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Abstract

:

In this work, novel platforms for paracetamol sensing were developed by the deposition of Bi2O3, Bi5O7NO3 and their heterostructures onto screen-printed carbon-paste electrodes. An easy and scalable solid state synthesis route was employed, and by setting the calcination temperatures at 500 °C and 525 °C we induced the formation of heterostructures of Bi2O3 and Bi5O7NO3. Cyclic voltammetry measurements highlighted that the heterostructure produced at 500 °C provided a significant enhancement in performance compared to the monophases of Bi2O and Bi5O7NO3, respectively. That heterostructure showed a mean peak-to-peak separation    E p    of 411 mV and a sensitivity increment of up to 70% compared to bare electrodes. A computational study was also performed in order to evaluate the geometrical and kinetic parameters of representative clusters of bismuth oxide and subnitrate when they interact with paracetamol.
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1. Introduction


Paracetamol (PCM) is one of the most commonly consumed drugs in the world, being used as an antipyretic, analgesic, and non-steroidal anti-inflammatory compound [1]. The mechanism of its action is still under study [2], while evidence shows the inhibition of the cyclooxygenase activity in the brain and the synthesis of prostaglandins [3]. Under the correct therapeutic dosage, no side effects are reported. However, liver and kidney damage are a frequent consequence in the case of overdose [4]. As reported in Stravitz et al. [5], PCM toxicity is the main cause of acute liver failure in the U.S., which leads to a liver transplant for approximately 30% of the cases. Furthermore, PCM is considered an emerging freshwater pollutant by Murray et al. [6], based on a number of criteria such as its toxicity to aquatic organisms and its environmental persistence. This problem is exacerbated by the fact that many waste treatment facilities are not capable of adequately detecting and removing its toxic degradation products [7]. Some of the treatment methods to remove PCM use photo–electro–Fenton oxidation, activated charcoal, ultrafiltration and ozone oxidation [8]. It has been reported that the presence of PCM or its degradation products in water can induce neurotoxic effects on aquatic organisms [9], by inhibiting acetylcholinesterase. Additionally, even if the concentration of this particular xenobiotic is relatively low, Elersek et al. [10] showed that the presence of other drugs with a similar mode of action can lead to synergistic interactions, increasing the risk of toxic effects. Consequently, given its role as a freshwater pollutant and its toxic effects on the liver with overdoses, the development of effective detection techniques is of paramount importance.



Among the wide range of analytical tools, electrochemical sensors have shown significant advantages over other techniques (i.e., HPLC, spectrophotometry, colorimetry and chemiluminescence) due to their ability to provide cheap, fast, easy-to-use and in-line measurements [11]. An effective approach to improving the sensitivity and electrooxidation kinetics of electrochemical sensors is to employ nanostructured catalysts [12,13]. Furthermore, multiple studies have now shown a clear size-dependence of the catalytic activity that may briefly be ascribed to surface-enhancement and quantum effects [14,15], with detectable amounts ranging from 1–2 nM [16,17] up to 3 μM [18]. Noble metal nanoparticles, especially Au, Pd and Pt, show exceptional electrocatalytic behavior, decreased overpotentials in relevant electrochemical reactions and even an improved reversibility [19]. Unfortunately, the use of noble metals is usually prohibitive for many applications due to the materials’ cost. For this reason, an interesting alternative is offered by metal oxides, which have shown promising results in the oxidation of aromatic compounds [20]. In particular, the introduction of structural defects (i.e., substitutional atoms or oxygen vacancies in metal oxides) can alter the electronic structure and improve the electrochemical performance [21]. Consequently, a metal oxide with accurately designed defects could show significant improvements in its electrochemical activity. Among all the available metal oxide species, bismuth-based materials show a wide range of oxide phases easily produced through thermal routes [22], displaying a notable performance as photocatalysts [23]. In this work, bismuth oxide and a bismuth subnitrate are evaluated as potential electroactive materials for PCM detection. Our focus is the synergistic effects of their heterostructures as produced through solid-state synthesis routes: Bi2O3, Bi5O7NO3 and their heterostructures were deposited onto screen-printed electrodes (SPE) and tested through cyclic voltammetry. The modified SPEs were characterized both in terms of their kinetics and sensitivity. Furthermore, a computational study based on semiempirical methods was performed to evaluate the geometrical and energetic parameters of the transitional state.




