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Abstract

:

In this study, we introduce a novel electrochemical sensor combining reduced graphene oxide (rGO) sheets with a bismuth–mercury (Bi/Hg) film, electroplated onto pencil graphite electrodes (PGEs) for the high-sensitivity detection of trace amounts of gallium (Ga3+) and indium (In3+) in water samples using square wave anodic stripping voltammetry (SWASV). The electrochemical modification of PGEs with rGO and bimetallic Bi/Hg films (ERGO-Bi/HgF-PGE) exhibited synergistic effects, enhancing the oxidation signals of Ga and In. Graphene oxide (GO) was accumulated onto PGEs and reduced through cyclic reduction. Key parameters influencing the electroanalytical performance, such as deposition potential, deposition time, and pH, were systematically optimized. The improved adsorption of Ga3+ and In3+ ions at the Bi/Hg films on the graphene-functionalized electrodes during the preconcentration step significantly enhanced sensitivity, achieving detection limits of 2.53 nmol L−1 for Ga3+ and 7.27 nmol L−1 for In3+. The preferential accumulation of each post-transition metal, used in transparent displays, to form fused alloys at Bi and Hg films, respectively, is highlighted. The sensor demonstrated effective quantification of Ga3+ and In3+ in tap water, with detection capabilities well below the USEPA guidelines. This study pioneers the use of bimetallic films to selectively and simultaneously detect the post-transition metals In3+ and Ga3+, highlighting the role of graphene functionalization in augmenting metal film accumulation on cost-effective graphite rods. Additionally, the combined synergistic effects of Bi/Hg and graphene functionalization have been explored for the first time, offering promising implications for environmental analysis and water quality monitoring.
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1. Introduction


In contemporary times, there is a surging interest within environmental communities in developing methodologies for detecting, remediating, and quantifying trace metals, including Gallium and Indium. This heightened interest is primarily driven by the imperative to ensure effective wastewater treatment [1,2,3,4,5]. Recently, semiconductor materials like III–V semiconductors (e.g., InAs, InP, GaAs, and GaP) have emerged as crucial strategic materials extensively employed in high-tech industries for devices like light-emitting diodes, semiconductor laser diodes, solar cells, optical computers, and liquid crystal displays. Indium and Gallium, both belonging to group IIIA metallic elements, exhibit semiconductor or optoelectronic characteristics and find widespread application in thin-film transistor liquid crystal display (TFT-LCD) production for television screens, portable computer screens, and cell phone displays [6,7].



The etching wastewater discharged from semiconductor or optoelectronic plants contains trace amounts of Indium and its compounds, suspected to be carcinogenic to humans and capable of causing damage to the heart, kidney, and liver [4,8]. Consequently, there is a growing interest in developing new methods to determine trace Indium in the environment, motivated by health and environmental concerns. Similarly, trace amounts of Gallium exist in the human body through natural water, vegetables, and fruits, although its physiological function remains unknown. Gallium (III) can easily be absorbed into the blood as the transferrin–gallium complex due to its similarity to Fe (III). Some Gallium compounds have demonstrated anti-inflammatory and immunosuppressive activities, making them potential antimicrobial agents against certain pathogens [9,10,11,12,13,14]. The increasing use of Gallium and its compounds has led to a rise in Gallium levels in the environment around industrial areas, necessitating studies on the determination of trace Gallium in environmental or biological samples.



Traditionally, the determination of trace metals has been conducted using techniques such as atomic absorption spectroscopy (AAS) or inductively coupled plasma atomic emission spectroscopy (ICP-AAS) and ICP-mass spectrometry (ICP-MS) [5,15]. However, these methods are expensive, require qualified personnel, and are time-consuming. An alternative approach involves electrochemical sensors, with electrochemical stripping voltammetry emerging as a valuable technique. Among these, anodic stripping voltammetry (ASV) stands out due to its ability to accumulate metal ions at the electrode surface, resulting in high sensitivity and low detection limits [16,17,18,19].



Electrode materials are crucial in stripping voltammetry. Carbon-based electrodes have been favoured in various applications due to their favourable potential ranges and minimal contribution to background current [20,21,22,23]. Of these, pencil rods made of graphite, referred to as pencil graphite electrodes (PGE), have gained popularity in recent years owing to their favourable characteristics, including good electro-conductivity, low cost, disposability, and the absence of time-consuming pretreatments [24,25,26]. Additionally, the modifications to PGE surfaces and treatment steps cause changes in reactivity and active area [27,28,29,30,31].



The utilization of graphene and reduced graphene oxide in carbon electrode functionalization improves surface area, strength, conductivity, and ease of functionalization [32,33,34,35,36,37]. Graphene-based electrodes, particularly those modified with graphene oxide, have demonstrated superior detection capabilities, resulting in environmental and biological sensors [38,39,40,41,42]. Adjusting the surface area while maintaining the ratio, ease of functionalization, and improved electron-transport kinetics is leveraged for improved detection sensitivity in a range of electrochemical sensors.



Mercury electrodes have historically yielded the best analytical results due to their excellent electrochemical performance. Mercury, in its pure liquid form at ambient temperatures, can easily form a fresh surface crucial for sensitive analysis, and it boasts a wide usable potential range [43,44,45,46,47,48]. Mercury films have shown wide application in the stripping analysis of metals [49,50,51]. Thin bismuth-film electrodes have shown similar or comparable results to mercury-film electrodes, due to their alloy formation capabilities offering improved sensitivity, resolution, and simplicity [52,53,54,55,56]. The formation of Bi and Hg films has been leveraged for the past 2–3 decades and are well documented in the literature. It is believed that the high concentration of metallic film material used over the analyte (usually >1000 times) leads to film formation instead of nanoparticles. To the best of our knowledge, all work reporting the formation of bismuth nanoparticles has used chemical and other methods for the synthesis of the nanostructures with electrochemical methods used only for electrodeposition. The synergistic effects of Bi/Hg bimetallic films have been leveraged in a handful of studies for the stripping analysis of heavy metals [48,57,58]. To date, only one study has investigated its use for the determination of metalloids or transition metals, establishing a unique gap in current research for further exploration [59]. Moreover, the high affinity of the cation-π interactions facilitates the electroplating of metallic films at carbon nanostructure surfaces.



