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Abstract
 New insights are proposed into enhancing detection of uranyl ions  (UO2

2+) by electropolymerization brilliant cresyl blue–
modified glassy carbon electrode (PBCB/GCE). The mercury-free PBCB/GCE sensor was applied to determine  UO2

2+ in 
water samples by differential pulse adsorptive stripping voltammetry (DPAdSV). The unique combination of the PBCB/
GCE and DPAdSV significantly improves sensitivity due to the polymer of high electroactive area and fast electron transfer 
rate. The DPAdSV current using a 3 mm diameter PBCB/GCE was proportional to the  UO2

2+ concentration in the range 
2.0–90.0 μg·L−1 (− 0.113 V vs. SCE) with a detection limit of 0.650 μg·L−1, RSD = 3.1% (n = 10), and 4.5% reproduc-
ibility. In addition, the sensitivity for  UO2

2+ determination was further improved at using an 1 mm diameter PBCB/GCE, 
which enhances the efficiency of  UO2

2+ deposition due to its higher current density. The 1 mm diameter PBCB/GCE based 
on DPAdSV technique could be used to determine uranyl ions in the concentration range 0.20–2.0 μg·L−1 (− 0.113 V vs. 
SCE) with a detection limit of 0.067 μg·L−1, RSD = 5.7 % (n = 10) and 5.4% reproducibility. Hence, the PBCB/GCE is a 
suitable candidate to substitute the mercury electrode.
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Introduction

Uranium and its compounds are called the new energy 
elite because they are widely used in nuclear power and 
nuclear military industry [1–4]. However, their develop-
ment, production, and usage may generate lots of radio-
active waste into the environment, which poses a serious 
hazard to humans, like immune system damage, cancer, 
and birth defects [5–7]. In addition, unlike most metal 
ions, uranium has many valences in aqueous solutions, and 
uranyl ions  (UO2

2+) are the predominant ionic species in 
aqueous solution [2, 8]. A simple, fast, and in situ  UO2

2+ 

detection method will help with process monitoring, envi-
ronmental remediation, and minimization of  UO2

2+ exposure 
to humans [9]. Due to the low concentration of  UO2

2+ in 
the natural environment and the complexity of the sample 
matrix, these factors seriously interfere with the quantitative 
detection of  UO2

2+.
In recent years, significant progress has been made in 

 UO2
2+ monitor using a selection of physical techniques 

and chemical sensors [10–21]. Several conventional tech-
niques for analyzing  UO2

2+, such as inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) [22, 
23], inductively coupled plasma-mass spectroscopy (ICP-
MS) [24], spectroscopy methods [21, 25] and neutron 
activation analysis [26, 27], require professional opera-
tors, complex apparatuses, and high maintenance costs. 
Nowadays, portable sensors for uranium detection have 
been developed. For example, Chen et al. [10] used gold 
nanoparticles and hybridization chain reaction–assisted 
synthesis of silver nanoclusters for electrochemical sens-
ing for the sensitive detection of uranyl ions. A.R. Salem 
et al. [13] reported a cyanopyridine-derived fluorescent 
sensor for the selective determination of uranyl ions in 
different water samples. W. He and D. Hua employed 
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spectrographic sensors for uranyl detection in the environ-
ment. In contrast, electrochemical is a simple, fast, low-
cost, superior spatial and temporal resolution for in situ 
monitoring technology of  UO2

2+ [28, 29]. In addition, 
 UO2

2+ detection by electrochemical methods has also 
played an indispensable role in the design of uranyl sen-
sors [28, 29]. Adsorption stripping voltammetry (AdSV) 
based on mercury electrodes can accurately measure 
heavy metal ions and detect uranyl ions by combining 
with a complexing agent [30–32]. Sensitive detection of 
 UO2

2+ in the presence of cupferron has been studied [3, 
4, 16, 33–36]. For example, Zhang L et al. [3] proved that 
the diphenylguanidine radical cations induce adsorption 
of [VIUO2+