2. Materials and Methods


2.1. Materials


Bismuth nitrate pentahydrate Bi(NO3)3·5H2O was purchased from Sigma Aldrich (Burlington, MA, USA). Paracetamol was purchased in powder form with a purity higher than 98% (Sigma Aldrich). Phosphate Buffered Saline (PBS) tablets were purchased as well (Sigma Aldrich). The deionized water was subject to a bi-distillation process.




2.2. Bismuth Subnitrate Heterostructures Synthesis


Following the procedure reported by Kodama [24] and Gadhi et al. [23], heterostructures of Bi2O3 and Bi5O7NO3 were produced via a simple solid state method using as a precursor salt Bi(NO3)3·5H2O. First, the precursor salt was ground in a mortar. The pulverized precursor was heated in a tubular furnace (Carbolite TZF 12/65/550) at 200 °C in a nitrogen atmosphere for one hour to obtain a complete dehydration. Afterwards, the temperature was raised to 300 °C and maintained for two hours. In the last step of the process, the temperature was kept between 400 and 600 °C, depending on the degree of oxidation targeted. Four different kinds of samples were synthesized at distinct calcination temperatures, as shown in Table 1. Afterward, all of the samples were cooled in air, to promote the formation of β-Bi2O3. For all the described steps, the heating ramp was set to 10 °C/min. The samples were labelled as Bxxx, where xxx represents the final step temperature in °C.



The samples were analyzed with a Renishaw Invia confocal Raman spectrometer with an exciting CW laser of 514 nm at a temperature of 298 K in the range 500–3500 cm−1.



Sample morphology was investigated using high-resolution field emission scanning electron microscopy (FE-SEM) (Supra 40 microscope, Zeiss, Oberkochen, Germany).




2.3. Working Electrode Modification


The synthesized materials were used to decorate a commercial SPE (Dropsens DRP110C), following the procedure reported by Madagalam et al. [25]. Well-dispersed suspensions of synthesized materials were prepared by adding around 12 mg of material to 4 mL of distilled water and ultrasonically treated for 10 min. SPEs with a carbon-based working electrode (with area of up to around 0.12 cm2), a carbon-based counter electrode, and silver pseudo-reference electrode were used as electrochemical sensors. The potential of the pseudo-reference electrode was stable under the conditions and timescale used in the experiments. SPEs were modified by the drop-casting technique, spreading 5 μL of bismuth species suspension on the surface of the working electrode, and drying overnight at room temperature. Bare and modified SPEs were stored under atmospheric conditions after the surface modification.




2.4. Electrochemical Measurements


A cyclic voltammetry study was performed using an Autolab potentiostat under atmospheric conditions. A volume of 100 μL of PCM solution (0.1 M of PBS + 1 mM PCM) at pH 7.4 was dropped onto the surface of the working electrode by means of a micropipette. The potential was swept from −0.3 V to 0.9 V and the scan rate was varied between 0.1 V/s and 0.3 V/s in steps of 0.05 V/s. Calibration curves were produced by acquiring multiple voltammograms at 0.1 V/s using concentrations of PCM (0.5 mM, 1 mM, 2 mM, 3 mM) in 0.1 M of PBS. All measurements were replicated three times and the results reported as average values with related uncertainty.



For each voltammogram, the baseline was removed with Matlab, following known approaches [26], to ensure that only faradaic currents were considered.




2.5. Computational Study


Clusters of Bi2O3 and Bi5O7NO3 were defined according to their unit cells and then modified appropriately to compensate for the lack of border atoms (and thus they were in a state of undervalence), according with Harwing [27] and Ziegler et al. [28], respectively. For     Bi  2   O 3   , the crystal structure of reference was the tetragonal one, which was most likely that of the synthesized bismuth oxide. The clusters were first roughly defined with the use of the software Avogadro and subsequently optimized with the commercial software Hyperchem 8.0.1. The optimization was performed with the semiempirical Parametric Method 3 (PM3) using an optimization algorithm based on the conjugate gradient (Polak–Ribiere) with a set limit of energy convergence of 0.01 kcal/(Åmol) [29]. For each cluster, the interaction with a molecule of PCM was evaluated. Five water molecules were added in both cases to account at least partially for solvation effects. Both systems were thus optimized with PM3. The resulting configurations were considered hypothetical transition states for the electron transfer between PCM and the respective cluster. In this way, it was possible to apply the generalized theory of Marcus [30,31] and to estimate the rate constant of the electron transfer.





