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A B S T R A C T   

Metronidazole is a well-known antimicrobial drug that belongs to the nitroimidazole family of antibiotics. It has 
been widely used in the treatment of infections, but its accumulation in aquatic environments is an emerging 
concern. In this study a glassy carbon electrode was modified with graphene (Gr) nanoplatelets and bismuth. 
Both the Gr and Bi were electrochemically deposited onto the glassy carbon and the modified electrode was 
employed in the electrochemical detection of metronidazole. At the modified electrode, the reduction of 
metronidazole was found to be an adsorption-controlled reaction. The optimised sensor, which was fabricated 
within 6 min, exhibited good selectivity in the presence of various inorganic and organic compounds, good 
recovery in tap water, and exhibited a linear calibration curve extending from 0.005 to 260 μM, with a limit of 
detection of 0.9 nM. The sensor was easily regenerated through the simple oxidation of the Bi deposit followed by 
a 100 s reduction period in the Bi(III) solution to give a newly generated surface. Good reproducibility was 
achieved using this simple regeneration approach.   

1. Introduction 

Metronidazole (2-methyl-5-nitroimidazole-1-ethanol) (MTZ) be
longs to the nitroimidazole family of antibiotics and it has been 
commonly used in the treatment of infections caused by bacteria such as 
helicobacter pylori [1], giardia lamblia and trichomonas vaginalis [2]. 
More recently, it has been used to treat oral and dental infections, res
piratory tract infections and Crohn’s disease [3]. It is an effective anti
microbial agent against anaerobic bacteria, with added antiparasitic 
properties, and it has been used extensively to treat infections in both 
humans [3] and animals [2]. Nevertheless, MTZ has genotoxic and 
mutagenic side effects [3]. Its accumulation in the aquatic environment 
is especially concerning as it can be hazardous to both humans and 
aquatic life. It has a very high solubility in water, and exhibits very good 
stability, with poor biodegradability, photo and hydrolytic breakdown, 
meaning that it can persist for considerable time in aquatic environ
ments. Indeed, high levels of pharmaceuticals, including MTZ, have 
been detected in water supplies in urban areas [4], and these 
MTZ-contaminated sites are at a risk of proliferating antimicrobial 

resistance. This has direct implications for the UN Sustainable Devel
opment Goal of clean water and sanitation. 

Consequently, there is much interest in developing methods that can 
not only be employed in the determination of MTZ in biological media, 
but also in aquatic environments. Electrochemical sensors that are 
capable of detecting MTZ have several advantages over some of the 
more standard analytical techniques, such as high performance liquid 
chromatography. These include simplicity and portability with little 
sample preparation. Nevertheless, electrochemical sensors need to have 
high sensitivity and selectivity with good stability. Therefore, electrode 
surface modifiers are often employed and various MTZ sensors have 
been fabricated using this approach. Several carbon-based materials 
have been modified and employed, including carbon nanotubes in car
bon pastes [5], carbon fibres [6], diamond [7], and graphene-modified 
sensors [8–10], including graphene modified with copper oxide nano
particles [10], silver nanoparticles [11] and nickel manganous oxide 
nanoparticles [12]. For example, a sensor formed with dysprosium 
vanadate nanoparticles combined with oxidised carbon nanofibers [6] 
has been employed to give impressive detection with a limit of detection 
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in the nM region. While many of these sensors have very good analytical 
performances, they have time consuming synthetic steps [5,9], 
solution-based processing [6], with long drying periods [8]. In addition, 
there is little evidence to indicate that the surfaces can be easily re
generated or renewed. 

As MTZ is typically reduced at applied potentials in the vicinity of 
− 0.6 V to − 0.8 V vs SCE, then electrodeposited or electroplated bismuth 
films may be suitable in its detection. Recently, bismuth films have been 
employed successfully using stripping voltammetry in the detection of 
heavy metal ions [13–15]. Simultaneous detection has been achieved at 
bismuth modified electrodes with Cd(II) and Pb(II) [16], Cd(II), Zn(II) 
and Pb(II) [17], and Cd(II) and Pb(II) [18]. While bismuth modified 
electrodes are normally used in the detection of heavy metal ions, they 
have more recently been successfully utilised in the electrochemical 
detection of nitrophenols [19,20], while bismuth oxides have been 
employed in the detection of paracetamol [21]. It has been suggested 
that bismuth is a good replacement for the well-known mercury elec
trodes, especially the dropping mercury electrode (DME), which possess 
a wide electrochemical window [22,23], but are no longer used due to 
environmental concerns. For example, it was shown by Hutton et al. 
[23] that electrodeposited Bi film electrodes have high hydrogen over
potentials and low background currents. Furthermore, bismuth is a 
non-toxic element. Indeed bismuth oxides have been suggested as 
contrast agents in X-ray computed tomography (CT) [24]. 