2
− Cupferron] during preconcentration, result-

ing in higher response currents.
Chemically modified electrodes (CMEs) made of con-

ducting polymers (CPs) have attracted extensive inter-
est in the fields of electrochemistry and electroanalysis 
due to their higher electroactive surface area, excellent 
conductivity, and electrocatalytic effects [36–41]. CPs 
deposited on the surface of electrodes, like poly Nile blue 
(PNB) [16], poly neutral red (PNR) [40], and poly(3,4-
ethylenedioxythiophene) (PEDOT) [42], were used to 
detect heavy metal ions. Among different CPs used, 
poly brilliant cresyl blue (PBCB) emerges as an efficient 
electrode material with properties for bioanalytical sci-
ence due to its rigid planar structures, redox, and simple 
electropolymerization processes [36, 37, 39, 43, 44]. In 
previous work [43, 44], we investigated electropolymeri-
zation of PBCB and NR on carbon-nanotube–modified 
electrodes in binary and ternary deep eutectic solvents, 
as well as the determination of epinephrine using gra-
phene/PBCB/GCE. Because  UO2

2+ has a linear structure 
with two nonreactive double uranium-oxygen bonds [45, 
46], the most sensitive electrodes detected  UO2

2+ using 
complexing reagents [47]. At present, there are no reports 
on the application of PBCB/GCE as an electrochemical 
sensor for  UO2

2+. Therefore, exploring the determination 
of  UO2

2+ is interesting and challenging on PBCB/GCE.
In this work, we developed a new strategy to enhance 

the sensitive detection of  UO2
2+ by differential pulse 

adsorption stripping voltammetry (DPAdSV) on PBCB/
GCE. The effects of several parameters were investigated, 
like electropolymerization potential, electropolymeriza-
tion cycles, BCB monomer concentration, pH values, 
concentration of complexing agent, deposition potential, 
and deposition time. Compared to previous work [4], 
the PBCB/GCE significantly improves the sensitivity of 
 UO2

2+ detection and reaches a lower level of sub-part-per-
billion, which was attributed to the PBCB polymer of high 
conductivity, larger electroactive area, and redox activity. 
Therefore, the DPAdSV based on PBCB/GCE was applied 
for the determination of  UO2

2+ in real water samples.

Experimental section

Instrumentation

The cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS), and DPAdSV measurements were per-
formed using PARSTAT 2273 (AMET Co., Ltd., Prince-
ton, USA). A three-electrode cell with a volume of 25.0 
mL was used. As a working electrode, modified electrodes 
(PBCB/GCE) with diameters of 1 or 3 mm were used.

The modified electrode was made in the following man-
ner: the GCE polishing and cleaning was described in Ref. 
[4, 16]. After the treatment of GCE, it was immersed in a 
freshly prepared solution containing 0.50 mM of brilliant 
cresyl blue (BCB) in 0.10 M pH 6.80  Na2HPO4/NaH2PO4 
containing 0.20 M  NaNO3, to obtain PBCB/GCE by CV 
electrochemical polymerization. The fabrication of PBCB/
GCE was described in Ref. [43], and then, PBCB/GCE 
was put in a  CH3COOH/CH3COONa (pH 5.00) solution 
for further study after being washed with sub-boiling 
double-distilled water (DDW). A schematic diagram of 
the PBCB/GCE in Scheme 1 as well as its real electro-
chemical polymerization process is presented in Fig. S1a-
b, respectively. The EIS measurements were carried out 
at a frequency range from 1.0 ×  105 to 1.0 ×  10−2 Hz 
and with a 5-mV amplitude of the AC signal. Platinum 
foil and a saturated calomel electrode (SCE) filled with 
saturated KCl were used as the auxiliary and reference 
electrodes, respectively. The morphology of the modified 
electrodes was observed using NNS450 scanning electron 
microscopy (SEM) (FEI Czech Co., Ltd., Czech). The pH 
measurements were performed with a ST-2100 pH meter 
(Ohaus International Trade Co., Ltd., China).

Reagents

All chemicals, namely, cupferron (≥ 98% purity, Alad-
din), diphenylguanidine (DPhG) (≥ 97% purity, Aladdin), 
 CH3COOH/CH3COONa (≥ 99% purity, Aladdin), NaOH 
(≥ 99% purity, Sinopharm), nitric acid (≥ 99% purity, 
Sinopharm), and  Na2HPO4/NaH2PO4 (≥ 99% purity, Sin-
opharm) were used as received.  UO2(NO3)2·6H2O stock 
solution was prepared by dissolving  U3O8 powders (≥ 
99% purity, China National Nuclear Corporation) in 6.0 M 
diluted nitric acid. A fresh solution of 0.020 M cupferron 
was obtained in sub-boiling DDW. DPhG (0.020 M) was 
prepared by diluting the appropriate amount of reagent in 
ethanol.  CH3COOH/CH3COONa (0.10 M) was prepared 
under different conditions by mixing the stock solution 
of  CH3COOH and  CH3COONa.  Na2HPO4/NaH2PO4 (0.10 
M) was prepared under different conditions by mixing the 
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stock solution of  NaH2PO4 and  Na2HPO4. NaOH (2.0 M) 
used in pH optimization studies was prepared by dilution 
of 30% reagent.