3. Results


3.1. Characterization of Bismuth-Based Heterostructures through Raman Spectroscopy


In Figure 1, the Raman spectra of the synthesized materials are reported.



The spectrum of sample B450 showed five bands peaking at 712      cm    − 1    , 811     cm   − 1    , 1049     cm   − 1    , 1328     cm   − 1     and 1380     cm   − 1    , respectively.



According to Xu et al. [32], the last three peaks were due to the symmetrical and asymmetrical υNO of nitro groups, while the peaks at 712     cm   − 1     (in-plane deformation), 811     cm   − 1     (out-of-plane deformation) were due to skeletal vibrations. While the peaks 1328     cm   − 1     and 1380     cm   − 1     were very low in intensity, the peak centered on 1049     cm   − 1     was very intense and could easily be used to monitor the evolution of Bi5O7NO3 by increasing the calcination temperature. Across the temperature range investigated, the peak centered on 1049     cm   − 1     decreased according with the preliminary observation of Kodama [24] due to the thermal decomposition of nitro residues with the release of NO. The spectra of sample B600 showed bands peaking at 282     cm   − 1    , 315     cm   − 1    , 418     cm   − 1    , 448     cm   − 1     and 530     cm   − 1    , which is compatible with the reported spectrum of pure     Bi  2   O 3    [33,34].



The morphologies of B450 and B600 were investigated using FESEM as shown in Figure 2.



According to data reported by Gadhi et al. [23], pure     Bi  5   O 7    NO  3    (Figure 2a) has a structure characterized by flower-like particles composed of interconnected planes of few nanometers in thickness. B600 showed a partial sinterization of pure     Bi  2   O 3    grains due to the high calcination temperatures (Figure 2b) as was reported by Balint et al. [35].




3.2. Electrochemical Measurements


Figure 3 presents the voltammograms of the modified SPEs compared to the bare electrode. The electrolytic solution was composed of 0.1 M PBS at pH 7.4 and 1 mM of PCM, and the scan rate was 0.1 V/s. In the absence of PCM, no redox peaks could be detected. Table 2 summarizes the mean anodic peak currents and the peak-to-peak distance, with their respective standard error. All of the functionalized sensors presented a higher current peak compared to the bare electrode and a reduced peak-to-peak separation (     Δ E   p   ). The heterostructures B500 and B525 displayed even greater currents, with a reduction of      Δ E   p   . All the sensors showed a cathodic current peak intensity of up to around 50% of the anodic current peak. This suggests that the electrooxidation of PCM involves two electrons and two protons and is pH-dependent, as elucidated by Miner et al. [36].



Accordingly, in this study N-acetyl-p-benzoquinone-imine (NAPQI) was the main product of the oxidation of paracetamol at pH 7 and showed a tendency to form with a dimeric structure. Hence, the coupling of the dimerization chemical reaction with the electrochemical oxidation of paracetamol was most likely the cause of the lower cathodic currents.



Nematollahi et al. [37] suggested that an adsorbed layer of dimers prevents the reduction of NAPQI. Nevertheless, the linear dependence of the peak currents on the square root of the scan rate would indicate the presence of freely diffusing redox species. Moreover, an inverse dependence of    I  p c   /  I  p a     on the concentration of PCM was observed for all sensors. This indicates that a second-order reaction was taking place [26], such as a dimerization reaction.



To perform a kinetic characterization of the sensors, the voltammograms were acquired from a range of scans from 0.1 V/s to 0.3 V/s, as shown in Figure 4.



A linear dependence of the peak currents (anodic and cathodic) with respect to the square root of the scan rate was observed as shown in Table 3.



Such behavior is indicative of an electrochemical process controlled by diffusion and not by adsorption [38].