In this paper, we show that an electrodeposited bismuth film 
deposited onto a graphene modified glassy carbon electrode gives a 
simple and effective sensor for the electrochemical detection of MTZ. 
Furthermore, the sensor surface can be easily renewed by the simple 
oxidation and removal of the bismuth film, followed by its subsequent 
regeneration through electrochemical deposition. 

2. Experimental 

All chemicals, including bismuth nitrate pentahydrate, Bi 
(NO3)35H2O, metronidazole, phosphate and acetate salts, acetic acid, 
and graphene nanoplatelets, Gr (10 μm), were obtained from Sigma
–Aldrich. All chemicals were of analytical grade reagents and used 
without any further purification. Cyclic voltammetry measurements 
were recorded using a Solartron 1287 potentiostat. The surface 
morphology was studied using scanning electron microscopy (SEM) 
with a Hitachi S-3200-N microscope, while energy dispersive X-ray 
analysis (EDX) was carried out using an Oxford Instrument INCAz-act 
ESX system. The UV–visible spectroscopy measurements were recor
ded using a Cary 50 spectrometer, while the FTIR measurements were 
performed using a Nicolet iS50 FTIR spectrometer. 

A standard three-electrode cell was employed in all electrochemical 
measurements. A glassy carbon electrode (GCE), 3 mm in diameter, was 
utilised as the working electrode, a high surface area platinum wire 
served as the counter electrode, and a saturated calomel electrode (SCE) 
was employed as the reference. Unless otherwise stated, all potentials 
are provided with respect to the SCE reference electrode. The GCE was 
polished on a micro-cloth (Aka-Napel cloth) with progressively smaller 
sized diamond suspensions (Akasol) to a final 1 μm particle size, soni
cated, thoroughly rinsed with deionised water and dried under a stream 
of air. 

Unless otherwise stated, a 1.0 mM Bi(NO3)35H2O solution was pre
pared by initially dissolving 10 mM Bi(NO3)35H2O in 0.1 M HNO3 to 
give complete dissolution without any insoluble hydroxides. This solu
tion was then diluted with 0.1 M acetate buffer at a pH of 4.4 to give the 
1.0 mM Bi(NO3)35H2O in 0.01 M HNO3 and 0.09 M acetate with a final 
pH of 1.23. The suspension of Gr (5 mg ml− 1) was prepared by dispersing 
Gr nanoplatelets in a 0.1 M phosphate buffer (PBS) at a pH of 7.0 using 
ultrasonication. The bismuth modified GCE (GCE/Bi) was fabricated 
using the 1.0 mM bismuth nitrate solution by applying a constant po
tential of − 1.0 V for 100 s. The Gr and bismuth modified GCE (GCE/Gr/ 
Bi) was fabricated through successive electrodeposition of Gr and 

bismuth. First, Gr was electrochemically deposited on the surface of GCE 
to form GCE/Gr by scanning for five cycles at a scan rate of 50 mV s− 1 in 
the potential range from − 1.5 V to 0.8 V vs SCE with magnetic stirring of 
the Gr dispersion. After electrodeposition, the prepared electrode, GCE/ 
Gr, was washed with deionised water. Next, the GCE/Gr was immersed 
in 1.0 mM bismuth nitrate solution, and a constant potential of − 1.0 V vs 
SCE was applied for 100 s to form GCE/Gr/Bi. 

A stock solution of 4 mM MTZ was prepared in PBS buffer (0.1 M) at a 
pH of 7.0. The pH was varied between 3.5 and 13.0 by adding HNO3 or 
NaOH to the 0.1 M PBS solution. Unless otherwise stated, the cyclic 
voltammetry (CV) experiments were performed at a scan rate of 50 mV 
s− 1 in solutions deoxygenated for 20 min using high purity nitrogen gas. 

3. Results and discussion 

The GCE/Gr, GCE/Bi and GCE/Gr/Bi electrodes were formed, char
acterised and then employed in the electrochemical detection of MTZ. 
The corresponding results are described and discussed in the following 
sections. 

3.1. Formation and characterisation of the modified electrodes 

The reduction of Bi(III) at the GCE was carried out in acidified so
lutions, to prevent the formation of insoluble bismuth oxides/hydrox
ides. The reduction of Bi(III) can be described by Eq. (1), where the 
reduction potential is predicted to occur at 0.17 V with a 5.0 mM con
centration. As shown in Fig. 1(a), the reduction of Bi(III) gives rise to an 
unsymmetrical reduction wave with a peak potential centred at 
approximately − 0.17 V. This gives an overpotential of approximately 
0.34 V. The corresponding oxidation wave is evident with a peak po
tential at about − 0.10 V vs SCE and this peak is more symmetrical as the 
deposited bismuth is oxidised. It is clear from this voltammogram that 
the upper potential is limited by the oxidation of the deposited bismuth 
which begins at potentials in the vicinity of − 0.20 V. Therefore, the 
voltammograms recorded for MTZ in PBS were cycled to an upper po
tential of − 0.30 V vs SCE to prevent the oxidation of bismuth (as the 
oxidation of the deposited bismuth begins at potentials of about − 0.30 V 
vs SCE when the GCE/Bi is placed in MTZ at a pH of 7.0.  