Analytical procedure

The detection of  UO2
2+ was performed in an electrochemi-

cal cell containing 0.10 M  CH3COOH/CH3COONa (pH 
5.00) and a certain concentration of cupferron and diphe-
nylguanidine. The deposition of  UO2

2+ was carried out at 
− 0.95 V (vs. SCE) under stirring with a deposition time of 
180 s, and then the differential pulse voltammetry (DPV) 
stripping was recorded in quiescent solution from 0.30 to 
− 1.20 V (vs. SCE) by DPAdSV. The measuring cell was 
also equipped with a PTFE stirrer, which was used for stir-
ring the solutions during the deposition process at a speed 
of 750 rpm. The stirring rate, scan rate, pulse height, step 
height, step time, deposition potential, and deposition time 
were 750 rpm, 8 mV·s−1, 50 mV, 4 mV, 0.5 s, − 0.95 V, and 
180 s, respectively. The PBCB/GCE for DPAdSV measure-
ment was obtained after electrochemically cleaning, which 
includes 1−4 DPVs. Each measurement was repeated thrice. 
All electrochemical experiments were carried out without 
solution deoxygenation at room temperature.

Real samples preparation

Three real samples (Tap Water from our laboratory, Bohai 
Sea Water in the city of Weihai, Shandong, China, and Yang-
tze River Water in the City of Nanjing, Jiangsu, China) were 
prepared to evaluate the performance of the electrode. The 
water samples were simply filtered with a long-neck fun-
nel to remove insoluble substances, and then the sample 

acidified before being sealed for refrigeration. A 5.00 mL 
water sample was fractioned in 25.0 mL volumetric flask 
containing 0.10 M  CH3COOH/CH3COONa pH 5.00, 200 
μM cupferron, and 80.0 μM diphenylguanidine, and then 
detected using DPAdSV.

Results and discussion

Characterization of PBCB/GCE

The EIS techniques provide an excellent method to exam-
ine the interfacial impedance of the electrode/film/solu-
tion interface [43, 48]. EIS measurements were carried out 
to examine the electron transfer resistance (Rct) and bode 
plots of PBCB/GCE and GCE shown in Fig. 1a and Fig. S2, 
respectively. Obviously, the Rct of PBCB/GCE was smaller 
than bare GCE, which was attributed to the faster charge 
transfer kinetics at PBCB/GCE in Table S1. Besides, the 
bode angle of PBCB/GCE was larger than bare GCE, indi-
cating the higher electrochemical activity at PBCB/GCE. 
As shown in Fig. 1b, the electrochemical features of PBCB/
GCE and GCE by CV were investigated using 10.0 mM 
 K3[Fe(CN)6] containing 0.10 M KCl as the redox probe [48]. 
A higher peak current (curve a) was observed on PBCB/
GCE, implying that PBCB/GCE could accelerate electron 
transfer. In addition, the PBCB/GCE (curve a) obtained 
a smaller peak potential difference (∆Ep) of anodic and 
cathodic than bare GCE (curve b), which suggests that the 
positive charged PBCB with good conductivity was favora-
ble for the approach of Fe (CN)6

3−/4−.
SEM analysis of the electrodes provides more infor-

mation about the GCE and PBCB/GCE shown in Fig. 1c, 

Scheme 1  A schematic illus-
tration of the preparation of 
PBCB/GCE.
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d, respectively. The vertical-section view allows confirm-
ing the fold-thrust belt structure, which increases the elec-
troactive area. In addition, the highly porous structure of 
poly (brilliant cresol blue) seems to promote the deposi-
tion of analytes on the surface, suggesting that PBCB/GCE 
increases the electroactive area as compared with GCE. As 
shown in Fig. 1e, f, the electrochemically active surface area 
(EASA) of electrodes by cyclic voltammetry was measured. 
According to the Randles-Sevcik equation [49], the EASA of 
GCE and PBCB/GCE were calculated to be 0.016 and 0.022 
 cm2, respectively. Therefore, excellent conductivity and high 
electroactive area may be favorable to the adsorption and 
stripping process of uranium on the surface of PBCB/GCE.

