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Cd(II) is a biologically active element that requires rapid and reliable monitoring for its pollution control.
We designed the electrochemical sensing nanocomposite with enhanced adsorption followed by redox
processes, which was synthesized by incorporating ferric ions into cerium oxide substrate ( hereafter
CeFe,05 ) via the sol-gel combustion method. The CeFe,05 nanocomposite modified glassy carbon
electrode (CeFe,05/GCE) was used for selective detection of Cd(II) by square wave anode stripping vol-
tammetry (SWASV). At optimal experimental conditions, the observed sensitivity and detection limits of
CeFe;05/GCE are 31.68 pA/uM and 0.94 nM, respectively. Our CeFe,05/GCE exhibits excellent stability
(RSD 3.34%) and analytical precision for Cd(II). The CeFe,05/GCE can also be used in trace detection of
heavy metal ions spiked in environmental samples. The nanocomposites with high electrochemical
performance would be of great interest for constructing novel sensing platforms for monitoring heavy
metal ions in environment.
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1. Introduction

Cadmium is a carcinogenic metal ion ubiquitous in the envi-
ronment due to industrial and agricultural activities [1,2]. Most of
the accumulated cadmium in biological tissues routed through
food, and the World Health Organization (WHO) listed it as a pri-
ority pollutant. The WHO maximum contaminant goal limits for
cadmium(Il) is 27 nM for drinking waters. Excess Cd(Il) accumu-
lates in kidneys and liver of the human body implicating various
health disorders. Cd(Il) readily exchanges with Ca(ll) in bones,
which results in them weakening to cause itai itai disease [3,4]. The
development of a rapid and robust detection method for Cd(Il) in
food and water is, therefore, listed as a priority.

To date, several robust, sensitive and reliable methods as
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inductively coupled plasma mass spectrometry (ICP-MS) [5],
inductively coupled plasma optical emission spectrometry (ICP-
OES) [6], fluorescence spectrometry [7], atomic emission spec-
troscopy (AES) [8], atomic absorption spectroscopy (AAS) [9] are
widely used for the detection of total cadmium in various sample
matrixes. However, the methods mentioned above suffer from the
inability of in situ chemical speciation measurements, skilled
operational/maintenance labor, capital cost, and non-portability in
the field. In contrast, electrochemical detection methods have ad-
vantages with High detection speed, sensitivity, simple operation
and selectivity, and in situ chemical species detection. Although
potentiometric Cd(Il) ion-selective electrode sensors able to mea-
sure free Cd?* in solution, their low detection limits are around
1 uM restrict applicability in environmental measurements. Out of
anode stripping voltammetric methods, square wave anode strip-
ping voltammetry (SWASV) is widely used for trace detection of
heavy metal ions because of its enhanced sensitivity, selectivity,
stability, and minimal interfering from dissolved reactive gases as
oxygen abundant in the environment [10].
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The active layer of the sensing probe can engineer to achieve
desired functionalities, and we modified it to yield high selective
Cd(II) detection with enhanced sensitivity [11]. Metal oxide nano-
composites such as MnCo;04 [12], Fe;O3/graphene [13], MnFe;04
[15] hold a great promise in the fabrication of modified electro-
chemical sensors for Cd(II) detection in the presence of other metal
ions. They mainly focus on the improvement of the adsorption
properties of sensing interface towards the target heavy metal ions,
and little attention was laid on facilitating redox reactions on the
electrochemical sensing interfaces.

We have selected CeO, derived nanocomposite to fabricate
Cd(II) electrochemical sensor due to the following reasons: a. CeO,
enriches with high defect density in a controllable fashion [14,15];
b. Foreign metal ions form solid solutions with CeO,, and the
properties of the composite can be engineered [16]; c. The migra-
tion of gases within the solid can modulate with carefully designed
Ce0, composites [17]. Herein, we doped CeO, by Fe3* to fabricate
Cd(II) selectively sensing nanocomposite. The defects of poor con-
ductivity in CeO, were healed by Fe3* citrate chelation. The high
sorption on Fe;03 for Cd(II) was used to arrest the metal ion on the
active layer for its fast responses. Further, Fe3*-doped CeO, sub-
strate facilitates electron transfer Cd(Il) —» Cd(0) conversion, and the
sensitivity of the probe can be further enhanced. The nano-
composite modified glassy carbon electrode was used for selective
detection of Cd(II) by square wave anode stripping voltammetry
(SWASV) method. To demonstrate its potential applications, the
spiked Cd(II) in natural water samples were also been detected
with the as-fabricated electrochemical sensor.

