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A B S T R A C T   

Bismuth dendrites were electrodeposited onto an activated glassy carbon electrode and the resulting modified 
electrode was employed in the electrochemical detection of para-nitrophenol, an aromatic aquatic pollutant. The 
carbon electrode was activated by cycling between − 2.0 and 2.0 V vs. SCE to create active sites that can promote 
the electron transfer reaction. Bismuth dendrites were subsequently deposited at a potential of − 1.0 V vs. SCE 
for 400 s. A near 5-fold increase in the peak current associated with the conversion of para-nitrophenol (100 μM) 
to para-hydroxyaminophenol was obtained on activating the glassy carbon electrode. A more impressive 7-fold 
increase in the peak current was achieved on decorating the activated glassy carbon with bismuth dendrites. 
Calibration curves with linear regions from 1.6 to 170 μM and between 0.005 and 1.6 μM para-nitrophenol were 
obtained to give a LOD value of 0.18 nM and a sensitivity of 29.4 μA μM− 1 cm− 2 for the lower concentration 
range. Good repeatability, reproducibility and selectivity were achieved, while recovery values between 96.5 and 
106.7 % were obtained in water samples. In addition, the bismuth dendrites were easily regenerated through an 
oxidation step at 0.6 V vs. SCE followed by a 400 s electrodeposition period in 1.0 mM Bi(III).   

1. Introduction 

Nitrophenols, and especially para-nitrophenol (p-NP) or 4-nitrophe
nol, have long been known and recognised as priority pollutants in 
aquatic environments [1]. They are employed as precursors in the for
mation of dyes and indicators, pesticides, pharmaceuticals, and explo
sives and have the potential to enter the environment through the 
discharge of industrial wastewater [2]. Indeed, concentrations in the 
vicinity of 0.43 μg L− 1 have been reported in rivers in Europe [3]. The p- 
NP isomer has a high solubility in water, it is severely toxic and is a 
threat to all aquatic life and ecological environments. In particular, the 
nitro group is readily reduced by enzymes to produce a nitro radical 
anion, which in turn can generate a hydroxylamine derivative, which 
exerts mutagenic and carcinogenic effects [4,5]. Accordingly, the con
centration levels of p-NP in aquatic environments are especially 
important. For example the lethal (LC50) concentration, which is a good 
indicator of the acute toxicity of a pollutant, reflecting its concentration 
that kills 50 % of species, has been obtained for a number of aquatic 
species exposed to p-NP. The LC50 value has been reported as 540 μg L− 1 

for D. carinata (equivalent to 3.88 μM) over a 24 h exposure period to p- 
NP [6], while the LC50 values are 56 μg L− 1 (0.40 μM) for Daphnia and 

92 μg L− 1 (0.66 μM) for Carp [7]. Likewise, Yan et al. [8] determined the 
acute and chronic concentrations of algae exposed to p-NP as 2180 and 
218.0 μg L− 1, respectively. Therefore, the detection of p-NP at concen
trations in the vicinity of nM to low μM is particularly relevant in 
monitoring the quality of aquatic systems. 

Several analytical techniques such as high performance liquid 
chromatography (HPLC) [9,10], gas chromatography [11] and spec
trophotometry [12] can be employed in the detection of p-NP. Never
theless, they are not always suitable for the rapid and on-site analysis of 
water samples. On the other hand, sensors and especially electro
chemical sensors are attractive as they are simple to operate and are 
ideal for on-site analytical measurements. Indeed electrochemical sen
sors have been investigated extensively with several reports in the 
literature describing the electrochemical detection of p-NP [13–16]. 
These sensors are typically produced using metal oxide nanostructures 
[15], MXenes [13] or two dimensional layered materials [14] that can 
be time-consuming to fabricate. Moreover, they do not always provide a 
sufficiently low detection in the nM region for p-NP. For example, a 
CeFeP modified glassy carbon electrode (GCE) showed a linear range to 
0.1 μM [16], while detection limits of 0.61 and 2.88 μM were observed 
with CuBi2O4 [15] and reduced graphene oxide coupled with tungsten 
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oxide [14], respectively. 
Recently, it has been shown that when GCE electrodes are activated/ 