Accordingly, the Randles–Sevcik equation can thus be applied:


   i p  = 0.446   n F A  C 0     (    n F v  D 0    R T    )     1 2       



(1)




where n is the number of electrons exchanged in the reaction, A is the working electrode area,    C 0    is the concentration of the analyte in the bulk,    D 0    is the diffusion coefficient of the redox species; the n (number of exchanged electrons) was 2, according with Nematollahi et al. [37].



The peak currents’ positions    E  p a     and    E  p c     were observed to shift linearly with respect to the Napierian logarithm of the scan rate, which is indicative of a quasi-reversible process [39]. The charge transfer coefficient ( α ) was calculated by taking the slope of the regression line of the anodic (   m a   ) and cathodic (   m c   ) peaks’ positions with respect to the logarithm of the scan rate and then by considering the following equation by Laviron [40]:


   m c  · R T · α n F =  m a  · R T ·  (  1 − α  )  n F  



(2)







Similarly, with the use of the Laviron theory the rate constant of the electron transfer k was calculated with the use of the following relationship:


  l n  ( k )  = α   l n  (  1 − α  )  +  (  1 − α  )    l n α − l o g  (    R T   n F v    )  − α  (  1 − α  )   (    n F Δ  E p    R T    )   



(3)







It is worth noting that the use of the Laviron theory is compatible with the peak-to-peak distance of well over 200 mV/n observed in all samples.



Table 4 summarizes the calculated values of the electron transfer rate (k) and of the charge transfer coefficient ( α ). The sensors functionalized with the heterostructures (samples B500 and B525) presented superior kinetics on PCM electrooxidation with respect to the single phase samples of     Bi  5   O 7    NO  3    (sample B450)     Bi  2   O 3    (sample B600).



Gadhi et al. [18] showed that the valence and the conduction band of   β −  Bi 2   O 3    are lower in energy compared with    Bi 5   O 7   NO 3   . Consequently, a Type-II heterojunction is formed as a result of the misaligned band edges at the interphase improving the charge carrier separation. These heterostructures can generate a built-in electric field that could promote the charge transfer during electrocatalytic applications [41,42,43]. Accordingly, the kinetics of the modified SPEs with B600 (pure     Bi  2   O 3   ) and B450 (pure     Bi  5   O 7    NO  3   ) was found to be slower compared to those functionalized with the heterostructured materials. This was due to a combination of the electrons’ mobility and particles’ morphologies as shown in Figure 2a,b.



In order to fully characterize the performance of the different SPEs on PCM detection, it was important to evaluate their responses at different analyte concentrations. CV, at a scan rate of 100 mV/s, was thus performed at four different PCM concentrations (0.5 mM, 1 mM, 2 mM, 3 mM). The peak anodic current was taken for each measurement, and by plotting those values against the molar concentration a linear regression curve could be obtained, as shown in Figure 5.



Figure 6 shows the different calibration curves of the bare and functionalized electrodes. From the slopes of the curves, sensitivity values were obtained, and the Standard Deviation (SD) for the three samples calculated. The SD was then divided by the square root of the number of samples to obtain the standard error of the mean.



It can clearly be seen that the deposition of bismuth oxide/bismuth subnitrate species greatly improved the sensitivity of the sensors. The B500-modified sensor had a sensitivity of 48.47  ±  0.32 μA/mM, while the B525-modified one had a sensitivity of 46.73  ±  0.28 μA/mM, almost twice the reported value for the bare electrode. This is likely due to a higher surface area arising from the nanoflake morphology of the synthesized heterostructures (as reported by Gadhi et al. [23]) and also simply the presence of more favorable sites for the adsorption related to the presence of interphases.



The limit of detection (LOD) is the minimum amount of a species that can be detected by a sensor from the blank measurement (in the absence of the analyte) within a certain confidence interval. To calculate the LOD for the different sensors in Table 5, the following formula was used:


  L O D =   K ×  σ x   S     



(4)




where    σ x    is the standard deviation of the blank measurement, S is the calculated sensitivity, K = 3 is a constant that depends on the desired confidence interval (here 99.6%).