In this specific study, the pencil graphite electrode (PGE) was electrochemically modified with reduced graphene oxide. The resulting modified pencil graphite electrode, in conjunction with an in situ plated bismuth–mercury film (ERGO-Bi/HgF-PGE), was for the first time employed for the simultaneous determination of Gallium and Indium in water samples. To date, conventional and expensive solid electrode materials or hanging mercury drop electrodes have been reported in all studies for the quantitative determination of In3+ and Ga3+ in various media. This study, therefore, is one of the first reported works using low-cost and disposable alternatives for post-transition metal detection. The method’s detection limit was found to be comparable to those reported in the literature, though lower detection limits have been achieved. Despite this, low detection limits remain a significant challenge for the simultaneous analysis of Gallium and Indium. The utilization of ERGO-Bi/HgF–PGE involves relatively simple modification protocols, and the method yields low detection limits.




2. Materials and Methods


2.1. Chemicals and Reagents


In this investigation, only chemicals of analytical reagent grade were employed, and they were utilized without undergoing additional purification steps. Standard stock solutions, specifically atomic absorption standard solutions with a concentration of 1000 mg L−1, were procured from Sigma-Aldrich (Darmstadt, Germany) and subsequently diluted as needed for the experiments. To create the supporting electrolyte, an acetate buffer with a pH of 4.38 and a concentration of 0.1 M was utilized. The acetate buffer comprised of appropriate ratios of acetic acid and sodium acetate. All solutions were prepared with impurity-free ultra-pure distilled water obtained from MilliporeSigma (Darmstadt, Germany).




2.2. Apparatus


The Metrohm (Herisau, Switzerland), 797 VA Computrace instruments were used for all voltammetry experiments. The experimental setup involved a three-electrode system, where the electrochemically reduced graphene oxide bismuth–mercury film pencil graphite electrode (ERGO-Bi/HgF-PGE) functioned as the working electrode. Additionally, a platinum wire served as the counter electrode, and an Ag/AgCl (saturated KCl) electrode served as the reference electrode. All electrode potentials recorded herein are plotted vs. the Ag/AgCl reference electrode. The standard hydrogen electrode (SHE) potential for the Ag/AgCl reference electrode (saturated KCl) is 0.25 V. All experimental procedures took place in a single-compartment 20 mL voltammetric cell maintained at room temperature.




2.3. Electrochemical Reduction of Grapheme Oxide onto Pencil Graphite Electrodes (ERGO-PGE)


Graphene oxide (GO) dispersions were prepared in aqueous media following a conventional modified Hummer’s method [17,60]. GO nanoplatelets were synthesized from graphite powder in the presence of sodium nitrate, sulfuric acid, and potassium permanganate as oxidizing agents. Alternate acid and ultra-pure water washes were used to purify the resultant GO flakes prior to drying in a desiccator. Subsequently, mechanical exfoliation (1 h) of the prepared graphite oxide was performed in an ultrasonic bath and dispersed in an acetate buffer solution (ABS).



The 6-cm pencil graphite rods (0.5 mm diameter), specifically the Pentel brand, were used as working electrodes for all experiments. Graphite rods inserted into a plastic syringe casing were affixed with copper wire through the top to ensure electrical connection, and 1-cm portions exposed for detection. Before undergoing modification, the surface of the pencil graphite electrode (PGE) was polished with 3M nitric acid and cleaned with deionized water. The electrode was then conditioned through five cycles in an acetate buffer solution (ABS) using cyclic voltammetry. Subsequently, ERGO films were prepared from 1 mg mL−1 graphite oxide (GO) dispersions. Voltammetric scanning between −1.4 V and +0.3 V (vs. Ag/AgCl sat) for five successive cycles resulted in the reduction and deposition of ERGO on the PGE surface. The instrumental parameters for the electrodeposition procedure included a deposition time of 120 s, frequency of 50 Hz, amplitude of 0.04 V, and voltage step of 0.004 V. Following the electrodeposition procedure, the electrochemically reduced graphene oxide-modified pencil graphite electrode (ERGO-PGE) was dried for one hour and then conditioned in an acetate buffer solution (ABS) through square wave voltammetry before each measurement.




2.4. Voltammetric Analysis of Post-Transition Metals (Ga3+ and In3+)


Square wave anodic stripping voltammetry (SWASV) measurements were carried out in a 10 mL solution of 0.1 mol L−1 acetate buffer solution (ABS) with a pH of 4.38. The solution included 200 ppb of bismuth (Bi), 100 ppb of mercury (Hg), and Ga3+ and In3+. Bismuth–mercury films and the target metal ions were deposited onto the ERGO-PGE by in situ coating following fixed potential reduction at −1.2 V (vs. Ag/AgCl sat) for 120 s. An anodic scan of the ERGO-PGE from −1.2 V to −0.5 V (vs. Ag/AgCl sat) through a square-wave waveform was used for detection. At the end of the scan, the ERGO-PGE underwent an electrochemical cleaning process to remove residual metals. This was achieved by applying a potential of 0.5 V (vs. Ag/AgCl sat) for 120 s, ensuring the electrode was thoroughly cleaned from any remaining metal ions. The standard oxidation potentials of Ga3+ (−0.88 V), In3+ (−0.67 V), Bi (−0.10 V), and Hg (0.21 V) recorded at the ERGO-PGE in 0.1 M of acetate buffer solution (pH 4.38) vs. the Ag/AgCl saturated reference electrode is shown in Figure S1. An overview of the ERGO-PGE preparation and stripping procedure (deposition and stripping steps) is given in Scheme 1.