oxidised by cycling to potentials beyond the oxygen evolution reaction, 
they become very effective in facilitating electron transfer, making them 
attractive in the design of electrochemical-based sensors [17–20]. This 
has been attributed to the generation of oxygen-based functional groups, 
which are formed as the C–C bonds are attacked by •OH radicals, which 
are generated at the high potentials [21]. Another interesting approach 
is the utilisation of bismuth, which is non-toxic. Indeed, electro
deposited bismuth films and nanostructures have been used in the 
electroanalysis of metronidazole [22] and various heavy metal ions 
[23–25]. It has been shown that bismuth modified electrodes exhibit 
high overpotentials for the hydrogen evolution reaction and have low 
background currents. This makes bismuth interesting in the electro
chemical reduction of analytes, where the adsorption and reduction of 
hydrogen ions may be a competing reaction. 

In this paper we show that a glassy carbon electrode (GCE) can be 
easily activated using an electrochemical cycling process and then 
modified with bismuth dendrites using a simple electrodeposition 
routine. No drop-casting of electrocatalysts is required, where it can be 
difficult to achieve reproducible and uniform surfaces. Moreover, the 
sensor can be easily regenerated by oxidising and removing the bismuth 

dendrites followed by their subsequent electrodeposition. Finally, this 
sensor is very well suited to monitoring p-NP in water and in different 
aquatic environments at low μM and nM concentrations. 

2. Experimental 

Analytical grade chemicals, obtained from Merck/Sigma Aldrich, 
were used as received and consisted of phosphate salts to prepare 
buffers, bismuth nitrate, p-NP, sulfate, carbonate and acetate salts. The 
electrochemical experiments were performed using a Solartron 1287 
potentiostat, a Solartron 1287 potentiostat coupled with a 1255 FRA and 
a CHI potentiostat, for cyclic voltammetry (CV), electrochemical 
impedance and differential pulse voltammetry (DPV) experiments, 
respectively. The surface morphology experiments were performed 
using SEM (scanning electron microscopy) and EDX (energy dispersive 
X-ray analysis) with a Hitachi S–3200–N microscope and an Oxford 
Instrument INCAz-act ESX. The SEM micrographs were recorded using 
the modified glassy carbon electrodes (activated with the electro
deposited bismuth dendrites). The electrodes were held in place in the 
vacuum chamber using a custom-made electrode holder and imaged 
directly. 

A three-electrode electrochemical cell was used in all experiments. A 

Fig. 1. (a) CVs recorded for GCE, A-GCE, GCE/Bi and A-GCE/Bi in 100 μM p-NP; (b) peak currents plotted against the p-NP concentration; (c) peak current recorded 
in 100 μM p-NP as a function of the activation potential ranges used to form A-GCE; (d) current–time transients recorded at –0.75 V, –0.80 V, –0.85 V, –0.90 V, –0.95 
V, –1.0 V, –1.05 V and –1.10 V recorded in 1.0 mM Bi(NO3)3 at a pH of 1.5; (e) peak current recorded in 100 μM p-NP as a function of the electrodeposition potential 
and (f) electrodeposition time at − 1.0 V during the deposition of bismuth. 
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3 mm GCE (with a geometric surface area of 0.0707 cm2), a saturated 
calomel reference electrode (SCE) and a high surface area platinum wire 
were employed as the electrodes. The GCE was polished using a 1 µm 
particle sized diamond suspension (Akasol), then sonicated, rinsed 
thoroughly with deionised water and dried. Four electrodes were pre
pared, the bare unmodified GCE, the bismuth modified GCE (GCE/Bi), 
the activated GCE (A-GCE) and the bismuth modified A-GCE (A-GCE/ 
Bi). The GCE/Bi was prepared by immersing the cleaned GCE in a 1.0 
mM Bi(NO3)3 solution dissolved in HNO3 and adjusted to a pH of 1.5 by 
mixing with CH3COONa and CH3COOH (pH 4.4) and applying a po
tential of − 1.0 V vs. SCE for 400 s to reduce the Bi(III). The activated 
GCE (A-GCE) was formed in a 0.1 M phosphate buffer (pH = 6.0) by 
cycling at 100 mV s− 1 between –2.0 V and 2.0 V vs. SCE for 30 cycles. 
After activation, the A-GCE was washed with deionised water and dried. 
The A-GCE//Bi was formed through the electrodeposition of bismuth 
onto the A-GCE in the acidified 1.0 mM Bi(NO3)3 at − 1.0 V vs. SCE for 
400 s. 

