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Abstract

:

A hydrogen fuel cell is a highly promising alternative to fossil fuel sources owing to the emission of harmless byproducts. However, the operation of hydrogen fuel cells requires a constant supply of highly pure hydrogen gas. The scarcity of sustainable methods of producing such clean hydrogen hinders its global availability. In this work, a noble Au-atom-decorated glassy carbon electrode (Au/GCE) was prepared via a conventional electrodeposition technique and used to investigate the generation of hydrogen from acetic acid (AA) in a neutral electrolyte using 0.1 M KCl as the supporting electrolyte. Electrochemical impedance spectroscopy (EIS), open circuit potential measurement, cyclic voltammetry (CV), and rotating disk electrode voltammetry (RDE) were performed for the characterization and investigation of the catalytic properties. The constructed catalyst was able to produce hydrogen from acetic acid at a potential of approximately −0.2 V vs. RHE, which is much lower than a bare GCE surface. According to estimates, the Tafel slope and exchange current density are 178 mV dec−1 and   7.90 ×   10   − 6     A cm−2, respectively. Furthermore, it was revealed that the hydrogen evolution reaction from acetic acid has a turnover frequency (TOF) of approximately 0.11 s−1.
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1. Introduction


Energy demand is surging due to population expansion and the introduction of technological conveniences. It is predicted that by 2040, the energy demand will increase by 30%. Most of this energy is produced from fossil fuels, which are non-renewable and detrimental to the environment due to the release of harmful gasses. The existing fossil fuel reserve is already under strain due to the rising energy demand, which is leading it to be exhausted more quickly and release more harmful polluting gases into the atmosphere. As a result, developing environmentally benign as well as self-sustainable fuel sources is crucial and therefore has grown to become one of the most alluring research areas in the present era. In this regard, many alternative energy sources have been reported, including solar energy, ocean energy, hydroelectric power, and wind energy, but none of them have the potential to completely supplant fossil fuel [1,2,3,4]. Moreover, the complete utilization of these fuel sources is limited by their uneven distribution.



The conversion of chemical energy to electric energy in an electrochemical fuel cell has been considered a promising technique for providing an alternative fuel source due to its eco-friendliness, lower toxicity, and ability to produce electricity with zero carbon dioxide emission [5]. In an electrochemical fuel cell, the chemical energy of fuel materials such as hydrogen, methanol, and oxygen is converted to electrical energy via a pair of redox reactions. Potential applications range from operating large-scale power stations to small-scale laptops, mobiles, and other electrical devices. In particular, hydrogen has demonstrated great potential as an energy carrier owing to its ability to have a high energy density, greater than almost all hydrocarbons, as well as its ability to produce harmless byproducts (only water) [6,7,8]. The challenge for the widespread application of hydrogen fuel cells is the availability of highly pure hydrogen. Commercially, hydrogen is obtained from the steam reforming process in which natural gas is heated with steam where hydrogen gas is produced along with toxic carbon monoxide [9,10]. This process utilizes fossil fuel sources for heating and releases toxic gases into the environment. Moreover, the steam reforming process does not produce hydrogen in a pure state but generates a mixture of gasses including CO2, CH4, etc. [11]. Although the hydrogenase enzyme can produce hydrogen using earth-abundant metals such as iron and nickel, its commercial application is limited due to the low stability of the enzymes outside their native environment and the complex preparation of the catalysts [12]. Two other alternative techniques for generating hydrogen in a highly pure state are photochemical and electrochemical water-splitting reactions [13,14,15]. However, photochemical water splitting requires a comparatively larger electrode area than electrochemical water splitting, imposing restrictions on choosing viable catalysts with desirable construction sites. Due to its greater adaptability and flexibility, electrochemical water splitting is more desirable. Once more, hydrogen evolution can be driven by electrochemical water splitting because water is renewable and abundant [16,17]. Until now, Pt has been the most efficient catalyst for HER due to its ability to reduce protons at a low overpotential [18,19,20,21,22]. The widespread use of hydrogen fuel cells has remained unexplored even decades after its invention due to the high cost and scarcity of Pt.