Bi3+ + 3e− → Bi E = 0.215 + 0.0197 log[Bi(III)]                                  1 

The voltammograms recorded with GCE, GCE/Gr, GCE/Bi and GCE/ 
Gr/Bi are compared at a concentration of 0.1 mM MTZ in Fig. 1(b). It is 
obvious that the MTZ undergoes an irreversible redox reaction. The 
corresponding reduction reaction is summarised in Scheme 1, where the 
MTZ is reduced through a 4H+/4e− transfer step to give the N-hydroxy 
amino compound [6]. On comparing the four electrodes, it is seen that 
the reduction of MTZ occurs at the highest overpotential at an applied 
potential of about − 0.74 V vs SCE for the unmodified GCE with a very 
low peak current. A considerable reduction in the overpotential and a 
clear increase in the peak current is seen with the GCE/Bi. A further 
increase in the peak current is observed on the modification of GCE with 
Gr, and the highest peak current is seen with the GCE/Gr/Bi, with the 
peak potential at − 0.64 V vs SCE and a peak current of 0.07 mA. 
Although the more thermodynamically favoured reduction of MTZ is 
seen with the GCE/Bi electrode, the highest peak current is obtained 
when the Bi is combined with the deposited Gr to give GCE/Gr/Bi. On 
comparing the GCE and GCE/Gr/Bi a 10-fold increase in the peak cur
rent is observed, clearly showing that the GCE/Gr/Bi has potential ap
plications in the electrochemical detection of MTZ. Furthermore, the 
reproducibility of the MTZ detection was very good and this is illustrated 
in Table 1, where five separate experiments are shown for the GCE/Bi 
and GCE/Gr/Bi electrodes at a relatively high concentration of 2 mM 
and a lower concentration of 0.1 mM for the GCE/Gr/Bi. The % RSD 
values are low and well below 5%, indicating good reproducibility. 

The influence of the deposition time and potential on the 
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performance of the GCE/Bi electrode in the electrochemical detection of 
2.0 mM MTZ are summarised in Fig. 1(c) and (d). Here it is evident that 
the optimum electrodeposition potential is − 1.0 V vs SCE. As the po
tential is varied from − 0.8 V to − 1.0 V vs SCE, there is an increase in the 
peak current for the reduction of MTZ. However, at potentials lower 
than − 1.0 V vs SCE the reduction of bismuth is less effective, as the 
reduction of hydrogen ions occurs. Short deposition times, in the vicinity 
of 100 s, give rise to the optimum deposition period, in terms of both the 
sensor performance and fabrication time. There is no further increase in 
the MTZ reduction current for higher deposition times, Fig. 1(d). 
Deposition at − 1.0 V vs SCE for 100 s gives a charge of (2.670 ± 0.003) 

× 10− 3 C. Assuming the charge is due to the reduction of Bi(III) and the 
competing reduction reactions are negligible, then approximately 1.93 
μg of Bi is formed or deposited at the GCE. 

SEM micrographs are shown for the GCE/Gr in Fig. 2 (a) and (b) and 
for GCE/Gr/Bi in Fig. 2(c) and (d). The Gr sheets are clearly evident in 
the low magnification SEM and are well dispersed over the entire sur
face, but with some evidence of aggregation at some sites. This is also 
evident in Fig. 2(b) with some Gr sheets stacked. Following the depo
sition of bismuth for 100 s, the micrographs show the bismuth deposited 
onto the Gr sheets and also on the free GCE surface, with the Bi deposits 
adopting nanowire like deposits with some larger particles. The EDX 
spectrum shows the presence of Bi, C and O, clearly indicating that the Bi 
is deposited at the electrode surface, Fig. 2(e). The presence of the ox
ygen is consistent with the oxygenated groups on the Gr, and possibly on 
the glassy carbon electrode. The mapping data for C and Bi, illustrated in 
Fig. 2(f), show that both the C and Bi are nearly evenly dispersed across 
the surface. 

The electrodeposition of Gr clearly increases the surface area of the 
electrode. Using the [Fe(CN6)]3-/4- redox probe with the unmodified 
GCE electrode, the electroactive surface area of the GCE electrode was 
estimated as 0.107 cm2 using the linear regression equation I(A) = 0.79 
× 10− 4 ʋ1/2 − 1.60 × 10− 6, R2 = 0.999. A much higher electroactive 
surface area of 0.255 cm2 was observed using a similar analysis with the 
GCE/Gr, indicating that on addition of the Gr, the electroactive surface 
area increases by approximately a factor of 2.4. 