3. Results and Discussion


3.1. Electrochemical Characterization and Optimization of ERGO-Bi/Hg-Film PGEs for the Simultaneous Stripping Analysis of Post-Transition Metals


The electrochemical reduction of graphene oxide (GO) dispersions prepared in 0.1 acetate buffer solution was performed by cyclic voltammetric reduction between −1.4 V and +0.3 V (vs. Ag/AgCl sat) for five successive cycles. The successive reduction and consequent deposition cycles are shown in Figure S2 for 20 cycles. Changes in the oxidation of the PGE surface during successive scans confirm the deposition of electrochemically reduced graphene oxide (ERGO) at the PGE surface. High-resolution scanning electron microscopy (HRSEM) images shown in Figure S3A,B confirm the deposition of ERGO sheets as irregular deposits on the spherical graphitic rod surface.



Figure 1a provides a comprehensive visualization of the electrochemical response of the PGE and ERGO-PGE in a ferricyanide solution. This evaluation involves the examination of the oxidation and reduction responses of a 5 mM [Fe (CN) 6]3−/4− redox couple, situated within a 0.1 M KCl solution, at both the unmodified PGE and the PGE modified with electrochemically reduced graphene oxide (ERGO-PGE). The measurements were conducted using cyclic voltammetry, employing a scan rate of 50 mV s−1. Upon close inspection of the results, it is evident that the bare pencil graphite electrode exhibits broad peaks associated with the [Fe (CN) 6]3−/4− redox couple. Notably, at the bare PGE, the separation between the anodic and cathodic peaks measures 0.715 V (vs. Ag/AgCl sat). In stark contrast, the ERGO-PGE displays a notably different electrochemical response. The separation between the anodic and cathodic peaks at the ERGO-PGE is significantly narrower, measuring 0.115 V (vs. Ag/AgCl sat). This reduced peak separation can be attributed to the modifications involving the deposition of reduced graphene oxide (GO). The effect of ERGO modification is reflected in an enhancement of the response current, signifying a substantial improvement in the sensitivity of the ERGO-PGE electrode. This is attributed to the high electrochemical active surface area (ECSA) of the deposited ERGO. This phenomenon signifies a substantial improvement in the sensitivity of the electrode surface. The enhanced sensitivity is primarily a consequence of the higher surface-to-volume ratio associated with the modified ERGO-PGE. This alteration facilitates a more efficient and rapid transfer of electrons, resulting in superior electrochemical performance. The visual representation in Figure 1a effectively captures these changes, demonstrating the positive impact of ERGO modification on the electrochemical response of the pencil graphite electrode.



Figure 1b illustrates the relationship between peak currents and the scan rate across a range of 10 mV s−1 to 100 mV s−1. This assessment is critical in understanding the electrochemical behavior of the system. The peak currents, corresponding to the oxidation and reduction processes, display a distinct and noteworthy pattern; they exhibit a linear increase as the square root of the scan rate increases (see Inset). The observed linearity in the relationship between peak currents and the square root of the scan rate is a significant finding. It strongly suggests that the electrochemical processes at play are predominantly diffusion-controlled. In other words, the observed changes in peak currents are primarily dictated by the rate at which analyte species can diffuse to and from the electrode surface. To further quantify this relationship, a correlation coefficient of 0.996 was obtained for both the anodic and cathodic peak currents concerning the square root of the scan rate. This high correlation coefficient serves as compelling evidence that the electrochemical behavior being studied is indeed governed by a diffusion-controlled process. Such knowledge is vital for designing and optimizing electroanalytical methods, ensuring that the system operates predictably and consistently across different conditions.



The sensitivity and overall performance of any electrode are intricately linked to the efficiency of electron transfer across the deposited film [61,62]. The figure displayed in Figure 1c underscores the influence of the number of graphene oxide (GO) electrodeposition cycles on the oxidation peak of Gallium (Ga3+) and Indium (In3+). Upon careful examination, it is evident that a deposition consisting of five cycles yields the most prominent peak for Ga3+ and In3+. This observation prompts the selection of the five-cycle deposition approach for subsequent experiments aimed at detecting Ga3+ and In3+ at electrodes modified with electrochemically reduced graphene oxide (ERGO-PGE). However, it is noteworthy that the peak current for Ga3+ and In3+ displays a decline beyond the fifth cycle (Figure 1d). This decrease in peak current is primarily attributed to the thickening of the graphene film. As the film thickness increases, it progressively hinders the efficient flow of electrons to the electrode surface. In essence, while a thicker film can be advantageous in certain scenarios, it reaches a point where it starts to impede electron transfer, leading to a reduction in peak current. It is imperative to highlight that the electrodeposition of GO onto the pencil electrode, employing cycling voltammetry, offers a distinct advantage. This advantage lies in the precise control it affords over the thickness of the film deposited on the electrode surface. The ability to modulate film thickness is a key factor in tailoring electrode performance to suit specific analytical requirements.




