HCI
L < —— NaAc-HAc <
d Deposition time on the Z ,,] E!
voltammetric responses of the a- g < 10+
2-C5N, /GCE. Data were £l =
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In separate experiments (see ESM Fig. S2), the perfor-
mance of bare GCE and ultrasonically exfoliated g-C5;N4
(ult-g-C3N,) was also examined for Cd**. As always, bare
GCE showed poor sensitivity. When the electrode is modified
with a-g-C3Ny, the sensitivity was enhanced reaching an op-
timal value for determination of Cd**. This result attributes to
the a-g-C5N, ultrathin layer and high surface for the effective
accumulation of metal ions required for enhanced sensitivity.

To confirm the data, the active surface area of the electrode
material was determined using CV technique for I mM
Fe(CNg)** with 0.1 M KCI at different scan rates.
Figure S3 (see the ESM) shows a linear relationship between
I, and v!”? based on Randles-Sevcik formula [44, 45]: I, =
2.69 x 105n3/2AD1/2v1/2C0, where A is the real area of the
electrode (cm?), D is the diffusion coefficient (cm?/s), Cy is
the concentration of the K5Fe(CNg) (mol/cm?). For the uti-
lized electrolyte, n = 1 and D = 7.6 x 10" cm?/s [46]. The
active surface areas were calculated from the slope of the 7, —
v!2 plots. The highest surface area was reported for a-g-C;N,
GCE as 0.0141 cm”. In agreement with previous data [47], the
calculation details for other electrode materials are shown in
Table S1 (see ESM).

Possible adsorption mechanism of Cd**

To explore the influences of exfoliation and protonation treat-
ment, the interactions between Cd** and b-g-C5N, and a-g-

Table 1  The sensitivity and LOD values toward Cd** with different
electrodes by SWASV method

Electrodes Sensitivity LOD Ref
Pd@PAC/GCE 0.1059 pA/mMM 1333 nM  [38]
rGO/CMC/GSH/GCE 4.5 uA/mM 0.05nM  [39]
Fe304-chitosan/GCE 8.11 pA/uM 392 uM  [40]
MgFe-LDH/graphene/GCE ~ 26.15 pA /uM 4.7 nM [41]
GO/k-Car/I-Cys/GCE 1.39 pA/nM 0.58nM  [42]
ZnO NF/GCE ~ 1.8 nM [43]
2-C5N4 nanosheet/GCE 22.668 pA /uM  3.97nM  This paper

C3N,4 were investigated by adsorption experiments. Figure 7
shows the XPS spectral comparisons of b-g-C3N, and a-g-
C;Ny after Cd** adsorption. The binding energy of Cd**
adsorbed on b-g-C3N, and a-g-C3;N,4 nanosheets both shift in
negative direction as opposed to purified Cd(NO3), (Fig. 7a).
The shift illustrates that there are strong chemical interactions
between Cd** and b-g-C5N4/a-g-C5N,. The binding energy of
a-g-C3Ny shifts negatively more than b-g-C5Ny, indicating the
stronger interaction of the Cd** which enhances electrochem-
ical detection [47]. The broader peak of the Cd 3d after ad-
sorption indicates that the chemical environment in the vicin-
ity of Cd** has perturbed [48]. Figure 7b shows the N1s spec-
tra of a-g-C3Ny, b-g-C3N4/Cd, and a-g-C3N,4/Cd. The Nls
spectra peaks of N-C=N, N-(C3), C-N-H have shifted due to
interactions between N and Cd>*. Furthermore, the area ratio
of the three peaks of the b-g-C5N,/Cd**(1:0.26:0.18) and a-g-
C3N, /Cd>* (1:0.24:0.16) compared to a-g-C3N, (1:0.41:0.23)
were remarkably changed, which is mainly due to the interac-
tion between Cd** and potential adsorption sites of the pres-
ence of N-(Cs) and C-N-H [16]. As shown in the Fig. 7c, the
main peak of carbon has shifted 0.04 eV owing to significant
interaction between Cd and C. This might be due to the
flowing electrons existing in the sp2 carbon which provides
an adsorption site for Cd** [16].

Interference measurements

The chemical interference from metal ions present in
the matrix is a major limiting factor in the application
of electrochemical methods for routine analysis. The
interference of Cu”*, Pb>*, and Hg>" on Cd** detection
by SWASV was examined using both single and multi-
elements matrix samples. For single element matrix, the
interference of Cu?* and Hg** on Cd** detection was
examined, whereas in multi-element mode interference
of Cu®*, Hg?, and Pb®* on Cd** detection was exam-
ined. Optimized parameters as results during method
development were used. Figure 8 shows the effects of
Hg®>* or Cu?* and Hg?>*, Cu**, and Pb** on Cd**
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Fig. 7 The high solution XPS of b-g-C3N, and a-g-C3;N, before adsorption and after adsorption. a) Cd 3d; b) N1 s; ¢) Cls

detection. We observe that the peak currents of Cd** As expected, when Cu®*, Pb**, and Hg** coexist with
increased and the peaks of Cu?* and Hg®* showed no  Cd**, the Cd** detection sensitivity did not change sig-
variation with the Cd** addition (Fig. 8a, b). The sen-  nificantly. During the simultaneous analysis of all of the

sitivity values for Cd** in the presence of Cu or Hg  four ions coexisting in the solution, however, there is an
were 22.51 pA/uM or 22.546 pA/uM, respectively,  obvious tendency that the peak currents of Hg®* and
which show their minimal interference on Cd** peak.  Pb®* are enhanced due to mutual promotion of Hg**
The a-g-C;Ny-modified electrode avoids interference  and Pb®* during the accumulation [49, 50]. The Cd**
between Cu®* and Cd**. The metal ion binding sites  detection sensitivity in multi-element matrix samples
on a-g-C3Ny4 nanosheets showed no competition be- shows no change, which shows that the a-g-C5N, GCE
tween Cd** and Hg®* or Cu®* [9]. robust can be used as a multi-element detection.

V]
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Analysis of rice and natural water samples

Finally, our a-g-C5N, GCE was used for the detection of Cd**
in rice and natural water by standard addition. The standard
addition curves obtained for rice and natural water are shown
in Figs. S4 and S5 (see the ESM), respectively. For the
digested rice sample, the sensitivity value calculated from
the data is 8.083 pA/mg/kg (18.18 pnA/uM). The LOD value
is 0.017 mg/kg, which is lower than the recommended value
by WHO, viz. 0.2 mg/kg. The lake water sample taken from
the Hubing Lake in Hefei University of Technology, China,
was filtered through a 0.02-um membrane followed by 1:9
dilution with 0.1 M HAc-NaAc before Cd** analysis. The
standard addition plot is shown in Fig. S5 (see the ESM).
The sensitivity and LOD values are 17.02 pA/uM and
0.00522 uM. Spike recovery carried out with 0.01 uM Cd**
was 1 + 10%. In both cases, the potential of using a-g-C3Ny4
GCE in metal detection is evident.

Conclusions

The a-g-C3N4 with nanosheets were fabricated by thermal
polycondensation of urea, by ultrasonic exfoliation, and
followed by protonation. The newly prepared glassy carbon
electrode was used for electrochemical Cd** detection with of
22.668 uA/uM sensitivity and LOD 0.00394 uM. The a-g-
C;3N4 GCE is interference free that can be employed for multi-
element detection of environmental samples such as food and
natural water. The activated treatment cannot only improve
the specific area of a-g-C5N, nanosheets but also create more
active sites for adsorption of heavy metal ions.
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