2. Experimental
2.1. Chemicals and reagents

Required analytical grade chemicals were obtained from
Shanghai Chemical Reagent Co. LTD, China, and were used as
received. Supporting electrolyte buffers were prepared as follows:
of 0.1 M acetate buffer using 0.1 M NaAC and 0.1 M HAC, 0.1 M
phosphate buffer (PBS) using 0.1 M KH3PO4 and 0.1 M NayHPOy,
0.1 M citrate buffer using 0.1 M citric acid and 0.1 M sodium citrate.
Sol-gel combustion method was used to synthesize CeFe,05 using
Fe(NOs3)3-9H,0 and CeCl3-7H;0. Ultrapure water (18.2 MQ cm)
water was used for all reagent preparations (HK-UP-10 ultra-pure
water).

2.2. Apparatus

Cyclic voltammetry (CV), electrochemical impedance spectros-
copy (EIS) and square wave anode stripping voltammetry (SWASV)
determinations were carried out by high precision electrochemical
workstation (CHI760E). The three-electrode system is used with
bare glassy carbon electrode (GCE) or modified GCE as a working
electrode; Ag/AgCl/KClsaturated €lectrode as a reference electrode
and Pt counter electrode. Scanning electron microscopy (SEM) was
carried out on CeFe;0s. The phase structure and phase purity were
examined by X-ray diffraction (XRD, XPert PRO MPD) in the 26
range from 5° to 70° with Cu-K, radiation (A = 1.5418 A). The iron
and cerium elemental analysis was carried out using inductively
coupled plasma mass spectrometry (ICP-MS, Agilent7500).

2.3. Preparation of nanostructured CeFe;05 composite

Nanostructured composite oxides were prepared by the sol-gel
combustion method using iron(Ill) and cerium(IV) salts [18]. The
ratio of Fe(Ill): Ce(IV) of nanocomposites was controlled, adding
different proportions of CeCl3-7H;O0. For the preparation of CeFe;05

nanocomposite was synthesized as given below: 0.04 mol Fe
(NO3)3-9H,0 and 0.02 mol CeCl3-7H,0 were added to 200 ml
deionized water and the mixture was stirred for 2 h at 60 °C. Then
0.06 mol citric acid was added to the mixture, and stirring was
continued for 2 h at 60 °C. Then the solution was dried in an oven at
125 °C for 12 h. The nitrate-citric acid gel thus resulted was calcined
for 2 h at 400 °C to yield CeFe,05 nanocomposite.

2.4. Preparation of modified GCE

The surface of the GCE was polished with aluminum oxide
powder of 1.0 uM, 0.3 uM, and 0.05 pM grain sizes to yield a shiny
surface. Then the glassy carbon electrode was ultra-sonicated in 1:1
(V: V) HNOs3, absolute ethyl alcohol, and deionized water succes-
sively for 2 min. The GCE was dried at room temperature. Then
3 mg CeFe,05 deliquesced in 3 ml deionized aqueous solution and
homogenized by ultra-sonication for 30 min. The 5 pL of the sus-
pension was dropped onto the freshly polished GCE surface and
dried in a nitrogen atmosphere. As controls, GCEs modified with
Fe;03 or CeO, were prepared similarly. The surface of all modifi-
cations GCE required polishing before repeated measurements
were carried out.