The performance of the PBCB/GCE determination 
of UO2

2+

With non-toxic materials, CP-modified electrodes improve 
sensitivity compared with glassy carbon electrodes due to 

their unique properties [36, 41]. Besides, the eco-friendly 
character of the proposed PBCB/GCE originates from the 
amount of non-toxic.

Figure 2 a and Fig. S3 show stripping voltammograms 
at the PBCB/GCE for 20.0 μg·L−1  UO2

2+ in the presence 
of cupferron and diphenylguanidine. It can be seen in 
Fig. 2a that a higher cathode peak (·) was exhibited at − 1.13 
V (vs. SCE) with a current density (Jp) of approximately 205 
μA·cm−1, which was in accordance with previous published 
work [3]. Besides, the cathodic peak was obtained for the 
reduction of VIUO2+

2
− Cupferron to IIIU3+ − Cupferron  at 

− 1.13 V (vs. SCE), which was very similar to the 
result of Paneli M et al. [50]. Meanwhile, no peak was 
observed for the reduction ofVIUO2+

2
− Cupferron   to 

IIIU3+ − Cupferron    at − 0.30 V (vs. SCE), which was 
masked by the larger reduction wave of oxygen. As shown in 
the inset Fig. 2a, adequate information on the peak of analy-
sis for  UO2

2+ was provided in the potential range, which was 
supported by previous studies [3, 16, 33, 34].

Fig. 1  a EIS and b CV of 
PBCB/GC and GCE in the solu-
tion containing 10.0 mM  K3[Fe 
(CN)6] and 0.10 M KCl. Z′ and 
Z″ are the real and imaginary 
components, respectively. 
Inset is the circuit model for 
the modified electrodes. SEM 
images of the vertical-section of 
a fold-thrust belt 3D structure 
c GCE and d PBCB/GCE. 
Cyclic voltammograms of Φ 
3 mm (e) GCE and (f) PBCB/
GCE at different scan rates 
in the solution containing 1.0 
mM  K3[Fe (CN)6] and 0.20 M 
 KNO3. Inset shows the variation 
of peak current with square root 
of scan rate
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Figure 2b compares the adsorptive stripping voltamme-
try responses obtained for  UO2

2+ at the PBCB/GCE and 
GCE. Compared to GCE, the PBCB/GCE obtained a higher 
stripping peak current due to electrocatalytic effects or high 
electroactive area. Besides, the reduction peak potential of 
 UO2

2+ (·) shifted to a relatively positive potential, which 
suggests that the polymer of PBCB may accelerate the ura-
nium-cupferron electron transfer, leading to easier reduction 
of  UO2

2+. On the other hand, the Ep of 20.0 μg·L−1  UO2
2+ 

toward the relatively positive potential shifted 160 mV, and 
the Jp of 20.0 μg·L−1  UO2

2+ increased 2.5 times compared 
to those with bare GCE. These results confirm that the sen-
sitivity improvement is related to the highly active area and 
excellent conductivity of the PBCB polymer.

Effect of the potential window, the concentration 
of BCB monomer, and electropolymerization cycles 
on the properties of the PBCB/GCE

Because the PBCB polymer of electropolymerization 
involves several steps, including radical-cation generation, 
oligomer formation, nucleation, and polymer growth [39, 
51]. In order to study the effect of the CV electropolymeriza-
tion, potential window on the performance of PBCB/GCE 
was utilized. The electropolymerization process was induced 
at different initial potential windows such as 0.20–1.2 V, 
0.40–1.4 V, 0.60–1.8 V, and 0.80–1.8 V (vs. SCE); then, 

the electropolymerization potential window was switched 
to − 0.80 to 1.8 V (vs .SCE) for 15 CVs, and finally, different 
PBCB/GCE electrodes were obtained. As shown in Fig. 3a, 
the electrochemical properties of these polymer films were 
characterized by CV in 0.10 M pH 6.80  Na2HPO4/NaH2PO4 
containing 0.20 M  NaNO3. The effect of the initiating elec-
tropolymerization potential window on the Jp of 20.0 μg·L−1 
 UO2