3.2. The Synergetic Effect of Graphene Sheets and Bismuth-Mercury Film on the Electrochemical Response of Ga3+ and In3+


Figure 2a shows changes observed in the oxidation peak heights of 30 ppb Ga3+ and 20 ppb In3+ through the use of Square Wave Anodic Stripping Voltammetry (SWASV). A comparison is made between two types of electrodes: the bare pencil graphite electrode (PGE) and the modified pencil graphite electrode. The competitive stripping analysis of Ga3+ and In3+ at the bimetallic metal-film-functionalized carbon nanostructured electrode surfaces follows the schematic shown in Figure 2b. Reduced graphene oxides have readily been studied for their ability to absorb metal cations through weak intermolecular forces. Cation-π interactions arise as a result of strong attractive forces between positively charged entities and the π-electron cloud of aromatic groups. Typically, Bi and Hg cations are accumulated at the ERGO surfaces through cation-π stacking interactions arising from the unoccupied π-orbitals in the graphene lattice structure. The weak Van der Waal’s interactions and increased active surface area associated with graphene inclusion facilitate metal accumulation at the electrode surface during the deposition step. Accumulated Bi3+ and Hg2+ cations are reduced at the ERGO-functionalized PGE surfaces to create bimetallic films. While this phenomenon has not been independently studied in stripping analysis, the accumulation may follow a similar route to the work performed in membrane analysis and energy applications [63,64]. Simultaneously, target metal ions (Ga3+ and In3+) are reduced to forms with the deposited metallic film:


xMn+ + (nx+3y+2z)e− + yBi3+ + zHg2+ → MxBiyHgz)



(1)







Bismuth and Mercury were selected for their ability to form alloys with a wide range of metal cations, facilitating Ga3+ and In3+ accumulation for reduction, thereby pre-concentrating the ERGO-PGE surface. Competition for available film sites results in preferential accumulation of In3+ and Ga3+ for the Hg2+ and Bi3+ cations, respectively. Thereafter, the subsequent re-oxidation of the metal cation at prescribed redox potentials causes its stripping, giving rise to two distinct peaks in the stripping step. Upon careful examination, it becomes evident that the oxidation peaks corresponding to Ga3+ and In3+ are distinctly visible only when the electrode is subject to modification with electrochemically reduced Graphene Oxide (ERGO). This is a crucial observation, indicating the pivotal role played by the ERGO modification in enabling the electrochemical determination of these analytes. Notably, a substantial and noteworthy enhancement in the peak height is observed when transitioning from the bare PGE to the ERGO-Bi/HgF-PGE, as illustrated in Figure 2. This enhancement in peak currents can be attributed to several key factors. First and foremost, the introduction of ERGO-Bi/HgF on the electrode’s surface significantly increases the surface area-to-volume ratio. The resulting high surface area within the nanometer range (1–100 nm) is instrumental in promoting enhanced conductivity and electron transfer. The concept of quantum confinement plays a crucial role in this context. This phenomenon, occurring at the nanoscale, effectively confines electrons and other charge carriers within specific energy levels, leading to more efficient electron transfer processes. The combined synergistic effects of the ERGO cation-π stacking and alloy formation (between Ga3+ and In3+ and bimetallic Bi/Hg-films) gives rise to high sensitivity. As a result, the ERGO-Bi/HgF-PGE exhibits superior electrochemical performance, enabling the precise and sensitive determination of Ga3+ and In3+ in the tested samples. This heightened sensitivity is essential for trace analysis in various fields, making the ERGO-Bi/HgF-PGE a valuable tool in analytical chemistry and environmental monitoring. The bimetallic ERGO-Bi/HgF-PGE was compared to the ERGO-BiF-PGE and ERGO-HgF-PGE and the results are shown in Figure S4. Enhanced peak currents are shown for both Ga3+ and In3+ over the monometallic counterparts under optimized Bi and Hg concentrations.




3.3. Experimental Parameter Optimization of ERGO-Bi/Hg-Film PGE for Ga3+ and In3+ Detection


The impact of electrochemical cleaning on the restoration of the initial response of Ga3+ and In3+ at the ERGO-PGE was subject to thorough investigation using Square Wave Anodic Stripping Voltammetry (SWASV). As depicted in Figure 3a, the relationship between the oxidation peaks of Ga3+ and In3+ at the ERGO-PGE and the electrochemical cleaning process is elucidated. Figure 3a clearly illustrates that a remarkable recovery of the original response of Ga3+ and In3+ can be achieved through the systematic application of electrochemical cleaning to the electrode. The restoration of the peak height and signal intensity is particularly significant for accurate and reliable analysis, ensuring that subsequent measurements yield consistent and precise results. After careful examination, it was determined that a cleaning duration of 120 s using electrochemical cleaning delivered the most effective recovery of the electrode’s initial response. This duration was established as the optimal cleaning time for further measurements, as it strikes a balance between thorough cleaning and efficient recovery. The chosen 120 s cleaning time ensures that the ERGO-PGE remains in an optimal condition for the sensitive and accurate determination of Ga3+ and In3+ in subsequent analyses. This process enhances the reliability and reproducibility of the analytical results, making it a critical step in the electroanalytical methodology employed in this study. For each experimental set, the same modified electrodes are employed and subjected to electrochemical cleaning between successive measurements. Given the low cost of pencil graphite electrodes, a freshly modified electrode is utilized for each distinct set of experiments.



The influence of pH on the stripping peak current (Ip) was meticulously examined through a series of square wave voltammetry measurements conducted within a pH range spanning from 4.08 to 4.58. The analyte solution comprised 10.0 ppb Ga3+ and 2.0 ppb In3+, as depicted in Figure 3b. The relationship between pH and the stripping peak current (Ip) for Ga3+ and In3+ was clearly observed. It is evident from the data that the peak current for Ga3+ reaches its maximum magnitude at a pH of 4.38. At this pH, two distinct and well-defined oxidation peaks, corresponding to Ga3+ and In3+, are clearly discernible. The selection of pH 4.38 as the optimal pH setting is of paramount importance for subsequent Ga3+ and In3+ measurements. At this pH, the analytical system exhibits the highest sensitivity and provides a clear demarcation between the oxidation peaks of Ga3+ and In3+. The use of pH 4.38 ensures that the electroanalytical methodology is operating under conditions that yield the most precise and reliable results, enhancing the overall accuracy of the measurements.