3. Results and discussions
3.1. Characterization of CeFe;0s5 nanocomposite

The SEM images of CeFe;05 nanocomposite (Fig. 1a), Fe;03, and
CeO, (Fig. S1) are obtained. The CeFe;05 possesses homogeneous
smooth-surfaced grains of around 100—200 nm diameter with
rounded edges (Fig. 1a). The elemental composition of CeFe;05 was
determined by ICP-MS (Table S1). The measured and theoretical Fe:
Ce molar ratio of our composite and CeFe;05 agrees well within
experiment errors, and the data support CeFe;05 formation. The
XRD data trends represent a well-crystallized CeFe,05 composite
(Fig. 1b). The XRD peaks at 20 = 24.18°, 33.18°, 35.74° , 40.92°, and
54.1°, are ascribed to (110), (121), (—110), (120), and (132) planes of
Fe,03 in CeFe,0s, respectively (JCPDS File No.85-0987-Fe,03). The
secondary peaks at 28.7°, 47.54°, 56.5°, and 59.32°, are ascribed to
(111), (220), (311) and (222) planes of CeO, in CeFe;0O5 phase
respectively (JCPDS File No.75-0076-CeQ,) [19—21]. The develop-
ment of crystallographic planes of our CeFe,05 confirms the pres-
ence of distinct planes, as shown in SEM images.

The XPS survey spectrum of CeFe,0s5 was obtained in 1300 to
0 eV range (Fig. 2a), and high-resolution spectrums for Ce, Fe, and O
are also shown (Fig. 2b, 2¢, 2d). The XPS peaks at 901.2 eV and
882.51 eV corresponds to the presence of Ce 3d3 and Ce 3dsp;
chemical states, respectively. The presence of Fe 2py); and Fe 2p3»
chemical states is confirmed by 724.29 eV and 710.37 eV XPS peaks
(Fig. 2c). The observed binding energies are following trivalent state
iron, and it, therefore, confirms CeFe;Os nanocomposite [22].
Fig. 2b shows that, the Ce 3d peaks at 882.51 eV, 898.39 eV and
916.83 eV are due to Ce(IV) oxide species [22]. The binding energy
of oxygen in CeFe,05 is 529.62 eV, demonstrating a slight shift from
529.2 eV observed in other metal oxides, which might be due to
synergy between Ce—0 and Fe—O [23].

3.2. Voltammetric behaviors of different modified electrodes

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) methods are used to characterize the electrons transfer
behavior of electrode-solution interface [24,25]. We used CV and EIS
measurements to characterize charge transfer of bare and modified
GCEs using 5 mM [Fe(CN)g]*”* redox probing solution in 0.1 M KCI
(Fig. 3a, 3b) [26]. When compared to bare GCE, due to poor
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Fig. 2. XPS spectra of CeFe,0s. (a) XPS survey spectrum; High resolution of Ce 3d (b), Fe 2p (c), and O 1s (d) spectra.

conductivity of CeO, or Fe;03, the anodic and cathodic peak currents
measured in the redox probing solution with Fe;03/GCE or CeO,/GCE
decreases rapidly with a large peak to peak separation [27]. The
anodic and cathodic peak currents of CeFe,05/GCE increase compared
to Ce0,/GCE and Fe;03/GCE, due to enhanced electrochemical con-
ductivity of iron and cerium oxide composites [28].

The performance of charge transfer at the electrode-solution
interface was further examined by EIS (Fig. 3b). In the EIS spectra,
the semi-circle represents limiting the nature of charge transfer, and

the diameter measures equivalent charge transfer resistance (Req).
When the diameter increases, the Ryt also increases inhibiting elec-
trons transfer [29]. When compared to bare GCE, CeO;, and Fe;03
modified GCE, the reduced R value of CeFe,05 modified GCE implies
enhanced electron transfer rates of CeFe,Os nanocomposites. The
observations are consistent with the CV results [30].
Electrochemical performance of Fe;03, CeO,, or CeFe;05 modi-
fied GCE for Cd(Il) detection was examined by SWASV method
using 0.8 pM Cd** in 0.1 M PBS at pH 5.0. The deposition potential
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Fig. 3. (a) Cyclic Voltammograms of bare, CeO-, Fe;03, and CeFe,05 modified GCE. (b) Nyquist electrochemical impedance spectra for bare, CeO,, Fe,03, and CeFe,05 modified GCE

in 5 mM Fe(CN) /4 with 0.1 M KCL.