3.2. Influence of scan rate 

The influence of scan rate on the peak current associated with the 
reduction of MTZ is shown in Fig. 3 (a), (b) and (c) for the GCE/Bi, GCE/ 
Gr, and GCE/Gr/Bi, respectively, at a fixed concentration of 0.1 mM 
MTZ. On plotting the peak current as a function of the square root of the 
scan rate a linear plot was obtained for the GCE/Bi electrode, Fig. 3(d), 
with the linear regression equation, I = 3.10 × 10− 3 ʋ1/2 + 2.50 × 10− 3, 
R2 = 0.999, where I is expressed as mA and v in mV/s, indicating that the 

Fig. 1. (a) CV of GCE recorded in 5.0 mM Bi(NO3)3, (b) CVs of GCE, GCE/Bi, GCE/Gr and GCE/Gr/Bi recorded in 0.1 mM MTZ in PBS at 60 mV s− 1, (c) peak current 
of MTZ (2.0 mM) plotted as a function of the Bi deposition potentials (1.0 mM Bi(III) and deposition period of 100 s) for GCE/Bi and (d) peak current of MTZ (2.0 
mM) plotted as a function of Bi deposition period at − 1.0 V in 1.0 mM Bi(III). 

Scheme 1. Schematic illustrating the electrochemical reduction of MTZ, with 
the conversion of the –NO2 to the –NHOH group. 

Table 1 
Reproducibility of GCE/Bi and GCE/Gr/Bi in the detection of MTZ.   

Reduction Peak Current (μA) RSD 
(%) 
(n = 5) 1 2 3 4 5 

GCE/Bi (2.0 mM MTZ) 147.3 143.9 143.5 144.6 147.0 1.22 
GCE/Gr/Bi (2.0 mM 

MTZ) 
278.3 274.5 273.6 277.5 276.8 0.73 

GCE/Gr/Bi (0.1 mM 
MTZ) 

69.53 69.75 69.93 69.14 69.48 0.43  
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reduction of MTZ is under diffusion control. Similarly, the reduction of 
MTZ was under diffusion control at the unmodified GCE, with a linear 
regression equation of I = 1.00 × 10− 3 ʋ1/2–0.40 × 10− 3, R2 = 0.999 
(Fig. S1, supplementary data). However, the peak current was found to 
be related to the scan rate with both GCE/Gr, Fig. 3(e), and GCE/Gr/Bi, 
Fig. 3(f), which indicates that the reduction of MTZ becomes an 
adsorption controlled reaction when the Gr nanoplatelets were incor
porated into the sensor. The linear regression equation for GCE/Gr was 
obtained as I = 5.80 × 10− 4 v + 1.90 × 10− 3, with R2 = 0.999, while the 
corresponding analysis gave the equation, I = 1.24 × 10− 3 v + 4.0 ×
10− 3, R2 = 0.999 for GCE/Gr/Bi. Indeed, on plotting the logarithm of the 
peak current as a function of the logarithm of the scan rate, linear re
lationships were observed with slope values of 0.55 for GCE/Bi, and 
slope values in the vicinity of 1.0 for the GCE/Gr (0.92) and GCE/Gr/Bi 
(0.99) electrodes, clearly indicating that the reduction of MTZ changes 
from a diffusion-controlled reaction at the GCE/Bi to an adsorption 
controlled process when the Gr nanoplatelets are present. This suggests 
that the graphene sheets facilitate the adsorption of the MTZ. This was 
explored further, by using a combination of experiments designed to 
probe the adsorption process and these are summarised in Fig. 3(g), (h) 

and (i). The data illustrated in Fig. 3(g) were recorded by first cycling the 
GCE/Gr/Bi in 0.1 mM MTZ, then the electrode was gently rinsed with 
deionised water and transferred to the PBS solution, and cycled in the 
absence of MTZ. In this case a clear reduction wave is seen, indicating a 
memory effect with the electrochemical reduction of the adsorbed MTZ. 
The influence of accumulation time is evident in Fig. 3(h), indicating 
that the optimum accumulation period is about 300 s, again consistent 
with adsorption of the MTZ in the presence of Gr. In Fig. 3(i), UV–visible 
spectra are presented showing the data recorded for 0.01 mM MTZ in the 
presence and absence of 10 mg Gr. In this case, a decrease in the 
absorbance is seen when Gr is added to the MTZ solution, indicating that 
the MTZ is removed from the solution phase by adsorbing onto the Gr. In 
summary, these data clearly show that the incorporated Gr within GCE/ 
Gr/Bi facilitates the adsorption of MTZ. 

The diffusion controlled reactions observed with GCE and GCE/Bi 
are governed by the Randles-Sevick equation, Eq. (4), where nr corre
sponds to the total number of electrons transferred, n represents the 
number of electrons transferred in the rate-determining step, α is the 
charge transfer coefficient, D is the diffusion coefficient of MTZ, c rep
resents the concentration and A is the surface area. The charge transfer 

Fig. 2. SEM micrographs of (a) and (b) GCE modified with electrodeposited Gr, (c) and (d) GCE modified with electrodeposited Gr and Bi, (e) EDX spectrum 
recorded at GCE/Gr/Bi and (f) mapping of C and Bi at the GCE/Gr/Bi. 
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coefficient, α, was taken as 0.55, and nr, which represents the total 
number of electrons transferred during the reduction step, was 4.0, 
Scheme 1. Normally, a single electron transfer step becomes the rate- 
determining step, as the simultaneous transfer of multiple electrons is 
highly improbable and therefore n was set to unity. 