Thus, it is exceedingly necessary to develop cost-effective, efficient, and green catalysts for HER. For this purpose, metal phosphides, chalcogenides, carbides, borides, and nitrides have been investigated extensively, yet the problems of high metal content, convoluted operation, and long-term durability have not been overcome yet [23,24,25,26,27,28]. On the other hand, various nanostructures, heterostructures, and carbon composites have shown interesting activity, but the preparation procedure is still complex [29,30,31,32].



The majority of hydrogen evolution reactions have been reported in acidic and alkaline media, while the study of HER in neutral media is very limited [33,34,35]. However, extreme pH conditions are not only harmful to fuel cell components but also degrade the electrocatalysts. Moreover, since the pH of the natural water reserves on our planet, including the ocean and rivers, is close to neutral, the development of HER in neutral media would be helpful for powering devices sailing in seawater. HER in a neutral media occurs as follows [36,37]:


    H   2   O +   e   −   →   H   a d s   +   O H   −   →  Volmer Step   



(1)






    H   2   O +   e   −   +   H   a d s   →   H   2   +   O H   −   →  Heyrovsky Step   



(2)






    H   a d s   +   H   a d s   →   H   2   →  Tafel Step   



(3)







Nevertheless, due to the low proton concentration in a neutral solution, HER follows sluggish kinetics compared to those of acidic and alkaline media, and water molecules must act as a reactant. Several catalysts such as amorphous MoSx, CoP, and FeP have been shown to exhibit good activity for HER in neutral media, but the synthesis procedure of that catalyst is still difficult [38,39,40].



Pyrolysis of biomass from agricultural waste produces bio-oil in which acetic acid is a major component, constituting around 25% [41]. Furthermore, acetic acid is a great hydrogen carrier that is inflammable and safer than other types of hydrocarbons. The generation of hydrogen from acetic acid can be of great significance, as it not only provides clean fuel but also assists in recycling agricultural waste. Previously, V.S Thoi et al. reported a molecular catalyst for the generation of hydrogen from acetic acid using non-aqueous media [42]. The preparation of molecular catalysts is a complex procedure and the use of organic media during electrolysis is a convoluted process.



Here, we have investigated a green method for the generation of hydrogen from acetic acid in a KCl medium using a Au-modified glassy carbon electrode. To make the catalysts cost-effective, we have decorated the glassy carbon surface with an extremely thin layer of gold. To the best of our knowledge, no one has ever produced hydrogen from acetic acid using gold-modified glassy carbon, despite substantial research on HER in gold electrodes using H2SO4 being available.




2. Experimental Section


2.1. Chemicals


Analytical-grade chemicals were purchased and used as received without additional purification. KCl salt was obtained from Merck, Darmstadt, Germany. Alumina powder, sulfuric acid, acetic acid, and tetra chloroauric acid (HAuCl4) were purchased from Sigma-Aldrich. All the solutions were prepared using Millipore Milli-Q water (resistivity < 18 MΩ cm and micro-organic concentration < 3 ppb). All the experiments were conducted in clean and N2-saturated conditions.




2.2. Fabrication of Electrode and Electrochemical Measurements


All electrochemical experiments, such as cyclic voltammetry (CV), open circuit potential (OCP) measurements and electrochemical impedance (EIS) measurements, were conducted with PGSTAT 128N (Autolab, Utrecht, The Netherlands) and CHI 660 (Bee Cave, TX, USA) potentiostats using a typical three-electrode arrangement. In the case of EIS measurements, the frequency range was maintained from 0.1 MHz to 0.1 Hz, with 50 measuring points.