and time were kept at —1.3 Vand 120 s, respectively, and the results
thus obtained are shown in Fig. 4. The Cd(II) detection by Fe,03 or
CeO, modified GCE is poor. Practically no measurable current re-
sponses were seen. However, peaks at —0.5 V (Fe;03/GCE) or —0.9V
(Ce0,/GCE) is ascribed due to other redox processes that required
detailed investigation. When compared to bare GCE, the CeFe,0s/
GCE shows superior detection currents for Cd(Il). When Fe3* con-
centration in the solid is high, the oxygen vacancy concentration is
reduced or becomes zero resulting in poor detectability for Cd(II)
(Fig. S2) [31]. Optimal Cd(Il) response current appeared with
CeFe;05 GCE at Ce: Fe 1:2 ratio. We used CeFe,05/GCE for further
analysis of this work.

3.3. Optimization of experimental conditions

The Cd** detection by CeFe,05/GCE was optimized for the
following parameters: electrolyte type, pH, deposition potential,
and deposition time. Optimization of these parameters helps to
zoom out the potential window and hydrolysis of metal ions [32].

The effect of electrolyte type for Cd** detection by CeFe;05/GCE
was evaluated using three buffers at pH 5.0, —1.0 V deposition
potential, and 120 s deposition time (Fig. 5a). The electrolyte type
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Fig. 4. SWASV responses for 0.8 uM Cd>* on different modified electrodes in 0.1 M PBS
(pH 5.0). Under the following conditions: deposition potential —1.3 V, accumulation
time 150 s, step potential 5 mV, amplitude 25 mV, frequency 15 Hz.

exerts a significant effect on the response current. The highest
response current for Cd’>* detection was observed in 0.1 M PBS
buffer, and hence it was used for other experiments. The effect of
pH on the Cd?* response current was examined from pH 5.0 to 8.0
(Fig. 5b). When pH < 5.0, the PBS buffer requires acid addition to
regulate pH. Hence, our experiments confined to pH 5.0—8.0. The
depositional potential and time were —1.0 V and 120 s, respectively.
The response current for Cd%* is the highest at pH 5.0. When
pH < 5.0, cadmium occurs as free Cd?>*. When the pH increased, the
activity of the free Cd®* at the expense of forming Cd(OH )y species,
and therefore the response current sow gradual decrease. Hence,
0.1 M PBS buffer with pH = 5.0 was selected as the supporting
electrolyte for further experimental measurement.

The deposition potential is also an important parameter
affecting the sensitivity of the electrochemical sensor (Fig. 5¢). In
0.1 M PBS buffer (pH = 5.0), different deposition potentials were
used to obtain the relationship between the peak current and the
deposition potential for 0.8 pM Cd**. When the deposition poten-
tial changes from —1.4 V to —0.8 V, the peak current of the CeFe,0s5/
GCE for Cd?* detection increases reaching an optimal at —1.4 V.
Below, this potential gas bubbles observed on the electrode surface
and the response current growth slows down. Therefore, we
chose —1.3 V as the optimal deposition potential for subsequent
experiments. To obtain optimal deposition time for better detection
limits, we selected different deposition times of the 60 5,905,120 s,
150 s, and 180 s in 0.1 M PBS buffer (pH = 5.0) at —1.3 V deposition
potential (Fig. 5d). Additionally, the deposition potential was —1.3V.
Peak current shows an optimal value at 120 s deposition time. The
longer the deposition time, the larger the peak current.

3.4. Electrochemical detection of Cd(II) by CeFe;05/GCE

Using the optimized data received from previous experiments
for Cd*t detection by SWASV was used with CeFe;O5/GCE to
determine method sensitivity and detection limits (see Fig. 6). The
calibration curve constructed for Cd%>*) from 0.05 uM to 1.0 pM is
linear with I (pA) = —8.4 + 31.68 C (uM), R? = 0.994. Under optimal
conditions determined previously, Cd?>* was detected by SWASV on
the CeFe,0s5/GCE. The sensitivity and the detection limit of the
method are 0.94 nM and 31.68 pA/uM, respectively.