I = 2.99 × 105nr(nα)1/2AcD1/2ν1/2 (4) 

The diffusion coefficient of MTZ was estimated using Eq. (4) as 4.20 
× 10− 6 cm2 s− 1 for the unmodified GCE electrode. This estimated 
diffusion coefficient is in reasonably good agreement with the value 
reported by Ammar et al. [7] of 7.96 × 10− 6 cm2 s− 1. Using this 
computed diffusion coefficient and comparing the linear regression 
equations for the GCE and GCE/Bi, the surface area of GCE/Bi was 
estimated as 0.180 cm2, an approximate 1.7-fold increase in the elec
troactive surface area after the electrodeposition of the Bi. 

Using Eq. (5), where Ep and Ep1/2 are the peak and half-wave po
tentials, respectively, the nα value was estimated as 0.55 for GCE/Gr/Bi. 

This is consistent with a one-electron transfer rate-determining step 
during the reduction of MTZ at GCE/Gr/Bi, as the simultaneous transfer 
of four electrons is unlikely. Indeed, Ammar et al. [7] proposed a single 
electron transfer slow step for the reduction of MTZ at boron doped 
diamond, as illustrated in Eq. (6). The heterogenous rate constant k0 was 
computed using Eq. (7), where F, A, C, R, T and F have their usual 
meanings [25]. The E0 value was estimated by extrapolating ν to 0 using 
a plot of Ep as a function of the logarithm of ν. Considering a one-electron 
transfer rate determining step, the k0 value was computed as 2.5 × 10− 3 

s− 1 m3 mol− 1 for GCE/Gr/Bi. This indicates an efficient reduction of 
MTZ at the GCE/Gr/Bi. The corresponding linear plot is depicted in 
Fig. S2 (supplementary data), with a linear regression equation of lnIp =

− 34.25(Ep − E0) − 14.97, R2 = 0.986. 

Ep − Ep1/2 =
47.7
n′α (5)   

R–NO2 + e− → R–NO2
− (slow step)                                                   (6) 

Fig. 3. CVs recorded in 0.1 mM MTZ at scan rates from 20 to 200 mV s− 1 for (a) GCE/Bi, (b) GCE/Gr and (c) GCE/Gr/Bi, peak current plotted as a function of (d) 
square root of scan rate for GCE/Bi, (e) scan rate for GCE/Gr and (f) scan rate for GCE/Gr/Bi, (g) memory effects showing voltammograms 1, 2, 3, 4 and 5 recorded in 
the buffer in the absence of MTZ for GCE/Gr/Bi, (h) peak current as a function of immersion period for GCE/Gr/Bi and (i) UV–Vis spectrum of MTZ (0.01 mM) in the 
absence (a) and presence (b) of Gr (10 mg). 
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Ip = 0.277nFACkoe
− (αnF(Ep − E0)/RT

)
(7)  

3.3. Influence of pH and the nature of the deposited Bi 

As illustrated in Scheme 1, the reduction of MTZ involves the 
reduction of the NO2 group to form NHOH, and this reaction involves 
the participation of hydrogen ions. Accordingly, the pH of the solution 
will influence the position of the reduction wave and this is evident in 
Fig. 4(a). In these experiments, the pH of a 4.0 mM MTZ solution was 
varied from a pH of 4.0–12.0 and the corresponding voltammograms 
recorded for the GCE/Bi sensor are shown in Fig. 4(a), This high con
centration of MTZ was employed so that the pH data could be compared 
with the unmodified GCE, which exhibits a weak signal, as illustrated in 
Fig. 1(b). The corresponding relationship between the peak potential 
and pH is illustrated in Fig. 4(b). As the pH is increased from 4.0 to 12.0, 
there is clear shift in the peak potential to lower values and this is 
consistent with the participation of H+ ions in the reduction process, as 
illustrated in Scheme 1. It is also evident from Fig. 4(a) that an oxidation 
wave emerges as the pH is increased and this becomes more evident as 
the pH is increased beyond a pH of 9.0. This can be explained in terms of 
the formation of bismuth oxides. According to the Pourbaix diagram of 
Bi, the Bi2O3 phase becomes thermodynamically stable at potentials in 
the vicinity of 0.0–0.8 V (SHE) and at pH values higher than about 9.0. 
The conversion of Bi to Bi2O3 can be described by Eq. (2), while the 
corresponding relationship between the electrode potential and pH is 
given in Eq. (3). Using Eq. (3), it is seen that E will become lower as the 
pH is increased. At a pH of 9.0, E = − 0.161 V (SHE), which is equivalent 
to − 0.401 V on the SCE scale and this is in very good agreement with the 
oxidation waves observed in Fig. 4(a). Furthermore, the peak potential 
shifts to lower potentials with increasing pH and this agrees well with 
Eq. (3). The oxidation peak at a pH of 12 is somewhat lower and this is 
probably related to the solubilisation of Bi2O3 in this highly alkaline 
solution.  