Reduction potentials influence the deposition of Ga3+ and In3+ at the ERGO-Bi/HgF-PGE. Their influence on peak currents was methodically investigated within a potential range spanning from −1.0 V to −1.7 V (vs. Ag/AgCl sat). The data presented in Figure 3c provide insights into the influence of deposition potential on the electrochemical behavior of these metal ions. At deposition potentials more negative than −1.2 V (vs. Ag/AgCl sat), a signal emerges at approximately −1.3 V (vs. Ag/AgCl sat). This signal is attributed to the formation of a Ga-In-Hg amalgam, a phenomenon that suppresses the reduction reaction responsible for the deposition of metal ions from the solution onto the electrode surface. In general, the peak currents corresponding to In and Ga exhibit an upward trend as the deposition potential becomes more negative. This increase in peak current is especially pronounced, up to −1.2 V (vs. Ag/AgCl sat) for In3+ and up to −1.4 V (vs. Ag/AgCl sat) for Ga3+. This behavior can be attributed to the preferential reduction and deposition of In3+ and Ga3+ at the electrode surface under these conditions. However, it is noteworthy that beyond the deposition potential of −1.2 V (vs. Ag/AgCl sat), electrode saturation occurs, leading to a decline in the stripping response for In3+. As a result, a deposition potential of −1.2 V (vs. Ag/AgCl sat) was judiciously selected for further analysis. This choice ensures that the electrode operates in a regime that maximizes the analytical sensitivity for In3+ and Ga3+, contributing to more accurate and reliable measurements.




3.4. Intermetallic Interferences


Mercury and Bismuth films notably show markedly different performances for accumulating In3+ or Ga3+ ions at the electrode surface, respectively. Figure 4a,b show the effect of (a) Ga3+ concentration and (b) In3+ concentration on Hg and Bi film formation. The data clearly indicate that during the deposition of Ga3+ onto the electrode surface, competition ensues between Hg and Ga3+ ions for available surface sites on the electrode. Consequently, with increasing Ga3+ concentration, less Hg is plated at the surface of the ERGO-PGE. Conversely, an increase in In3+ concentration increases Bi plating due to fused alloy formation. The findings highlight preferential interactions between Ga3+ and Hg, and In3+ and Bi, respectively.



Figure 5a,b provide valuable insights into the interaction between Ga3+ ions and the peak height of In3+ at a constant concentration of In3+. The literature indicates that gallium demonstrates selectivity toward bismuth, while indium exhibits selectivity toward mercury [65]. As illustrated in Figure 5b, the amount of deposited gallium on the electrode surface has a direct and significant impact on the In3+ peak height during anodic stripping. This observation aligns with the fact that Ga3+ ions experience a faster rate of reduction compared to Hg ions. Consequently, the number of unoccupied sites on the electrode surface, which can be utilized for the electrodeposition of mercury from the solution, decreases as the amount of deposited gallium increases. The net result of this competition is the inhibition of deposited mercury, limiting the formation of an In3+ amalgam. This phenomenon becomes more pronounced with a decrease in the amount of electrodeposited mercury on the electrode surface. These insights are critical for understanding and optimizing the electrochemical behavior of In3+ and Ga3+ ions, thereby enhancing the accuracy and efficiency of subsequent analytical measurements.



Figure 5c provides a clear depiction of the influence of In3+ ions on the oxidation response of gallium ions. The data reveal an interesting trend, as depicted in Figure 5d, where an increase in the concentration of indium results in a continuous and noticeable enhancement in the oxidation peak of a constant amount of gallium. In simpler terms, as the concentration of indium ions in the solution increases, the electrochemical response of gallium ions during oxidation becomes increasingly pronounced. This observed phenomenon indicates an accelerated electrodeposition of bismuth ions on the surface sites of the electrode, effectively outperforming indium ions. This intensified electrodeposition of bismuth, known for its stronger affinity with gallium, leading to the formation of a gallium-fused alloy, ultimately manifests in a heightened Ga3+ oxidation peak.



Figure S5 illustrates the investigation into interferences from other metal ions in the water samples, using standard addition and spiking techniques. Metal ions that interfere with Ga3+ and In3+ were added to the test solution. These ions can form alloys with bismuth or amalgams with mercury. They may also produce reduction peaks that overlap with or suppress the Ga3+ and In3+ peaks, thus affecting measurement accuracy. The study evaluated the impact of Zn2⁺, Cd2⁺, Pb2⁺, Ni2⁺, Co2⁺, and Cu2⁺. Notably, a two-fold excess of Pd2⁺ and a three-fold excess of Co2⁺ caused a 30% and 20% decrease in Ga3+ peak currents, respectively, and a 10% and 5% decrease in In3+ peak currents. The remaining metals did not interfere with Ga3+ and In3+ measurements, improving the method’s selectivity and reliability.




3.5. Analytical Performance of the ERGO-Bi/Hg-Film PGEs for the Individual Determination of Ga3+ and In3+


The analytical performance of the developed ERGO-Bi/Hg-film PGEs for the individual analysis of Ga3+ and In3+ in test samples was evaluated in test solutions using an acetate buffer as the electrolyte. The detection limit was determined by constructing a calibration curve for Ga3+ using the optimized SWASV conditions at the ERGO-Bi/HgF-PGE. The relationship between Ga3+ concentration (ranging from 30 to 70 ppb) and peak current is illustrated in Figure 6a. Increases in the stripping peak current associated with the three-electron oxidation of Ga0 to Ga3+ were observed during the anodic scan, with no observable shift in peak potential. The data shown in the inset display a linear correlation between Ga3+ concentration and peak current, with a noteworthy correlation coefficient of 0.988 (n = 3). The linear regression equation for the calibration curves (n = 3) was employed to determine the DL. The equation is as follows:


I(µA) = 0.367 (µA/ppb) [Ga3+] (ppb)−3.08 (µA)



(2a)






I(µA) = 25.59 (µA/µM) [Ga3+] (µM) − 3.08 (µA)



(2b)







Using the 3σ/slope ratio, where σ represents the standard deviation of the mean value from 10 voltammograms of the blank, the detection limit was determined to be 1.02 µM. This value signifies the lowest concentration of gallium that can be reliably detected under the given experimental conditions.