Unless otherwise stated, the CV data were recorded at 50 mV s− 1, and 
the DPV data were recorded with a pulse amplitude of 50 mV, a pulse 
width of 0.05 s, sampling width of 0.0167 s, and a pulse period of 0.50 s. 
The impedance data were collected at applied potentials where the 
reduction of p-NP occurred, i.e., at − 0.8 V vs. SCE for bare GCE, − 0.5 V 
vs. SCE for GCE/Bi, − 0.7 V vs. SCE for A-GCE and − 0.68 V vs. SCE for A- 
GCE/Bi in the buffered 100 μM p-NP solution, using a perturbation po
tential of 10 mV. The data were recorded after a 30 min period at the 
required potential. All solutions were deoxygenated with high purity 
nitrogen gas for a 30 min period prior to the electrochemical measure
ments. All experiments were performed in triplicate and using the 
standard deviation (σ) and number of experiments performed (n) the 
standard error was computed as σ/n1/2. 

3. Results and discussion 

3.1. Selection of modified electrodes 

A comparison of the four electrodes in the electrochemical reduction 
of p-NP to p-hydroxyaminophenol is illustrated in Fig. 1. It is clearly 
evident in Fig. 1(a) that the A-GCE/Bi gives the highest peak current and 
performs best in the detection of p-NP. The bare GCE exhibits a broad 
reduction wave at about –0.80 V vs. SCE, with a low peak current of 
7.82 μA. On activating the GCE (A-GCE), a sharper peak with a higher 
peak current (36.82 μA) is achieved and the peak potential is shifted to a 
more thermodynamically favourable value of ca. –0.70 V vs. SCE. An 
even greater shift in the peak potential is seen when bismuth is elec
trodeposited onto the surface, with a peak potential of − 0.50 V vs. SCE, 
but with a somewhat low peak current. However, when bismuth is 
electrodeposited onto the activated GCE to give A-GCE/Bi, a much 
higher peak current of 55.62 μA is obtained. Although the peak potential 
is considerably lower than the GCE/Bi, the reduction peak potential of 
–0.68 V vs. SCE compares very well to some recently reported materials 
that have been employed to detect p-NP with peak potentials varying 
from –0.73 V vs. Ag/AgCl [26] to –0.77 V vs. Ag/AgCl [27]. The ability 
of these four electrodes to detect p-NP is more clearly evident in Fig. 1(b) 
where the peak current is shown at lower p-NP concentrations from 1.5 
to 6.5 μM. Here, the A-GCE/Bi provides the highest gradient of 0.48 μA 
μM− 1, while lower values of 0.32 μA μM− 1 for A-GCE and 0.12 μA μM− 1 

for GCE/Bi were seen, highlighting the advantage of combining the 
electrodeposition of bismuth with the activated GCE. 

The influence of the activation process is summarised in Fig. 1(c) 
where it is evident that optimum activation occurs by cycling the GCE 
between the potentials of –2.0 V and 2.0 V vs. SCE at 100 mV s− 1 for 30 
cycles. With higher upper potentials of 2.2 and 2.4 V vs. SCE, somewhat 
lower peak currents are seen and this is coupled with more capacitive 
background currents. The current–time transients recorded during the 
electrodeposition of bismuth are shown in Fig. 1(d). It is clear that the 
rate of electrodeposition increases on applying more negative potentials. 

On application of the potential there is a sharp increase in the current, 
which then decays due to the charging of the double layer. This is then 
followed by nucleation and growth of the bismuth deposits. Interest
ingly, there is no evidence for the overlapping of nuclei, as the nucle
ation current continues to increase with increasing deposition periods. 
At the higher overpotentials there is evidence of the competing 
hydrogen ion reduction reaction, and this is clearly seen at –1.1 V vs. 
SCE. 