Table 1 shows the sensitivity and detection limits of our data in
comparison with published data for other modified electrodes. As
well as the electrochemical sensing values of Cd?* previously
measured on various other modified electrodes. We obtain the
highest sensitivity and detection limits with CeFe,05/GCE for Cd**
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detection, and the performance of the new sensor exceeds current
method guidelines set by the WHO drinking water standards [40].
During the pre-enrichment process, Cd>* is adsorbed onto the surface
of CeFe;05 and then released to the electrode surface for deposition
and stripping. The combination of iron and cerium oxide enhanced
the adsorption capacity of Cd**. Moreover, the high specific surface
area of nanocomposite facilitates for Cd>* to diffuse and accumulate
on the sensor. Herein, the CeFe,05 nanocomposite seems conduit of
electron transfer, reaching enhanced response current for Cd+.

3.5. Chemical interference by other metal ions

We examined the chemical interference by Cu?*, Hg?*, and Pb%*
on Cd?* by CeFe;05/GCE. The concentration of the matrix metal
ions was kept at 0.5 uM while Cd?>* was varied 0.2 tM—0.7 pM.
Single-mode, e.g., Cd*>" vs. matrix cation, or multimode, e.g., Cd**
vs. all matrix cations, was conducted, and the data are shown in
Fig. 7. The response peaks of Cu*" and Hg?* appear at —0.124 V
and +0.236 V, respectively [41]. However, we could not obtain a
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Table 1
Comparison of current sensitivity with previously reported values of different electrodes for electrochemical detection of Cd**.
Electrode Linear range (uM) LOD (uM) Sensitivity (LA/uM) Ref
rGO-Fe304/GCE 0408 0.056 14.82 [33]
Fe304/CPE 0.01-35.6 0.047 0.038 [34]
Sn0, Tube-in-Tube/GCE 0.2-14 0.1 12.88 [35]
MnFe,0,@Cys GCE. 04-15 0.0632 9.31 [36]
Fe304-chitosan/GCE 1.2-1.7 0.0392 8.11 [37]
Fe;04/GCE 0.1-2.0 0.156 6.0 [38]
NH,-MIL-88(Fe)-rGO/GCE 0.005-0.3 0.0049 190.36 [39]
CeFe,05/GCE 0.05—-1.0 0.00094 31.68 This work
0
(a)lz E 1 y=17.03291x-1.74181 (b)z y=10.04684x-1.98181 %
| ] RE099031 § 41 R2=099283 -
ca?t = £ :
£ 15 - £ :
< g, , - 0.7uM S o
= § = | §
= 81 s b | .
= s = o DO s
o D 10- ConC.AM
S T
] =
- =
O 4. Q
5 s
0 T T T T 0 T T T T
-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 0.5
Potential/V Potential/V
c d . ;
( ) ¥=6.01711x-0.48576 « ' ( ) )=,7.|7‘77Jx-01l.‘60§
40 4 <1 R2=0.98068 12 - <of om0
3 H ‘
H g £
\ 15 . 2+ = 1
< ! & L g_ Gl S A
=301 ( 0.7 uM d @ - ,
= | *E 0.7 M C d2+ = ) -
= { o w 8 : ConC./uM
L | ConCuM 2
- 204 i
ot
= =
&} QO
10 4
4 -
04
-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 05 1.0
Potential/V Potential/V

Fig. 7. SWASV response of the CeFe,05 modified electrode toward Cd** over a concentration range of 0.2 uM—0.7 uM when adding (a) 0.5 uM Hg?*, (b) 0.5 uM Pb?*, (c) 0.5 M Cu?*,
and (d) 0.5 uM Hg?*, Pb>* and Cu?*, respectively.

(a)1o-
0.5 .M Cd2+

<7

S 6

=

-

O 44

21 -
1.2 0.8 0.4 0.0

Potential/V

0.4

RSD=3.34%

Time/day

Fig. 8. The repetitive toward 0.5 uM Cd?* after stored at room temperature for 5 days under optimized conditions in 0.1 M PBS solution.