Similarly, the ERGO-Bi/Hg-film PGE was investigated for In3+ analysis. A linear correlation between In3+ concentration, ranging from 30 to 80 ppb, was found, and peak current was observed with a commendable correlation coefficient of 0.976, as depicted in Figure 6b. The standard deviation was determined based on the linear regression equation for the average of calibration curves (n = 6), expressed as follows:


I(µA) = 2.05 (µA/ppb) [In3+] (ppb) − 3.08 (µA)



(3a)






I(µA) = 235.38 (µA/µM) [In3+] (µM) − 3.08 (µA)



(3b)







The detection limit for In3+ using the ERGO-PG-Bi/HgFE was calculated using the following formula:


D.L. = 3σ/slope



(3c)







Here, D.L. stands for the limit of detection, 3σ denotes three times the standard deviation of the blanks, and Slope represents the gradient (slope) of the calibration curve. Blanks were recorded at the ERGO-Bi/HgF-PGE in 0.1 M acetate buffer (pH 4.38) in the absence of Ga3+ and In3+. Currents were recorded at the Ga3+ and In3+ oxidation potentials for 10 replications. The resultant bar graphs of the ten replications are shown in Figure S6, with relative standard deviation (RSD) percentages of 0.92% and 1.4% found at Ga3+ and In3+ oxidation potentials. A summary of the analytical data used for the limit of detection calculations for both simultaneous and individual analysis is given in Table S1. The determined detection limit was 0.276 µM, based on the results of ten replications of the electrode’s response in the blank solutions. This value indicates the lowest concentration of indium that can be reliably detected under the given experimental conditions. Improved current responses may be observed for In3+ over Ga3+ owing to the higher affinity of In3+ for Hg films, which offer improved current responses over Bi film electrodes. Moreover, the findings show the high sensitivity of both post-transition metal cations for the ERGO-Bi/Hg-film PGEs facilitated through enhanced electroplating of the bimetallic film at the ERGO-functionalized surfaces.




3.6. Simultaneous Analysis of In3+ and Ga3+ at ERGO-Bi/Hg-Film PGEs in Simulated Samples


The simultaneous analysis of Ga3+ and In3+ ions was carried out across a concentration range of 20 to 70 ppb at the ERGO-PG-Bi/HgFE, aimed at assessing the analytical performance of the electrode. The resulting peak currents from the voltammogram (as illustrated in Figure 7a) were used to create the calibration plot presented in Figure 7b. Based on the calibration curve, the detection limits for these metal ions were computed using the following formula: three times the standard deviation (3σblank) of the blank solution divided by the slope of the calibration curve. The standard deviation of the blank was determined through ten replications in the blank solutions. The calculated detection limits for Ga3+ and In3+ were 0.00253 µmol L⁻1 and 0.00727 µmol L⁻1, respectively, with correlation coefficients of 0.977 and 0.996, respectively. These detection limits signify the lowest concentrations of Ga3+ and In3+ that can be accurately and reliably detected under the given experimental conditions, while the correlation coefficients reflect the quality of the calibration curves for these respective ions.



An overview of recent work regarding In and Ga3+ detection is summarized in Table 1 and Table 2, respectively. Hanging mercury electrodes remain the most common support material for Ga3+ and In3+ determination to date, owing to the high-affinity amalgam formation achieved with mercury drops. Metallic films, like Bi, Pb, and Sb, are commonly employed to reduce the amount of toxic mercury. Mercury silver amalgams are also being used quite commonly. Of these, comparable detection limits are achieved for all platforms studied, indicating that metallic film surfaces are able to detect both Ga3+ and In3+ sensitively. The Bi/Hg bimetallic film, which here is studied for the first time for post-transition metals, shows good performance compared to the more conventional films. A comparison of this study with other research on the electrochemical detection of gallium and indium reveals several key distinctions. All reported studies to date have relied on costly solid electrodes or toxic hanging mercury and mercury-film electrodes, which have contributed to the high sensitivity of these works. Unlike previous studies, the proposed work is the only to investigate cost-effective, disposable electrodes utilizing pencil graphite electrodes (PGEs) to improve accessibility in resource-limited settings. Additionally, this is the first study to use graphene to enhance the low electrode sensitivity associated with disposable electrode materials for the detection of target metals, a strategy that enabled the successful application of the inexpensive PGE. To the best of our knowledge, all previous studies have performed individual detection of In3+ or Ga3+ ions. The lower sensitivity achieved herein may be a consequence of the fact that this is the first reported work regarding the simultaneous detection of gallium and indium, with only one instance in 2004 attempting this under significantly higher metal concentrations. In that study, the detection limits achieved were approximately 107 times higher than those obtained here. The use of a low-cost, disposable PGE, enhanced with graphene for improved sensitivity, and the application of a bimetallic mercury–bismuth film to achieve selectivity for the simultaneous detection of gallium and indium, demonstrate the novelty of this study, particularly in achieving low detection limits.