2+ is investigated in Fig. 3b. The increase of the Jp of 
 UO2

2+ was severely affected by the initial potential of CV 
electropolymerization, such as 0.80–1.8V and 0.60–1.60V 
(vs. SCE). Due to the defects on electrode surface and 
crosslinked material formation, a higher oxidation potential 
was caused [39]. In addition, higher potentials will acceler-
ate the oxygen bubbles generated by the electrolyzed water, 
which will affect the formation of the membrane and the 
service life of the electrode substrate; therefore, the initia-
tion potential of 0.80–1.80V (vs. SCE) was selected for the 
following experiments.

The concentration of the BCB monomer was changed 
from 0.050 to 1.0 mM, and its influence on the Jp of 20.0 
μg·L−1  UO2

2++ was studied. The obtained results are pre-
sented in Fig. 4a. It was observed that the Jp of  UO2

2+ 
attained its maximum value at BCB monomer concentra-
tion of 0.50 mM. The number of voltammetry cycles was 
changed from 5 to 30 cycles and its effect on the Jp of 20.0 
μg·L−1  UO2

2+ was investigated in Fig. 4b. It can be clearly 
seen that the Jp of 20.0 μg·L−1  UO2

2+ rapidly increases with 

Fig. 2  DPAdSV in 0.10 M 
 CH3COOH/CH3COONa of pH 
5.00 for a 20.0 μg·L−1  UO2

2+ 
with 200 μM cupferron and 
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20.0 μg·L−1  UO2

2+ with 200 
μM cupferron (·), 20.0 μg·L−1 
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2+ (·) and blank solution 
(·) at PBCB/GCE, b Stripping 
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increasing the number of cycles from 5 to 15, and then the 
Jp of  UO2

2+ decreased at more than 15 cycles. Therefore, 
the potential windows of 0.8–1.8 V (vs. SCE), BCB mono-
mer concentration, and the number of voltammetry cycles 
was 0.50 mM and 15 cycles, respectively. These values were 
chosen for further investigations.

Effect of the uranium‑cupferron reaction conditions

On the basis of previous literature studies, an acetate buffer 
was used as the main supporting electrolyte [30, 34]. The pH 
value of the  CH3COOH/CH3COONa solution was changed 
from 3.00 to 6.00. The results obtained are shown in Fig. S4. 
On the basis of these results, the pH 5.00 was chosen for 
further study.

Since uranyl ions have a linear structure with two non-
reactive uranium-oxygen bonds [2], complexing reagents are 
required for sensitive detection of  UO2

2+ [30]. As shown in 
Fig. S5a-b, the concentration of the cupferron was changed 
from 40.0 to 560 μM and its effect on the net current density 
o f  c u p f e r r o n  a n d 
[VIUO2+

2
− Cupferron](ΔJp = Jp(UO2+

2
) − Jp(bl)) was studied. 

It was found that the current of the ∆Jp of 20.0 and 5.00 
μg·L−1  UO2

2+ increases as the concentration of cupferron 
increases to 200 μM and then slowly decreases. The concen-
tration of cupferron 200 μM was chosen for further study. In 
addition, the concentration of diphenylguanidine was 
changed from 20.0 to 140 μM, and its effect on the ∆Jp of 
20.0 and 5.00 μg·L−1  UO2

2+ was investigated, as shown in 
Fig. S6. The ∆Jp for  UO2

2+ increases as diphenylguanidine 
concentration increases to 80.0 μM and then becomes nearly 
stable, so diphenylguanidine concentration of 80.0 μM was 
chosen for further study.

Effect of the stirring

In order to optimize the effect of stirring rate on 20.0 
and 5.00 μg·L−1,  UO2

2+ Jp were investigated between 0 
and 1000 rpm, whereas the other parameters were kept 

constant. As shown in Fig. S7, the uranium peak increased 
linearly with the stirring rate up to 500 rpm, then more 
slowly up to 750 rpm and leveled off, which indicated that 
[VIUO2+

2
− Cupferron] was strongly adsorptive on the sur-

face of PBCB/GCE. The polymer of PBCB film may cap-
ture  UO2

2+ via noncovalent interactions between the oxygen 
atoms of the  UO2

2+ and the hydrogen atom of the amino 
group in deposition process. However, increasing the stir-
ring rate had no effect on the stripping peak. Therefore, a 
stirring rate of 750 rpm was chosen as the optimal value for 
further experiments.