2Bi + 3H2O → Bi2O3 + 6H+ + 6e− (2)  

E = 0.371–0.0591 pH                                                                      (3) 

The influence of pH on the peak current is illustrated in Fig. 4(b) for 
the GCE/Bi and GCE electrodes, respectively. The relationship is very 
different with the two electrodes. With the GCE electrode, the highest 
peak current is observed at a pH of 6.0 and this is in very good agree
ment with several studies [10]. On the other hand, the highest peak 
current is observed at a pH of 12.0 for the GCE/Bi, indicating a higher 
rate of electron transfer in the alkaline solution. This may be connected 
to the in-situ formation of Bi2O3 which becomes the thermodynamically 
stable phase at pH values higher than 9.0. 

The influence of pH on the peak potential is more clearly shown in 
Fig. 4(c), where two linear regions become evident. The equation of the 
linear region between a pH of 4.0 and 9.0 was deduced as E = − 0.0487 
pH − 0.2340, R2 = 0.993, with good linearity. The slope of 0.0487 V/pH 
is reasonably close to the theoretical value of 0.0591(m/n) V/pH ob
tained from the Nernst equation at 298 K, where m represents the 
number of protons transferred and n corresponds to the number of 
electrons involved in the electron-transfer step. Although, there is some 
deviation from the theoretical slope, the m/n value was computed as 
0.83, which is consistent with the participation of equal numbers of 
protons and electrons during the electron transfer step. However, as the 
pH is further increased from 9.0 to 12.0, the relationship becomes E =
− 0.0240 pH − 0.4561 and a lower slope is observed as the H+ con
centration is diminished. Again, this may be related to the formation of 
bismuth oxides, which become the thermodynamically favoured phase 
at pH values of 9.0 and higher. 

Evidence for the formation of bismuth oxides at pH values higher 
than 9.0 was obtained using FTIR. Typical spectra are shown in Fig. 4(d), 
where the spectrum recorded for the freshly prepared GCE/Bi is 
compared with the GCE/Bi cycled in a pH 10.0 buffer. The electro
deposited Bi has a weak peak at 1382 cm− 1 which may be related to 
adsorbed nitrates, or Bi–OH, but there is no evidence of any oxide 
phases. However, when the Bi is cycled in a buffer at a pH of 10.0, 
additional peaks emerge and these can be explained in terms of the 

Fig. 4. (a) CVs of GCE/Bi in 4.0 mM MTZ in PBS with different pH values, (b) peak currents as a function of pH values for GCE and GCE/Bi electrodes, (c) peak 
potentials versus pH and (d) FTIR spectra of GCE/Bi (a) freshly deposited and (b) cycled in a pH 10 buffer solution. 
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formation of bismuth oxides and are in good agreement with data pre
viously recorded for Bi2O3 [26]. In particular, the peaks observed at 813, 
833 and 1043 cm− 1 can be attributed to the stretching of bismuth oxides 
[26], while the peak at 565 cm− 1 can be assigned to the Bi–O–Bi 
stretching vibration. The stronger bands at 1312 and 1382 cm− 1 are 
consistent with the presence of Bi–OH [27], while the weak band at 
1621 cm− 1 is probably due to the bending vibration of adsorbed water 
molecules. 

3.4. Sensitivity, selectivity and water analysis 

Studies on the performance of the fabricated GCE/Gr/Bi sensor in the 
detection of MTZ were carried out by varying the concentration of MTZ. 
Representative data are shown in Fig. 5(a), where the cyclic voltam
mograms are presented for a series of MTZ concentrations between 
0.005 and 260 μM, while the inset shows the data recorded for con
centrations from 5 to 120 nM. At these lower concentrations, the MTZ 
reduction peaks appear more symmetrical, while the small reversible 
redox waves evident at about − 0.45 V vs SCE can be attributed to 
oxygenated species at the Gr nanoplates. When the peak current was 
plotted as a function of concentration, a linear plot was obtained, as 
shown in Fig. 5(b). With linear regression analysis, the equation, I (mA) 
= 0.6487c (mM) + 0.0047, R2 = 0.995, was obtained, indicating 
excellent linearity over a wide concentration region. The calibration 
curve obtained with nM concentrations is shown in the inset in Fig. 5(b), 
and again very good linearity is achieved. Using the well-known rela
tionship for the limit of detection (LOD = 3σ/sensitivity), where σ cor
responds to the standard deviation in the current signal in the absence of 
the MTZ, the LOD was calculated as 0.90 nM. This gives a low LOD value 
combined with a sensitivity of 0.65 μA/μM. Using a similar approach, 
the linear regression equation was obtained as I (mA) = 0.1780c (mM) 
+ 0.02674, R2 = 0.9953 for the GCE/Bi. Again, excellent linearity was 
observed, however in this case the computed LOD was higher at 3.3 nM 
and the sensitivity was lower adopting a value of 0.18 μA/μM. This 
comparison clearly illustrates that enhanced detection is possible using 
both Gr and Bi. This may be connected to the adsorption of MTZ at the Gr 
nanoplatelets and the higher electroactive surface area of the GCE/Gr/ 
Bi. 