Surprisingly, the LOD of the functionalized sensors was slightly higher than for the bare electrode, even though the sensitivity (at the denominator) was greater. The different responses of the modified electrodes to the blank solution led to larger standard deviations, which caused a modest increase in the LOD.



Furthermore, it is interesting to note that the capacitive current also significantly changed with the structuration of the SPEs. In addition, Figure 2 shows a decreased offset current moving from the base electrodes to sample B450, while the apparent differences among the four samples were not statistically significant. Therefore, we cannot conclude that the two heterostructures improved the capacitive current more than the single phase samples, while we can conclude that all of the functionalizations with bismuth improved the capacitive current with respect to the base SPE.




3.3. Computational Study


The interaction between a modified SPE’s surface and bismuth clusters is a key point for understanding such a system, and could lead to further improvements in tailoring the structure. Accordingly, we evaluated the electron transfer rate and the geometrical parameters of two representative bismuth structures, Bi2O3 and Bi5O7NO3, as shown in Figure 7.



By using the generalized Marcus theory as developed by Tachiya et al. [31], we estimated the rate constant of the electron transfer k using Equation (5):


  k =   2 π  ℏ   J 2   1    4 π  k B  T λ      e    −    (  I P − E A − Δ  g s e  −  e 2  / R  )   2    4  k B  T λ      



(5)




where   I P   is the ionization potential,   E A   is the electron affinity,   Δ  g s e    is the solvation energy of the ion pair due to solvent electronic polarization, J is the electron coupling and    e 2  / R   is ion pair Coulomb interaction energy. The reorganizational energy  λ  was obtained with the classical expression provided by Marcus:


   λ o  =      (  Δ e  )   2   2   (   1 a  +  1 b  −  2 R   )   (   1   D  o p     −  1   D s     )   



(6)




where  a  is the distance Bi(30)–Bi(27) = 3.32Å in the    Bi 2   O 3    cluster and Bi(1)–Bi(8) = 3.3Å in the    Bi 5   O 7   NO 3    cluster;  b  is the distance C(12)–C(15) = 2.79Å in the    Bi 2   O 3    cluster and C(27)–C(28) = 2.79Å in the    Bi 5   O 7   NO 3    cluster; R is the mean distance between Bi(30)–C(12) and Bi(27)–C(15) in the    Bi 2   O 3    cluster, and it is equal to 3.62 Å; in    Bi 5   O 7   NO 3   , R is the mean distance between Bi(1)–C(27) and Bi(8)–C(28), and it is equal 3.51Å;   Δ e   = 2 is the number of electrons exchanged;    D  o p     and    D s    are the optical and static dielectric constants of water, respectively.



The calculated rate constant was   k = 3.2    ms  − 1     for    Bi 5   O 7   NO 3    and   k = 1.9    ms  − 1     for    Bi 2   O 3   . Both theoretical values were close to the experimental ones reported in Table 4. However, the proposed computational model does not account for coupled chemical reactions such as the dimerization of NAPQI and possible diffusion limitations. For this reason, a slight overestimation of the rate constant in the theoretical model for both    Bi 2   O 3    and    Bi 5   O 7   NO 3    is expected.



The computational studies showed a greater interaction distance between PCM and the bismuth in the case of Bi2O3 than that in the case of Bi5O7NO3. The tight interaction between PCM and Bi5O7NO3 is one possible reason for the increased electron transfer, as is also demonstrated by Table 3. On the other hand, that was also likely limited by the desorption of the oxidized PCM, as is demonstrated in cyclic voltammetry experiments by the dependence of    I  p c   /  I  p a     on the concentration of PCM. Heterostructures of Bi2O3/Bi5O7NO3 seem to mitigate this issue by providing a better balance between the adsorption of reduced species and the desorption of oxidized products due to a more disordered surface topography.





4. Conclusions


In this work, we reported a systematic study on the effect of the production temperature on the electrochemical performances of bismuth subnitrate species, evaluating their electron transfer rate constant through empirical data using the Laviron model and semiempirical computational methods.



Furthermore, we have shown that it is possible to follow the progressive oxidation of a bismuth subnitrate through the Raman spectroscopy. Consequently, the intensity of the     NO  3 −    symmetric stretching peak at a Raman shift of   1049      cm    − 1     was observed to inversely correlate with the calcination temperature. This allowed us to monitor the transition of Bi5O7NO3 to pure Bi2O3 through bismuth subnitrate heterostructures.