Effect of the deposition potential and time

The effect of the deposition potential was studied for 
 UO2

2+ concentrations of 20.0 and 5.00 μg·L−1, as shown in 
Fig. S8a. The potential was changed from − 0.70 to − 1.20 
V (vs. SCE). It was observed that the Jp of  UO2

2+ increases 
as the potential changes from − 0.70 to − 0.95 V (vs. SCE) 
and then decreases. As shown in Fig. S8b, the influence of 
the deposition time of [VIUO2+

2
− Cupferron] complex was 

investigated using concentrations of  UO2
2+ of 20.0 and 5.00 

μg·L−1. It was observed that the Jp of  UO2
2+ increases lin-

early with the deposition time up to 180 s, and then more 
slowly up to 360 s. Therefore, the deposition potential of 
− 0.95V (vs. SCE) and the deposition time of 180 s were 
chosen for further study.

Analysis of performance

Under optimized conditions,  UO2
2+ was detected by 

DPAdSV based on PBCB/GCE and compared with the 
previous bare GCE [4]. As shown in Fig. 5, the  UO2

2+ 
peak current rises linearly with the increase of  UO2

2+ con-
centration based on DPAdSV with the following calibra-
tion equation: y = (90.7 ± 0.87) + (27.1 ± 0.76) × (R2 = 
0.997) (Fig. 5a) and (I) y = (104.2 ± 1.33) + (5.03 ± 0.15) 
× (R2 = 0.996) (II) y = (190.8 ± 0.75) + (0.935 ± 0.025) × 
(R2 = 0.999) (Fig. 5b). The detection limit, calculated 3sbl/
slope [50], was 0.067 μg·L−1 (Φ 1 mm) and 0.65μg·L−1 

Fig. 4  DPAdSV in 0.10 M 
 CH3COOH/CH3COONa of 
pH 5.00 for a effect of the 
concentration of BCB monomer 
and b the electropolymerization 
of cycles on the peak current of 
20.0 μg·L−1  UO2

2+
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(Φ 3 mm) at − 0.113 V (vs. SCE), which were well below 
the concentration of 30.0 μg·L−1 by WHO guideline in 
drinking water [52]. Compared with previous work [4, 16], 
the PBCB/GCE obtained a satisfactory sensitivity for the 
lower concentration of  UO2

2+ determination. The results 
illustrated that the PBCB/GCE demonstrated to be effec-
tive for the determination of  UO2

2+ in sub-μgL−1 level 
by DPAdSV. Furthermore, the experimental evidence was 
performed as mentioned in the section of characterization 
of PBCB/GCE for the sensitivity improvement is origi-
nal to PBCB polymer. Therefore, the polymer of PBCB 
was the major player in the sensitivity detection of  UO2

2+. 
Besides, the Φ 1 mm PBCB/GCE obtained higher sensi-
tivity attributable to high current density [2, 47]. The Φ 1 
mm PBCB/GCE obtained limit of detection rivals those 
of analytical instruments applied for  UO2

2+ determination 
ICP-OES with 0.090 μg·L−1and 0.57 μg·L−1 [22, 23], ICP-
MS with 0.10 μg·L−1 [24], with fluorometric determination 
of  UO2

2+ 6.53 μg·L−1.

The PBCB/GCE was compared with other sensors for 
 UO2

2+ analytical performance in Table 1. These results show 
that PBCB/GCE has the advantage in detection limit and 
quantification limit compared to all other sensors. Notably, 
Nassab et al. [32] reported that N-phenylanthranilic acid was 
used as a complexing agent for the determination of  UO2

2+ 
by adsorptive cathodic stripping voltammetry on a mercury 
electrode, but the toxicity, handling, and disposal of mer-
cury and its salts cannot be ignored. Without assistance of 
complexing, Nassab et al. [32] employed electropolymerized 
N-phenylanthranilic acid film electrode electrochemistry 
detection for  UO2

2+. However, the NPAA/GCE made use of 
metal ions with different redox potentials for selective detec-
tion of uranium. The PBCB/GCE has obtained good peaks 
for trace amounts of  UO2

2+, while other high-concentration 
metal ions have not obtained corresponding peaks.