It was found that the optimum bismuth electrodeposition period at 
the activated GCE was 400 s at a fixed potential of –1.0 V. This is 
illustrated in Fig. 1(f), where the highest peak currents can be obtained 
with a 400 s electrodeposition period. This optimum deposition time 
gives rise to a 51 % increase in the peak current for A-GCE/Bi compared 
to A-GCE. In addition, the influence of the electrodeposition potential is 
summarised in Fig. 1(e), where electrodeposition at –1.0 V gives the 
highest peak current. The sharp decrease in the p-NP reduction peak 
current, which is evident at –1.2 V vs. SCE, is probably related to the 
competing hydrogen ion reduction reaction in the acidic Bi(III) solution. 
This competing reaction will lead to lower amounts of electrodeposited 
bismuth and may also alter the nature of the bismuth deposits. The 
electrodeposition of Bi(III) was studied further by altering the pH of the 
solution, and the optimum pH was found to be at a value of 1.5. Indeed, 
higher pH values gave rise to the precipitation of bismuth hydroxides. 

The reproducibility of the A-GCE, GCE/Bi and A-GCE/Bi as sensors is 
summarised in Table 1. These data were recorded in a neutral and 
buffered 100 μM p-NP solution. Very good reproducibility is evident 
with all three sensors, with RSD values varying between 1.53 and 3.33 
%. It is also evident from this table that the A-GCE/Bi has the lowest 
error, with the RSD at the relatively low value of 1.53 %. 

3.2. Characterisation studies 

The surface morphology of the A-GCE/Bi, GCE and A-GCE is shown 
in Fig. 2. The images in Fig. 2(a) and (b), which represent the A-GCE/Bi 
electrode, indicate the formation of bismuth dendrites that are dispersed 
across the surface. These images are very different to the activated GCE, 
Fig. 2(c). The A-GCE shows evidence of surface dissolution, resembling 
pitting attack and these pits are uniformly dispersed across the surface. 
This is consistent with previous studies where it has been reported that 
carbon-based substrates can be oxidised when polarised at high poten
tials beyond the oxygen evolution reaction [17–20]. At these high po
tentials, OH• radicals are formed and these can attack the C–C bonds to 
give oxygen-containing groups [21]. Indeed, it has been suggested that 
these oxygenated species facilitate and increase the rate of electron 
transfer and this is consistent with the data presented in Fig. 1(a). In 
Fig. 2(d), the bare GCE is evident and is free from any surface attack. The 
EDX spectrum presented in the inset of Fig. 2(d) shows the spectrum of 
the A-GCE/Bi, with clear indications for the presence of Bi. The oxygen 
occurs mainly from the oxygenated species that are present on the A- 
GCE. Mapping experiments are shown in Fig. 2 for carbon (C), bismuth 
(Bi), and oxygen (O) and it is clear that the bismuth and oxygen are 
reasonably well distributed over the surface. 

The impedance spectra of the different electrodes recorded in the 
presence of 100 μM p-NP is shown in Supplementary Information, 
Fig. S1. These data were recorded at a fixed potential that coincides with 
the peak potentials observed in the voltammograms for the reduction of 
p-NP. In this analysis, the experimental data are depicted as symbols, 

Table 1 
Reproducibility of GCE/Bi, A-GCE and A-GCE/Bi in the detection of p-NP.  

100 μM p-NP Peak Current (μA) RSD (%) (n = 5) 

1 2 3 4 5  

GCE/Bi  15.9  14.9  15.5  14.6  15.2  3.33 
A-GCE  37.8  35.9  36.7  37.5  36.8  2.01 
A-GCE/Bi  56.3  55.8  54.9  54.1  55.5  1.53  
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while the fitted data are shown as continuous traces. All data were fitted 
using the equivalent circuit provided in Fig. S1. Here, the solution 
resistance is represented as R1, the charge-transfer resistance is denoted 
as R2, while the CPE elements represent constant phase elements, with 
CPE1 corresponding to the double layer capacitance and CPE2 indi
cating diffusional processes. The impedance profiles are similar showing 
a semicircle at higher frequencies and a diffusion tail at lower fre
quencies, with little indications that the electrodeposition of the bis
muth dendrites give rise to any reduction in the charge transfer 
resistance. Indeed, the lowest charge-transfer resistance of 6073 ± 342 