In terms of typical concentrations of MTZ found in the environment, 
it has been reported that the levels can range from 0.5 to 21.4 ng/L in 
drinking water, but are higher in river sediments, reaching levels of 1.21 
μg/kg and ranging from 6.3 to 27.2 μg/kg in vegetables [28]. While the 
LOD of 0.90 nM may not be suitable for direct analysis of drinking water, 
the linear range is suitable for levels found in vegetables and sediments. 
A comparison of the GCE/Gr/Bi and GCE/Bi sensors with some previ
ously reported sensors for the analysis of MTZ is made in Table 2, 
focussing on the more recent reports. In many of these studies, two 
linear concentration ranges are evident and for this comparison the 
lower concentration ranges, which have been used by the authors to 
compute the LOD values, are only provided. Here it is evident that the 

GCE/Gr/Bi compares well in terms of the LOD and linear concentration 
range. However, it is the simplicity of the GCE/Gr/Bi sensor that makes 
it suitable for the electrochemical detection of MTZ, especially in terms 
of water analysis. 

The selectivity was studied using a variety of interfering compounds, 
including inorganic salts that are present in aquatic environments and 
also some organic compounds, such as glucose. The interferents 
included additional phosphates (KH2PO4), cations including Mg2+

(MgCl2), Zn2+ (ZnCl2), Ca2+ (CaCl2), NH4Cl (AC) to give NH4
+ cations, 

sulfates (Na2SO4), nitrates (NaNO3), carbonates (Na2CO3), chlorides 
(CaCl2), and citrates (CA). In addition, nitrophenols, (ortho- and para- 
nitrophenol, o-NP and p-NP) and hydrocortisone (HC) were selected as 
interferents as these can be electrochemically reduced at a similar po
tential as MTZ. The interference study was recorded using cyclic vol
tammetry in a 0.1 mM MTZ solution dissolved in a neutral phosphate 
buffer. The interferents were added at a concentration of 1.0 mM for the 
inorganic ions and glucose, to give a 10-fold excess over the concen
tration of MTZ, while the concentrations of o-NP, p-NP, and HC, were 
0.1 mM. The normalised reduction peak currents (I/I0, where I is the 
peak current in the presence of the interferent and I0 is the peak current 
in the absence of the interferent) are summarised in Fig. 6(a). It is 
evident that the peak currents are nearly identical, except on the addi
tion of nitrates and o-NP, where there is an increase in the current. This 

Fig. 5. (a) CVs of GCE/Gr/Bi recorded at 50 mV s− 1 

in MTZ at concentrations from 0.005 to 260 μM with 
inset showing CVs at concentrations between 5 nM 
and 120 nM; the red curve shows the CV of GCE/Gr/ 
Bi recorded at 50 mV s− 1 in PBS (blank); (b) peak 
current plotted as a function of the MTZ concentra
tion, with inset showing the concentration range from 
5 to 120 nM. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Table 2 
Comparison of sensors in the electrochemical detection of MTZ.  

Sensor materialsa Techniquea Linear range/ 
μM 

LOD/ 
nM 

Reference 

CNF@AuNPs DPV 0.1–100 24 [29] 
C60-rGO-NF/SPE SWV 0.25–34 210 [8] 
CdS QDs DPV 0.1–203 53 [9] 
Ni/Fe-LDH Amperometry 5–161 58 [30] 
Dy(VO4)/f-CNF/SPCE LSV 1.5–1036 6 [6] 
ZnV MS DPV 0.05–59 9 [31] 
ZnCo-based metal- 

organic framework 
LSV 0.05–100 17 [32] 

N, S, P- porous carbon LSV 0.1–45 13 [33] 
DyM/GCE DPV 0.01–2363 3 [34] 
αFe2O3/CPE CV 0.8–100 285 [35] 
O-gCN/GCE DPV 0.01–2060 5 [36] 
MWNT-CS-Ni/GCE DPV 0.1–150 25 [37] 
NiO/Ni DPV 0.01–1.63 6 [38] 
AgNP/CuMOF/ 

PPy–rGO 
SWV 0.08–160 24 [39] 