A comprehensive characterization of the modified SPEs compared to the bare electrode was provided through cyclic voltammetry measurements. Enhancements in (anodic–cathodic) peak currents were noticed for all the SPEs. The introduction of deliberate defects into the structure of the subnitrate, in the form of partial oxidation sites, was shown to favor an improved electron transfer. The heterostructure B500 caused the greatest improvement to the carbonaceously working electrode in terms of its sensitivity and kinetics. We also evaluated the interaction of modified SPEs with PCM through a computational study, identifying the geometrical factors that maximized the electron transfer rate. The computational study showed that the presence of nitric residues induced geometrical constraints on the transitional state, but also that it is still more energetically favorable compared with pure bismuth oxide. This suggest that a combination of bismuth oxide and bismuth subnitrate could give rise to the synergistic effects observed.



This work lays the foundation for future developments of defective-bismuth-tailored SPEs with improved responses in non-enzymatic sensing.
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Figure 1. Raman spectra of the synthesized materials. From bottom to top: B450, B500, B525, B600. 
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Figure 2. Scanning electron microscope captures of (a) B450 and (b) B600. 
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Figure 3. Voltammograms of the differently modified sensors at 0.1 V/s scan rate for an electrolytic solution of 0.1 M PBS with 1 mM PCM. 
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Figure 4. (a) Cyclic voltammograms of 1 mM PCM in 0.1 M of PBS with scan rate varied from 100 mV to 300 mV for a sensor functionalized with B500. (b) Linear dependence of the peak currents’ positions with respect to the natural logarithm of the scan rate. (c) Linear dependence of the peak-to-peak separation with respect to the natural logarithm of scan rate. 
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Figure 5. (a) Cyclic voltammograms of 1 mM PCM in 0.1 M of PBS with scan rate varied from 100 mV to 300 mV for a sensor functionalized with B525. (b) Linear dependence of the peak currents’ positions with respect to the natural logarithm of the scan rate. (c) Linear dependence of the peak-to-peak separation with respect to the natural logarithm of the scan rate. 
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Figure 6. Calibration curves for the bare electrode, B450, B500, B525, and B600 obtained by plotting the anodic peak currents at 100 mV/s with respect to the different concentrations of PCM. 
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Figure 7. Optimized structures of PCM interaction with (a) Bi2O3 and (b) Bi5O7NO3 representative units. Bismuth atoms are represented as purple spheres, carbon atoms as grey spheres, oxygen atoms as red spheres, nitrogen atoms as blue spheres and hydrogen atoms as white spheres. 
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Table 1. Thermal treatment used for the synthesis of bismuth oxide and bismuth subnitrate structures.
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	Dehydration (1 h)
	2° Step (2 h)
	3° Step (1 h)





	B450
	200 °C
	300 °C
	450 °C



	B500
	200 °C
	300 °C
	500 °C



	B525
	200 °C
	300 °C
	525 °C



	B600
	200 °C
	300 °C
	600 °C
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Table 2. Anodic peak and peak-to peak separations for bare electrode and modified SPEs. (0.1 V/s).
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	Material
	Anodic Peak (μA)
	   Δ  E p    ( mV )   





	Bare electrode
	   40.2 ± 0.5   
	   495 ± 5   



	B450
	   49.1 ± 1.2   
	   430 ± 10   



	B500
	   52.4 ± 1.0   
	   411 ± 10   



	B525
	   51.1 ± 0.9   
	   418 ± 7   



	B600
	   45.3 ±  0.7   
	   447 ± 6   
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Table 3. Linear regression equations (   I  p a   v s    v   ) for the different modified SPEs (scan rate = 0.1 V/s) and calculated diffusion coefficient of PCM for a scan rate of 100 mV/s.
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	Material
	     I  p a      (   μ A   )     
	     R 2     
	D (cm2/s)