K.-P. Cui et al. / Journal of Alloys and Compounds 829 (2020) 154551 7

Table 2
Determination of spiked Cd?* in real samples (number of samples assayed = 3).

Samples Cd?* added (uM)  Cd?* found (uM)  RSD Recovery (%)
(%)
Sample | 0.3 0.308 3.6 102.7
0.5 0.498 4.8 99.6
0.8 0.769 1.1 96.1
Sample II 03 0.307 1.7 102.3
0.5 0.501 2.6 100.2
0.8 0.762 1.5 95.3

peak for Pb®* by CeFe,05/GCE. Herein, the sensitivity of Cd?*
reduced markedly due to competing for effect for restricted sites on
the electrode surface [37]. In single element mode, the addition of
Cd**, the peaks of Cu** and Hg?* extent in different proportions.
When Hg?* exists, which may be due to the formation of mercury
film on the electrode surface during the deposition, reducing the
sensitivity of Cd** [40]. When Cu?* is present, the sensitivity of
Cd?* reduced mostly. The interference between Cd** and Cu?* may
vary due to the substitution of Cu®" for Cd** during the pre-
concentration [42]. In multi-element mode, the Cd?* detection is
reduced in the presence of Cu**, Hg?*, and Pb*". When Pb?*, Hg?",
Cu®*, and Cd** were measured at the same time, although there
were mutual interferences, except Pb?*, the peaks of Hg?*, Cu**
and Cd?* are well separated. Therefore, CeFe;05/GCE can still be
used for the simultaneous determination of four target ions with
acceptable anti-interference capability [43].

3.6. Regenerative evaluation

To evaluate the reproducibility of the CeFe;05/GCE, we repeated
the Cd** measurements both in single-element and multi-element
modes for five consecutive days, and the CeFe;05 modified glassy
carbon electrode was adopted to detect the solution of 0.5 uM Cd>*
in 0.1 M PBS (pH = 5.0). The perk current of Cd?>* was almost un-
changed compared to the newly modified electrode (relative
standard deviation (RSD): 3.34%, shown in Fig. 8). We concluded
that our CeFe;05/GCE showed excellent reproducibility for detec-
tion Cd?*.

3.7. Natural water sample analysis

We collected two natural water samples of different dates from
the Hubing Lake in Hefei University of Technology for chemical
analysis of Cd®* using CeFe,05/GCE by SWASV. The conventional
characterization results of the two samples were listed in Table S2.
Before the electrochemical detection, the sample was diluted at a
1:9 ratio in 0.1 M PBS buffer (pH = 5). We cannot obtain a response
signal for Cd?*, indicating that there is no Cd®>* contamination in
the water. Then, the diluted lake water samples were spiked with
Cd** at concentrations of 0.3 pM, 0.5 pM, and 0.8 pM. For the spiked
Cd?* in two samples, the spike recoveries were 95.3%—102.7%, and
the relative standard deviations (RSD) were 1.1% ~ 4.8%
(see Table 2). The high spike recoveries and low RSD values show
that our method of Cd?>* detection can be applied practically in
single and multi-element modes [44].

4. Conclusions

We synthesized CeFe;05 by a simple sol-gel method for trace
electrochemical detection of Cd?*. The CeFe,05/GCE has excellent
electrochemical sensing performance with high stability and
reproducibility based on the enhanced adsorption followed by
redox processes. Under optimal experimental conditions, the

observed sensitivity and detection limit of CeFe;0s5/GCE are
31.68 pA/uM and 0.94 nM, respectively. The achieved detection
limit was far below the WHO recommended limits for Cd(II)
regulation (27 nM). And also, the as-fabricated sensors succeeded
in detect spiked Cd(Il) in natural water samples with a high re-
covery ratio of 95.3% ~ 102.7%, and low RSD of 1.1% ~ 4.8%. Our new
nanocomposite modified GCE can be used to detect Cd(Il) in natural
water samples with high sensitivity, low cost, and robustness,
which would be one of the promising methods for fast screening
heavy metal ions in the environment.
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