3.7. Application to Tap Water Samples


The potential and applicability of the ERGO-Bi/HgF–PGE sensors were assessed for the individual and simultaneous determination of Ga3+ and In3+ in real water samples. For this assessment, the ERGO-Bi/HgF–PGE was employed to quantify Ga3+ and In3+ concentrations in tap water samples, prepared as described in the experimental procedures. The analysis of Ga3+ and In3+ in these samples was carried out in triplicate, both individually and simultaneously, using the standard addition method, as depicted in Figure 8 and Figure 9. Recovery studies were performed in test solutions and measured the ability of the sensor to accurately detect known concentrations of Ga3+ and In3+. Test solutions containing 2 ppb of Ga3+ and In3+ were prepared separately. The concentrations were determined via standard addition, wherein samples were spiked with fixed quantities of the target metal cation, and the concentration was determined from the obtained calibration curve (inset). Recovery percentages, calculated as the ratio of detected to known concentrations (Equation (4)), ranged from 90.1% to 103.8% for Ga3+ and In3+, respectively, demonstrating the sensor’s accuracy and reliability in test samples. A recovery percentage above or below 100%, indicates minor deviations in sensor accuracy. Recovery percentages greater than 100% can result from several factors, including matrix effects, where other substances present in the water sample may interfere with the ion detection process, or slight variations in the sensor’s sensitivity/reproducibility. In such cases, the sensor may amplify the response, leading to an overestimation of ion concentration. Recovery values close to 100% are generally considered favorable, as they indicate reliable performance with minimal bias in real-world sample conditions. Moreover, the relative standard deviations (RSD) were determined to be in the range of 3–5% for the oxidation peak of Ga3+ when measured individually and 1.8–3.4% for In3+ under the same conditions. These findings are further summarized in Table 3.


  R e c o v e r y   % =    ( D e t e r m i n e d   C o n c e n t r a t i o n )   ( S p i k e d   C o n c e n t r a t i o n )    × 100 %  



(4)







The simultaneous determination of Ga3+ and In3+ in tap water samples using the ERGO-Bi/HgF-PGE also yielded favorable results, with recovery percentages ranging from 95% to 106% for Ga3+ and In3+, respectively. The RSD for the quantification of Ga3+ and In3+ simultaneously in tap water samples remained less than 5%, indicating the precision and robustness of the electrode for concurrent analysis in a real-world sample matrix. The findings from Table 3 and Table 4 show that both individual and simultaneous detection of Ga3+ and In3+ is possible with good accuracy. Simultaneous detection of In3+ proved to be more difficult, and higher concentrations were required.





4. Conclusions


The electrochemically reduced graphene oxide pencil graphite electrode with an in situ plated bismuth–mercury film (ERGO-PG-Bi/HgFe) was for the first time introduced as an effective alternative for the simultaneous quantification of trace amounts of Ga (III) and In (III) in a single measurement using square wave anodic stripping voltammetry. The improved adsorption of Ga3+ and In3+ ions at the Bi/Hg films on the graphene-functionalized electrodes, due to cation-π interactions and fused alloy formation during the preconcentration step, significantly enhanced sensitivity, achieving detection limits of 2.53 nmol L−1 for Ga3+ and 7.27 nmol L−1 for In3+. The preferential accumulation of each post-transition metal, used in transparent displays, to form fused alloys at Bi and Hg films, respectively, is highlighted. This innovative electrode offers a more environmentally friendly and cost-effective approach for the simultaneous determination of gallium and indium, while delivering comparable performance to established techniques described in the literature. The development of these highly sensitive electrochemical sensors has enabled the achievement of well-resolved stripping voltammetric peaks, allowing for the simultaneous analysis of Ga3+ and In3+ in water samples through square wave anodic stripping voltammetry. Moreover, the synergistic effects of the bimetallic film were, for the first time, demonstrated for transition metal targets and demonstrate the improved electron transfer rates and active surface area of the disposable carbon nanostructured surface. The study is the first report to use a bimetallic Bi/Hg film for the detection of In3+ and Ga3+. Moreover, graphite rods were used for the first time as disposable electrodes for the detection of post-transition metals, compared to the costly solid and toxic hanging mercury drop electrodes used in past studies. This is the first report on the use of electrochemically reduced graphene oxide plates for In3+ and Ga3+ detection.
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Scheme 1. Schematic illustration of the preferential stripping analysis of post-transition metals (In and Ga) at Bi/Hg films electroplated on graphene-functionalized graphite rods. Typically, electrochemically reduced graphene oxide (ERGO) nanoplatelets were electrochemically deposited on graphitic rods through successive fixed potential (−1.4 V, vs. Ag/AgCl sat) and cyclic reduction (five cycles) before the electroplating of bimetallic Bi/Hg-films. The ERGO-Bi/Hg-film-functionalized PGEs were then applied to the stripping analysis of In3+ and Ga3+ in wastewater samples. 
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Figure 1. (a) Comparative CV voltammograms of bare PGE (black) and ERGO-PGE (red) recorded in 5 mM [Fe(CN) 6]3−/4− with 0.1 M KCl as supporting electrolyte. Inset: HRTEM images of ERGO-nanoplatelets deposited on PGE surfaces. (b) Scan rate dependence (10 to 100 mV s−1) of ERGO-PGE recorded in the presence of redox probe and inset of the recorded currents vs. square root of scan rate. (c) SWASV voltammograms of 20 ppb Ga3+ and 20 ppb In3+ in 0.1 M acetate buffer solution (pH: 4.38) at ERGO-Bi/HgF-PGE with different numbers of GO deposition cycles from 1 to 9 cycles. (d) Corresponding plot of the effect of ERGO reduction cycles on peak currents of Ga3+ and In3+ at the ERGO-Bi/HgF-PGE in 0.1 M acetate buffer solution (pH 4.38). 
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Figure 2. (a) The comparison of SWASV measurements of 0.1 mol L−1 ABS at pH 4.38 containing 30 ppb Ga3+ and 20 ppb In3+ at bare PGE, ERGO-PGE and ERGO-Bi/HgF-PGE. (b) Schematic illustration of anodic stripping voltammetry detection of In3+ and Ga3+. 
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Figure 3. Effect of (a) electrochemically cleaning time (60–300 s), (b) pH (4.1–4.6), and (c) deposition potential (−1 to −1.7 V (vs. Ag/AgCl sat)) on the oxidation peak currents of Ga3+ and In3+ at the ERGO-Bi/HgF-PGE in a 0.1 M ABS (pH 4.38) containing 10 ppb Ga3+ and 2 ppb In3+. 
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Figure 4. The effect of (a) Ga3+ concentration, and (b) In3+ concentration on Hg and Bi film formation. 
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Figure 5. Voltammograms and corresponding scatter plots of Ga3+ and In3+ at the ERGO-Bi/HgF-PGE in 0.1 M acetate buffer (pH 4.38) with (a,b) 80 ppb In3+ concentration and Ga3+ concentration varied between 0 ppb to 60 ppb, and (c,d) 70 ppb Ga3+ concentration and In3+ concentration varied between 0 ppb and 70 ppb. 
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Figure 6. SWAS voltammograms of the individual analysis of (a) Ga3+ between 30 and 70 ppb and (b) In3+ between 30 and 80 ppb recorded at ERGO-Bi/HgF-PGE, under optimized parameters. The corresponding calibration curves are shown as insets. 
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Figure 7. (a) SWAS voltammograms, and (b) corresponding calibration curves for ERGO-Bi/Hg-Film-PGE, with the optimized parameters (a). The Ga3+ concentrations range from 30 µmol L−1 to 80 ppb and the In3+ concentrations range from 20 to 70 ppb. 
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Figure 8. Analysis of 2 ppb of (a) Ga3+ and (b) In3+ in tap water (pH 4.38). The recorded voltammograms and standard addition plots are provided. 
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Figure 9. Voltammograms and standard addition plots observed for the simultaneous detection of 2 ppb of In3+ and 10 ppb Ga3+ in tap water. 
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Table 1. Comparison of the proposed method with some of the previous electrochemical stripping techniques used for the determination of gallium.
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	Target Analyte
	Electrode
	Linear Range (mol. L−1)
	Detection Limit (mol. L−1)
	Reference