Ω was obtained for the A-GCE. On the electrodeposition of the bismuth 
dendrites an increase in the charge transfer resistance was observed, 
with a 12 % increase seen on the electrodeposition of bismuth at the A- 
GCE and a 10 % increase evident on modifying the bare GCE with the 
bismuth dendrites. The highest capacitance (CPE1 with n > 0.86) was 
observed with the activated electrodes, with a value of 23.11 ± 0.45 μF 
for the A-GCE/Bi and 26.58 ± 0.72 μF for the A-GCE and this is 
consistent with the generation of oxygenated groups during the activa
tion process. 

Fig. 2. SEM micrographs recorded for A-GCE/Bi at (a) low and (b) higher magnification; (c) micrographs recorded for A-GCE; (d) micrographs for unmodified GCE 
with EDX spectrum recorded for A-GCE/Bi in the inset, and mapping data for C, O and Bi. 
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3.3. Influence of pH, adsorption-like behaviour and kinetics 

The influence of the pH of the electrolyte on the reduction of p-NP 
was studied at both the A-GCE and A-GCE/Bi. It was found that the pH 
had a significant influence on the reduction peak potential as shown in 
Fig. 3(a) for A-GCE and in Fig. 3(b) for A-GCE/Bi, with the peak po
tential shifting to lower potentials on increasing the pH of the solution. 
On plotting the peak potential as a function of the pH (Fig. S2(a) and (b)) 
linear plots were obtained, and the linear regression equations were 
deduced as Ep = –0.047 pH – 0.39 (R2 = 0.98) for the A-GCE and Ep =

–0.049 pH –0.35 (R2 = 0.99) for the A-GCE/Bi. These slopes are in 
reasonable agreement with the Nernst equation, where at 298 K, the 
theoretical slope is predicted as –0.0591 V/pH for the transfer of equal 
numbers of protons and electrons. This is consistent with the transfer of 
four electrons and four protons with the conversion of the –NO2 group to 
–NHOH. The optimum pH for both electrodes was about a pH of 7.0, 
while lower peak currents were evident at more acidic and alkaline pH 
values, Fig. S2(c) and (d). 

Scan rate studies were carried out to determine if the electrochemical 
reduction of p-NP was under diffusion or adsorption control. The scan 
rate was varied between 20 and 200 mV s− 1. The resulting data were 
analysed using the Randles-Sevick equation, where the peak current was 
plotted as a function of the square root of the scan rate. In addition, the 
peak current was plotted as a function of scan rate and the logarithm of 
the peak current was plotted as a function of the logarithm of the scan 
rate. From these analyses it is evident that the reduction of p-NP is under 
typical diffusion control for the GCE and GCE/Bi, but on activation of 
the GCE the rate determining-step becomes a mixed adsorption and 
diffusion process. Representative voltammograms recorded at different 
scan rates are presented in Fig. 3(c) for the A-GCE and Fig. 3(d) for the A- 
GCE/Bi. The corresponding analyses, where the peak current is plotted 
as a function of scan rate and the associated logarithmic plot are 
depicted in Fig. S3(a) and (b), respectively for the A-GCE. A linear 
relationship, with the regression equation, Ip (μA) = 0.67v (mV/s) +
9.35 and R2 of 0.999 was obtained. Furthermore, the slope of the log
arithmic plot was computed as 0.81, indicating the emergence of an 
adsorption process that can be attributed to the generation of defects 
and oxygenated sites during the activation process that facilitate 

adsorption. Interestingly, on electrodeposition of the bismuth dendrites, 
the mixed diffusion-adsorption process is maintained, as illustrated in 
Fig. S3(c) and (d). The linear regression equations were determined as, Ip 
(μA) = 0.99v (mV/s) + 11.31 with R2 at 0.998 and log Ip = 0.81 log v +
0.43, R2 of 0.991, with I expressed as μA and v as mV/s. Here, the slopes 
at 0.81 for A-GCE and 0.81 for A-GCE/Bi are identical, indicating a 
similar mixed diffusion adsorption process at the two modified 
electrodes. 