	Bare electrode
	3.84    v    + 2.81
	0.996
	   2.92 ×   10   − 6     



	B450
	4.37    v    + 5.58
	0.992
	   3.33 ×   10   − 6     



	B500
	5.12    v    + 2.79
	0.995
	   3.16 ×   10   − 6     



	B525
	4.93    v    + 2.85
	0.996
	   2.49 ×   10   − 6     



	B600
	4.29    v    + 2.43
	0.995
	   1.96 ×   10   − 6     
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Table 4. Experimental values of electron transfer and alpha for bismuth subnitrates, heterostructures and oxides as computed by the Laviron theory.
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	Material
	k (ms−1)
	Alpha (α)





	Bare electrode
	   0.30 ± 0.05   
	   0.488 ± 0.058   



	B450
	   1.11 ± 0.10   
	   0.441 ± 0.094   



	B500
	   1.64 ± 0.08   
	   0.418 ± 0.084   



	B525
	   1.52 ± 0.09   
	   0.422 ± 0.065   



	B600
	   0.88 ± 0.07   
	   0.453 ± 0.087   
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Table 5. Sensitivity and limit of detection.
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	Material
	Sensitivity (μA/mM)
	LOD (μM)





	Bare electrode
	   28.83 ± 0.15   
	   3.642 ± 0.019   



	B450
	   45.78 ± 0.33   
	   4.484 ± 0.032   



	B500
	   48.47 ± 0.32   
	   4.209 ± 0.028   



	B525
	   46.73 ± 0.28   
	   4.391 ± 0.036   



	B600
	   41.56 ± 0.24   
	   4.714 ± 0.028   
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





nav.xhtml


  chemosensors-09-00361


  
    		
      chemosensors-09-00361
    


  




  





media/file2.png
Intensity (arb.un.)

—— B450 |-
—— B500
— B525
—— B600

400

-

L

| |

600 800 1000
Raman shift ( cm™ )

1200

Calcination | -
temperature

| |

1400 1600





media/file5.jpg
Current (uA)

-0.2

0

0.2 04
Potential(V) vs Ag

06

08






media/file3.jpg





media/file1.jpg
Intensity (arb.un.)

——B450

——— B500
——B525
— B600
j\_/\ A A
T
!
i[ Calcination
J\‘ i |temperature
i
!
1
400 600 800 1000 1200 1400 1600

Raman shift (cm™")





media/file7.jpg





media/file10.png
Current (uA)

100

50

(a)

L

m—— 100mV/s
= 150mV/s
e 200mV/s
— 250mV/s
e 300MV/s

1

-0.4

-0.2

0 0.2 04
Potential(V) vs Ag

0.6

0.8

o
o

o
B
T

o
N
T

Potential (V) vs Ag/AgCI

o

.
n

5.]2
In(v) (In(mV/s))

0.5

(V) vs Ag/AgCI

AE
p
o
N

0.42

(c)

4.4

4.6

52
In(v) (INn(mV/s))

5.4

5.6

5.8






media/file12.png
Anodic peak current (uA)

160

140 |

120

100

(0]
o

()]
o

I
o

N
o

— 450
— 500
— HOh
— 600
bare

| | | 1% hae |

LA F2ATANTT N

1.9
Concentration (mM)

2

2.5





media/file9.jpg
(b)
(0

i






media/file0.png





media/file14.png





media/file8.png
Current (uA)

100

50

= 100mV/s
——— 150mV/s
e 200mV/s
— 250mV/s
= 300mV/s

-0.4

-0.2

0 0.2 0.4
Potential(V) vs Ag

0.6

0.8

o o
EAN (o))
T

Potential (V) vs Ag/AgCI
o
N

o

.
~

0.5

4.6

5.2
In(v) (IN(mV/s))

AEp (V) vs Ag/AgCl
o
N

0.42

(c)

4.4

4.6

5.|2
In(v) (IN(mV/s))

5.4

5.6

5.8






media/file11.jpg
Anodic peak current (uA)

160

[—as0
— 500

140 | — 525
|——s00
|——bare

120+

100 -

80

60

a0f

200

1

15
Concentration (mM)

2

25





media/file6.png
Current (uA)

60 T T T I I

—— 600

50 |-

40 -

30 -

-0.4 -0.2 0 0.2 0.4 0.6 0.8
Potential(V) vs Ag