	Ga
	Hg(Ag)FE
	2 × 10−9–1 × 10−7
	1.0 × 10−10
	[5]



	Ga
	BiFe
	3 × 10−10–3 × 10−7
	1 × 10−10
	[7]



	Ga
	HDME
	1.4 × 10−8–2.7 × 10−7
	5 × 10−8
	[8]



	Ga
	BiSME
	2 × 10−8 – 2 × 10−6
	7 × 10−9
	[10]



	Ga
	PbFE
	1 × 10−8–2 × 10−7
	3.8 × 10−9
	[11]



	Ga
	Hg(Ag)FE
	1.25 × 10−9–9 × 10−8
	1.6 × 10−9
	[13]



	Ga
	Ag-HgFE
	5 × 10−9–8×10−8
	1.4 × 10−9
	[46]



	Ga
	HMDE
	1×10−9–1 × 10−7
	4 × 10−10
	[66]



	Ga
	HDME
	1 × 10−8–1.7 × 10−6
	5.7 × 10−11
	[67]



	Ga
	CPE
	2.9 × 10−10–8.6 × 10−8
	1.4 × 10−10
	[68]



	Ga
	HMDE
	1 × 10−4–1 × 10−5
	2 × 10−8
	[69]



	Ga
	ERGO-Bi/HgF–PGE
	0.43 × 10−6–1.14 × 10−6
	2.53 × 10−9
	This study
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	Target Analyte
	Electrode
	Linear Range (mol. L−1)
	Detection Limit (mol. L−1)
	Reference





	In
	Nafion-GCE
	1.0 × 10−10–1.0 × 10−9
	7.5 × 10−10
	[4]



	In
	Hg(Ag)FE
	1.25 × 10−9–9 × 10−8
	1.4 × 10−9
	[13]



	In
	Static Hg drop
	34–340 × 10−9
	4.3 × 10−11
	[70]



	In
	HMDE
	3.4–87 × 10−10
	1.1 × 10−12
	[71]



	In
	HDME
	3.9 × 10−7–5 × 10−4
	1 × 10−7
	[72]



	In
	SbFe
	8.4–84 × 10−10
	1.2 × 10−11
	[73]



	In
	TMFE
	-
	1 × 10−14
	[74]



	In
	HMDE
	0 –3.2 × 10−7
	1.7 × 10−9
	[75]



	In
	Metal thin-film
	4.3–21.7 ×10−6
	0.012
	[65]



	In
	SbFe
	1.7–17 × 10−7
	6.9 × 10−11
	[76]



	In
	ERGO-Bi/HgF–PGE
	0.17 × 10−6–0.60 × 10−6
	7.27 × 10−9
	This study










 





Table 3. Recovery for the individual determination of gallium and indium in tap water samples using ERGO-Bi/HgF-PGE.
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Target Analyte

	
Repetitive Cycles

	
Original (ppb)

	
Added (ppb)

	
Found (ppb)

	
RSD (%)

	
Recovery (%)






	
Gallium

	
First

	
ND *

	
2

	
2.07

	
2.43

	
103.5




	
Second

	
ND *

	
2

	
1.95

	
1.79

	
97.5




	
Third

	
ND *

	
2

	
2.1

	
3.45

	
105




	
Indium

	
First

	
ND *

	
2

	
1.9

	
3.62

	
95




	
Second

	
ND *

	
2

	
2.05

	
1.74

	
102.5




	
Third

	
ND *

	
2

	
1.95

	
1.79

	
97.5








* ND = Not detected.













 





Table 4. Recovery for the simultaneous determination of gallium and indium in tap water samples using ERGO-Bi/HgF-PGE.
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Target Analyte

	
Repetitive Cycles

	
Original (ppb)

	
Added (ppb)

	
Found (ppb)

	
RSD (%)

	
Recovery (%)






	
Indium

	
First

	
ND *

	
2

	
2.08

	
2.77

	
104




	
Second

	
ND *

	
2

	
2.11

	
3.78

	
105.5




	
Third

	
ND *

	
2

	
1.9

	
3.62

	
95




	
Gallium

	
First

	
ND *

	
10

	
10.5

	
3.45

	
105




	
Second

	
ND *

	
10

	
9.6

	
2.88

	
96




	
Third

	
ND *

	
10

	
2.1

	
1.40

	
102








* ND = Not Detected.
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