The emergence of an adsorption process was further probed by 
determining the optimum immersion period and any related memory 
effects associated with the adsorption of p-NP. These experiments are 
summarised in Fig. S4 for both the A-GCE and the A-GCE/Bi. It is evident 
in both cases that the current becomes higher on increasing the im
mersion period before the voltammograms are recorded. The optimum 
immersion period is approximately 7 min for the A-GCE and the memory 
effect can be seen in Fig. S4(c). Clear evidence for the accumulation of p- 
NP can be seen in Fig. S4(c) with a significant reduction wave indicating 
the presence of p-NP for the first cycle, and a somewhat lower peak 
current for the second cycle. The corresponding experiments for the A- 
GCE/Bi are presented in Fig. S4(b) and (d) and again adsorption is 
evident. Although the maximum adsorption occurs at a slightly longer 
time of 8 min, which may indicate a somewhat slower accumulation 
process at the bismuth dendrite modified surface, prominent peaks are 
evident for the first cycle with smaller peaks following the second, third 
and fourth cycles. 

On comparing the CVs shown for the A-GCE and A-GCE-Bi, Fig. 3(c) 
and (d), it is evident that the peak potential increases at a slightly greater 
rate with increasing scan rate for the A-GCE/Bi. This indicates that the 
electron-transfer becomes somewhat slower on decorating the activated 
GCE with the bismuth dendrites. This becomes more evident on plotting 
the peak potential (Ep) as a function of the natural logarithm of the scan 
rate (v), as shown in Fig. S4(e). Linear plots were obtained for both the 
A-GCE and A-GCE/Bi, as illustrated in Fig. S4(f). The linear regression 
equations were obtained as, Ep (V) = –0.029 lnν (mV/s) – 0.596 (R2 =

0.995) and Ep (V) = –0.035 lnν (mV/s) – 0.554 (R2 = 0.998) for the A- 
GCE and A-GCE/Bi, respectively. The higher slope for the A-GCE/Bi 
indicates a somewhat slower rate of electron transfer. This is in good 
agreement with the electrochemical impedance studies which show an 

Fig. 3. DPVs recorded in 100 μM p-NP as a function of pH for (a) A-GCE and (b) A-GCE/Bi and (c) CVs recorded at scan rates from 20 to 200 mV s− 1 for A-GCE and 
(d) A-GCE/Bi. 
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increase in the charge transfer resistance on modifying the electrode 
with the bismuth dendrites. 

Using the Laviron method, which is described in Equation (1), where 
R, T and F represent the gas constant, thermodynamic temperature and 
Faraday constant, respectively, the αn values were estimated as 0.88 for 
A-GCE and 0.73 for the A-GCE-Bi. This indicates a significant deviation 
from the theoretical value of 2.0 arising from a value of 0.5 for α when n 
is set at 4. However, this may be related to the nature of the p-NP 
reduction reaction, with an initial slow one-electron transfer step, Eq. 
(2), followed by the transfer of three electrons, Eq. (3) [28]. Indeed, on 
assuming n is 1.0, then α values were computed as 0.88 for A-GCE and 
0.73 for the A-GCE-Bi, which fall within the likely values for α (0.1 < α 
< 0.9). 

Ep = E0 +

(
RT
αnF

)

ln
(

RTKs

αnF

)

+
RT
αnF

lnν (1)  

R − NO2 + e− →R − NO−
2 (fast) (2)  

R − NO−
2 + 3e− + 4H+→R − NHOH+H2O(slow) (3) 

It is clear from this analysis that the improved performance of the A- 
GCE/Bi, Fig. 1, is not related to an increase in the rate of electron 
transfer. It appears to be more connected with an increase in the surface 
area of the A-GCE/Bi and the transition to a mixed diffusion-adsorption 
process, with the bismuth dendrites providing more adsorption sites. 

Indeed, on comparing the memory effects in Fig. S4(c) and (d) there is 
evidence that higher amounts of p-NP are adsorbed at the A-GCE/Bi. 