Based on the above results, the PBCB/GCE high sen-
sitivity determination of  UO2

2+possible mechanism model 
was proposed in Fig. 6. Compared with the conventional 
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GCE, the PBCB/GCE exhibits excellent electrochemical 
performance and significantly improves the detection effect 
of  UO2

2+. The [VIUO2+

2
− Cupferron]

ads
 was obtained an 

electron, and it reduced to [VUO+

2
− Cupferron]

ads
 during 

potential deposition on the PBCB/GCE surface, and then 
the  [VUO+

2
− Cupferron]

ads
 was obtained two electrons, and 

it reduced to [IIIU3+ − Cupferron]ads  at cathodic stripping 
process. In addition, the cupferron plays the double role of 
a complexing and oxidizing reagent [3, 4, 16, 35], leading to 
the parallel chemical re-oxidation of [IIIU3+ − Cupferron]ads  
with  [VUO+

2
− Cupferron]

ads
 and hence enhanced electro-

chemical signal of  UO2
2+ (right side of Fig. 6). Meanwhile, 

the highly redox-active PBCB polymer was increasing the 

 UO2
2+ stripping peak current (the left side of Fig. 6). In 

the whole detection of  UO2
2+ process, the cupferron is not 

only a complexing agent but also an oxidizing agent. On the 
other hand, the PBCB may have acted as a reaction carrier 
[36, 37, 39, 43, 53], which oxidized [IIIU3+ − Cupferron]ads 
to [VUO+

2
− Cupferron]

ads
 . This improves the sensitivity of 

detecting  UO2
2+.

Repeatability, reproducibility, and interferences 
studies

To further demonstrate the application of PBCB/GCE, we 
investigated the repeatability and reproducibility of PBCB/

Table 1  Comparison of analytical performance of PBCB/GCE with other sensors for detection of  UO2
2+

a Square wave adsorptive stripping voltammetry
b Square wave voltammetry
c Cycle voltammetry
d Differential pulse adsorptive stripping voltammetry
e Differential pulse voltammetry

Number Sensor Method Analysis time (s) Linear range (μg·L−1) Detection limit (μg·L−1) Ref.

1 DNAzyme/AuNPs/BDT/Au DPVa – 0.0–1.19 – [10]
2 Cyanopyridine-derived fluo-

rescent
Florescence intensity – 2.28–12566.4 0.004 [13]

3 GCOOH/GCE SWAdSVb 1800 11.9–1190 – [18]
4 GRA/PAA SWVc – 2.70–67.5 0.26 [20]
5 cat-1/Au–NP@CNTs CVd – 0.49–170 – [14]
6 MUPA-SAM DPAdSVe 1000 0.119–7.14 0.10 [19]
7 RuNPs/GCE DPVa – 45.2–352 1.95 [17]
8 Bismuth film electrode SWAdSVb 600 10.0–300.0 0.30 [34]
9 NPAA/GCE DPAdSVe 400 0.50–30.0 0.15 [15]
10 GCE DPAdSVe 120 3.00–80.0 1.00 [4]
11 PNB/GCE DPAdSVe 180 0.30 –90.0 0.19 [16]
12 PBCB/GCE DPAdSVe 180 2.00–90.0

0.20–2.00
0.650 Φ 3 mm
0.067 Φ 1 mm

This work

Fig. 6  High-sensitivity elec-
trochemical determination of 
 UO2

2+ based on PBCB/GCE
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GCE in Fig. S9. A freshly prepared PBCB/GCE electrode 
was used for 10.0 μg·L−1  UO2

2+ nine parallel determina-
tions, and the relative standard deviation (RSD) was 4.2% 
(n = 27) in Fig. S9a. Seven PBCB/GCE sensors, one fresh 
sensor every day, were applied for 10.0 μg·L−1  UO2

2+ par-
allel determination, and the RSD was 5.4 % (n = 21), in 
Fig. S9b. These results indicate the good repeatability and 
reproducibility of the sensor and its potential capacity for the 
detection of  UO2

2+ in real environmental waters. Besides, 
the storage lifetime of the sensing was studied by storing the 
prepared electrode in 2~4 °C storage solutions (0.10 M pH 
6.80  Na2HPO4/NaH2PO4 containing 0.20 M  NaNO3) for 10 
days. The 70.06% of initial current was still retained after 
10 days, indicating that the long-term stability of sensor 
remains challenging, in Fig. S10.