μAl2O3/CPE DPV 0.5–1000 253 [40] 
GCE/Bi CV 0.02–240 3 This work 
GCE/Gr/Bi CV 0.005–260 0.9 This work  

a DPV – differential pulse voltammetry; LSV – linear sweep voltammetry; SWV 
– square wave voltammetry; AuPNs – gold nanoparticles; CS – chitosan; g-CN – 
graphitic carbon nitride; LDH – layered double hydroxide; MOF – metal organic 
framework; MWCNT – multiwalled carbon nanotubes; MS – microstructures; 
PPy – polypyrrole; QDs – quantum dots; rGO – reduced graphene; SPE – screen 
printed electrode. 
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is consistent with the reduction of nitrates and o-NP at the modified 
electrode, but the interference is low giving a 1.3% increase in the peak 
current. The addition of sulfates, chlorides, carbonates and phosphate 
salts that are frequently found in aquatic environments have little in
fluence on the peak current. These are not electroactive, but may adsorb 
at the electrode surface in competition with the adsorption of MTZ at 
GCE/Gr/Bi. However, the adsorption of MTZ is not affected by these 
interferents. While the reduction of o-NP occurs at a potential similar to 
that of MTZ and gives rise to an increase in the peak current, Fig. 6(b), 
the reduction of p-NP occurs at a lower potential than MTZ. As shown in 
the inset of Fig. 6(b), the reduction of p-NP occurs with a significant 
peak current at the GCE/Gr/Bi surface, but the reduction waves asso
ciated with MTZ and p-NP are well separated and as illustrated in Fig. 6 
(a) p-NP is not an interferent in the electrochemical detection of MTZ. 

The performance of the sensor in the analysis of MTZ in tap water 
was studied using a typical spiking and recovery experiment. Tap water 
was spiked with different concentrations of MTZ and the recovery was 
analysed using the GCE/Gr/Bi. For comparison purposes, deionised 
water was also employed. The data obtained are summarised in Table 3 
where it is seen that good recovery is achieved in the tap water, with the 
recovery varying between 101.36 and 97.95%. These recovery values 
are similar to that observed using deionised water, indicating good 
performance of the GCE/Gr/Bi sensor. 

3.5. Stability and regeneration of the sensor 

The stability of the sensors was studied using cyclic voltammetry, 
where the peak current was recorded following repeated cycling. The 
peak currents are presented as a function of the cycle number under 
stationary and mild stirring conditions for the GCE/Bi and GCE/Gr/Bi in 
Fig. 7(a). There is no evidence of any electrode fouling even at this 
elevated 4 mM MTZ concentration and the peak currents remain 
essentially constant over the 40 cycles. Although not shown, significant 
fouling was observed with the unmodified GCE. In addition, the mild 

stirring (at 100 rpm) enhances the diffusion of MTZ and this is reflected 
in higher peak currents that also remain constant over the cycling 
period. 

One significant advantage of employing the electrodeposited bis
muth films is the possibility of easy regeneration of the bismuth layer. 
This was explored using two approaches. Firstly, the bismuth layer at the 
GCE/Gr/Bi was oxidised and removed from the surface by applying a 
potential of 0.60 V vs SCE for 400 s. Then a freshly deposited bismuth 
layer was applied at − 1.0 V vs SCE for 100 s. This oxidation and 
regeneration step was repeated five times and the resulting voltammo
grams are depicted in Fig. 7(b). Here, it is evident that good repeatability 
is achieved with a 0.5% error in the peak currents. Secondly, regener
ation of the bismuth layer was attempted using an in-situ method, where 
the Bi(III) was added to the MTZ-containing solution, while the modified 
electrode was cycled to 0.0 V vs SCE to remove the previously deposited 
Bi layer. The MTZ solution was adjusted to a pH of 1.23 to avoid the 
precipitation of insoluble bismuth hydroxides.As a result, the reduction 
wave of MTZ was shifted to more positive potentials to coincide with the 
reduction wave associated with the Bi(III) reduction. Nevertheless, this 
peak, now arising from the reduction of Bi(III) and MTZ, is sensitive to 
the MTZ concentration, as illustrated in Fig. 7(c) and (d). This analysis 
clearly shows that the bismuth layer can be regenerated either through 
an ex-situ or in-situ approach. The ex-situ method provides very good 
reproducibility and appears as the more promising approach with a 100 
s regeneration step without the requirement to acidify the analyte. 

4. Conclusion 

A simple and effective sensor for the electrochemical detection of 
metronidazole was fabricated through a facile electrodeposition process, 
where Gr nanoplatelets were initially deposited onto the glassy carbon 
electrode followed by a 1 min electrodeposition of Bi from an acidified 
Bi(III) solution. The Bi was well dispersed across the surface and the 
resulting GCE/Gr/Bi performed well to give a linear concentration 
range, good selectivity, good recovery and a low LOD value. Neverthe
less, it is the simplicity of the sensor fabrication process coupled with the 
ability to readily regenerate the Bi deposits that makes this an inter
esting sensor. Indeed, this simple approach could be employed in the 
analysis of other analytes, where the generation of a new clean surface is 
important. 
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