3.4. Performance of sensor 

The performance of A-GCE and A-GCE/Bi in the electrochemical 
detection of p-NP from 0.005 to 170 μM is illustrated in Fig. 4. Here, the 
data were recorded using differential pulse voltammetry. The voltam
mograms are depicted in Fig. 4(a) and (b) for the A-GCE and A-GCE/Bi, 
respectively. In both cases, the peak potentials remain essentially con
stant and independent of the concentration, while the peak current in
creases with increasing concentrations of p-NP. On plotting the peak 
current as a function of the concentration, linear calibration curves were 
obtained. The linear regression equation for A-GCE/Bi was deduced as, 
Ip(μA) = 0.47c(μM) + 5.75 (R2 = 0.996) from 1.6 to 170 μM (Fig. 4(d)), 
while with lower concentrations from 0.005 to 1.6 μM, the linear 
regression equation became, Ip(μA) = 2.06c(μM) + 1.81 (R2 = 0.994), 
Fig. 4(f), indicating a much higher gradient (2.06 μA μM− 1 or 29.4 μA 
μM− 1 cm− 2, where the geometric surface area was used to compute the 
current density) at the lower concentrations. Using the well-known 
expression where LOD = 3σ/sensitivity, the LOD was computed as 
0.18 nM. 

Similar experiments were carried out for the A-GCE, with the LOD 
estimated as 0.32 nM. The linear regression at higher concentrations, 
from 1.6 to 170 μM, was deduced as Ip(μA) = 0.323c(μM) + 4.856, (R2 =

Fig. 4. DPVs recorded as a function of concentration from 0.005 to 170 μM p-NP for (a) A-GCE and (b) A-GCE/Bi; peak current plotted as a function of concentration 
for (c) A-GCE and (d) A-GCE/Bi; peak current plotted as a function of the lower concentrations for (e) A-GCE and (f) A-GCE/Bi. 
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0.999), Fig. 4(c), while at lower concentrations, from 0.005 to 1.6 μM, 
the linear regression, Ip (μA) = 1.4527c(μM) + 2.68 (R2 = 0.9976), Fig. 4 
(e) was obtained. As illustrated in Table 2, where the linear regions and 
LOD values are presented for a variety of recently reported sensors for 
the detection of p-NP, this simple activated GCE and the activated GCE 
with bismuth dendrites compare very well. Moreover the A-GCE/Bi has 

an impressive sensitivity of 29.4 μA μM− 1 cm− 2. The typical concen
trations of p-NP in aquatic environments can vary from 0.43 μg L–1 in 
rivers [3] to concentrations ranging from 0.22 to 1.65 μg L–1 in snow 
covered regions [29]. Therefore, the LOD of 0.18 nM obtained for the A- 
GCE/Bi, coupled with its good sensitivity of 29.4 μA μM− 1 cm− 2 makes it 
a suitable sensor for these environments. 

The selectivity of the A-GCE/Bi sensor is represented in Fig. 5(a), 
where the peak current recorded for 100 μM p-NP is designated as Io and 
the current recorded in the presence of the interferent is I, with a value of 
unity indicating no interference. In these experiments, a 100 μM solution 
of p-NP in the presence of a 10-fold excess of the interferents except for 
ortho-nitrophenol (o-NP) and the nitro-based drug metronidazole (MTZ). 
These two compounds were maintained at 100 μM. Very good selectivity 
can be seen in the presence of acetates, sulfates, nitrates and carbonates. 
Likewise good selectivity is seen on the addition of hydrocortisone (HC), 
ascorbic acid (AA) and glucose (Glu). Nevertheless some interference is 
evident with o-NP and MTZ, as shown in Fig. 5(c) and (d), respectively. 
This is not surprising as these two nitro-based compounds can be elec
trochemically reduced and the reduction process involves the conver
sion of the nitro groups to a hydroxylamine groups. The selectivity was 
further explored using a spiking and recovery approach, where a known 
amount of p-NP was added and then the sensors were employed to 
determine the concentration of p-NP in the sample. Both deionised water 
and tap water were employed and the results are summarised in Table 3. 
Good recovery, varying from 96.5 to 106.7 %, was achieved with the A- 
GCE/Bi with added concentrations of 3, 6 and 10 μM p-NP. The stability 
of the A-GCE/Bi is illustrated in Fig. 5(b), where the peak current is 
shown as a function of the cycle number for both a stagnant solution and 
an agitated solution. For comparative purposes, data for the A-GCE are 

Table 2 
Comparison with recently reported sensors for the detection of p-NP.  