The presence of organic compounds (surfactants: non-
ionic Triton X-100, cationic CTAB, and anionic SDS) [4, 
16, 33, 47] in natural environmental samples affected the 
determination of  UO2

2+ complexes. As shown in Fig. 7, 
the analytical stripping signal of  UO2

2+ decreased to 60% 
of its original value in the presence of 4.00 mg·L−1 of 
SDS, then the  UO2

2+ peak increased and trended to level 
off at the higher concentration. In addition, 4.00 mg·L−1 
Triton X-100 decreased the  UO2

2+ signal by about 20%; 
however, peak sharply decreased at higher concentra-
tions. Since environmental water samples usually con-
tain 0.010–2.00 mg  L−1 surfactant like Triton X-100 [54], 
there is almost no effect on the determination of  UO2

2+. 
The 4.00 mg  L−1 CTAB surfactant causes interference 
effects, however, to a lesser extent. Furthermore, the 
influence of other metal ions on the stripping signal of 

10.0 μg·L−1 U(VI) is studied in Table 2. It was observed 
that the Jp of U(VI) was not influenced by a 1000-fold 
excess of  Al3+,  Sr2+,  Sn2+,  Zn2+,  Ca2+,  Mg2+,  K2+ and 
 Pb2+; 500-fold excess of  Fe3+,  Co2+, and  Cu2+; 100-fold 
excess of  Mn2+ and  Cr2+. Considering the  Co2+,  Cu2+, 
and  Pb2+ are rarely present in natural water samples, the 
 UO2

2+ may be detected directly in real environmental 
water samples.

Analytical applications

We carried out verification of the feasibility of the PBCB/
GCE in practice use. Fig. S11 and Table S2 show good 
recovery rates of spiked amounts of  UO2

2+ in the river 
water and tap water samples. However, the sea-water sam-
ples of recovery were further decreased to 79.0 % and 84.8 
%, respectively. The origin of this impact factor was not 
clear but appears to be related to  UO2

2+ speciation in sea 
water sample. Besides, the comparison test results of water 
samples, like tap water and river water samples, obtained 
from the DPAdSV were in accordance with those detected 
by ICP-MS, which confirmed the accuracy and precision of 
the proposed DPAdSV. Therefore, the PBCB/GCE seems 
to be a promising chemical sensor for the determination 
of uranyl in environmental water, like river water and tap 
water.

Conclusion

We proposed an electrochemistry sensor, electropoly-
merization BCB-modified GCE, to determine  UO2

2+ in 
water samples by DPAdSV. In previous studies [2, 34, 
47], factors such as scale of electrode, deposition poten-
tial, and times have been reported to enhance the detec-
tion of  UO2

2+. We uncovered several additional factors, 
like conductivity, electroactive area, and redox activity. 
The combination of adsorption stripping voltammetry 
(AdSV) and complexing agents further improves the ana-
lytical performance of PBCB/GCE, which is a practical 
and effective analytical method. In addition, the PBCB/
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tnerruc
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Fig. 7  Effect of surface-active substances (Triton X-100, SDS, 
CTAB) on 10.0 μg·L−1  UO2

2+ determination. Other conditions, as in 
Fig. 3b

Table 2  Maximum tolerance concentration of interfering species with 
10.0 μg·L−1  UO2

2+ under optimum conditions

Metal ions Tolerance 
concentration 
(μg·L−1)

Al3+,  Sr2+,  Sn2+,  Mg2+,  Pb2+,  Mn2+,  Ca2+,  Zn2+, 
 K+

10,000

Co2+,  Fe3+ 5000
Cu2+,  Cr3+ 1000
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GCE was assessed for its analytical performance using tap 
water, river water, sea water, and interfering substances, 
such as SDS, Triton X-100, CTAB, and some metal ions. 
However, the PBCB/GCE was not suitable for the deter-
mination of  UO2

2+ in sea waters containing high amounts 
of salt due to  UO2

2+ speciation and other interfere ions in 
seawater. This work provided a novel perspective for the 
electroanalysis of  UO2

2+ on the surface of PBCB/GCE, 
which could also be beneficial to developing sensitive 
electrochemical sensors for other heavy metal ions with 
redox active polymer.
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