System Technique LOD/ 
nM 

Linear 
Range/μM 

Ref 

L-Cys/Nd2O3/rGO/GCE SWV 20 0.05–8 
10–50 

[30] 

Carboxymethylcellulose/ 
polyaniline/GCE 

DPV 53 0.05–100 [31] 

polyspirofluorene film/GCE DPV 10 0.1–120 [32] 
rGO-NiCo2O4/aminopropyl- 

triethoxysilane/GCE 
DPV 5 0.005–5 [33] 

AgNPs/GCE DPV 15 0.1–350 [34] 
CeMoSe2/GCE LSV 3.5 0.04–280 

300–1980 
[26] 

Nanoparticle GC film CV 230 0.5–3.0 
3–3000 

[35] 

Ni3Se4/rGO/ITO DPV 17.1 0.05–5 
5–200 

[36] 

Pyridine diketopyrrolopyrrole/ 
GO/GCE 

DPV 100 0.5–50 
50–163 

[37] 

CeFeP/GCE DPV 10 0.1–50 [16] 
A-GCE DPV 0.32 0.005–1.6 

1.6–170  This 
A-GCE/Bi DPV 0.18 0.005–1.6 

1.6–170 
Work  

Fig. 5. (a) Selectivity, I/Io, for A-GCE/Bi in the presence of different interference substances; (b) peak current plotted as a function of cycle number for A-GCE and A- 
GCE/Bi with and without stirring in 100 μM p-NP; (c) CV recorded for A-GCE/Bi in 100 μM p-NP and 100 μM MTZ; (d) CV recorded for A-GCE/Bi in 100 μM p-NP and 
100 μM o-NP; (e) CVs recorded for A-GCE/Bi in 100 μM p-NP following removal and deposition of new Bi dendrites. 
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also shown. In both cases very good stability is observed with little 
change in the peak current over 50 cycles. 

One of the advantages of decorating the A-GCE with bismuth den
drites is that the bismuth can be easily oxidised and removed from the 
sensor, and this can be later followed by the deposition of fresh dendrites 
at the A-GCE. In order to explore the potential of this regeneration step, 
the bismuth was oxidised at 0.60 V for 10 min and then a fresh layer of 
bismuth was electrodeposited from the acidified 1.0 mM Bi(NO3)3 so
lution. The newly regenerated A-GCE/Bi was then used in the detection 
of 100 μM p-NP. These steps were repeated a total of five times and the 
corresponding data are shown in Fig. 5(e). Here it is evident that the five 
voltammograms are very similar, giving nearly identical peak currents 
and peak potentials. This clearly shows that the A-GCE/Bi sensor can be 
easily and readily regenerated and this may be very relevant in complex 
environments where the sensor may be poisoned. 

4. Conclusions 

In this work, we show that a simple A-GCE combined with a 400 s 
period for the electrodeposition of bismuth can be used to give the 
effective detection of p-NP in aqueous systems. An impressive limit of 
detection of 0.18 nM and sensitivity of 29.4 μA μM− 1 cm− 2 coupled with 
very good reproducibility, repeatability, recovery in water and accept
able selectivity were achieved with this simple approach. The good 
detection in the presence of the bismuth dendrites was attributed to 
enhanced adsorption of the p-NP. While various electrocatalytic mate
rials have been synthesised and then drop-cast onto GCE to form a 
myriad of electrochemical sensors, this simple approach avoids the need 
for drop-casting. Moreover, the bismuth dendrites can be easily regen
erated making this combination suitable in complex media that may 
otherwise contaminate or poison the electrode surface. 
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[9] A. Peñalver, E. Pocurull, F. Borrull, R.M. Marcé, Solid-phase microextraction 
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electrodes, Electrochem. Commun. 4 (2002) 193–196, https://doi.org/10.1016/ 
S1388-2481(01)00301-0. 
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