A glassy carbon electrode (GCE) with an exposed geometric surface area of ca. 0.0314 cm2 was cleaned and modified with Au atoms using the electrodeposition technique. Ag/AgCl saturated with KCl and Pt wire electrodes were used as reference and counter electrodes, respectively. The GCE surface was first polished mechanically with fine alumina powder (down to 0.3 μm) until it turned a shiny black. Then, the polished electrode was rinsed with water and sonicated in ethanol and water for 10 min each to remove the adsorbed particles. Finally, the GCE surface was subjected to electrochemical cleaning in a N2-saturated 0.1 M H2SO4 solution from 0.1 to +1.0 V at a scan rate of 0.1 V s−1 for 50 cycles. The clean electrode was then modified with Au by cycling the potential in a 0.01 M HAuCl4 solution from 0 V to −1.0 V with a scan rate of 0.1 V s−1 for two cycles.



To unveil the catalysis of the hydrogen evolution reaction, cyclic voltammograms were recorded at potentials lower than the open circuit potential in a KCl medium by varying the acetic acid concentration (1–7 mM) and scan rate.



The hydrodynamic analysis and linear sweep voltammograms (LSVs) were recorded in a 0.1 M KCl solution with 5 mM acetic acid at a 0.05 V s−1 scan rate at different rotation rates (400–1200 rpm) using a Modulated Speed Rotator (PINE Incorp., Los Angeles, CA, USA).



In this article, all the potentials were converted into a reversible hydrogen electrode (RHE) using the following expression (4):


    E   R H E   =   E     A g  /  A g C l     +     E   o       A g  /  A g C l     +   0.059 × p H    



(4)




where       E   o       A g  /  A g C l     = 0.1976   V  .



The prepared Au/GCE surface was morphologically characterized using a scanning electron microscope (SEM) (JSM-7610F, JEOL Ltd., Tokyo, Japan). The X-ray photoelectron spectroscopy (XPS)-related analysis was executed using a Thermo Scientific (Waltham, MA, USA) K-Alpha KA1066 spectrometer to unveil the composition of the Au/GCE surface. A monochromatic AlKα X-ray radiation source was used as the excitation source, where the beam-spot size was kept at 300.0 μm. The spectra were recorded in terms of fixed analyzer transmission mode, where the pass energy was kept at 200.0 eV. The recording of the XPS spectra was executed at pressures of less than 10−8 Torr.





3. Results and Discussion


3.1. Surface Characterization


To reveal the surface feature of the Au/GCE electrode, a field-emission scanning electron microscopic (SEM) image was recorded. Figure 1 depicts the SEM image of the Au/GCE surface, which indicates that the Au particles were deposited successfully on the GCE surface. Additionally, the Au particles present on the surface are in a globular shape.



To understand the characteristics of the modified Au/GCE electrode, X-ray photoelectron spectroscopy (XPS) was conducted. Figure 2 depicts the XPS spectrum of Au on the GCE surface. In Figure 2a, the two intense peaks at 83.34 eV and 87.05 eV represent Au 4f7/2 and Au 4f5/2, respectively. The difference between the peaks is noted to be 3.71 eV, which suggests that the surface-located Au particles are metallic. Figure 2b demonstrates that the O 1s spectrum of the modified electrode at approximately 531.34 eV is due to the existence of oxygen in the environment.




3.2. Electrochemical Characterization


The electrochemical characterization of the Au/GCE electrode was performed by electrochemical impedance spectroscopy (EIS) and open circuit potential (OCP) measurements. Furthermore, the results were compared with those of unmodified GCE electrodes in a similar experimental condition. From the comparative analysis, the modification of GCE with the gold film was confirmed. The conventional display of Nyquist plots recorded using GCE and Au/GCE electrodes is shown in Figure 3 with 5 mM acetic acid in 0.1 M KCl at ca. −0.2 V and −0.6 V. It can be noted from Figure 3a that at −0.2 V in the Nyquist plot with bare GCE, there is a distorted semicircle with an extremely high charge transfer resistance, while in Au/GCE, the Nyquist plot exhibits a Warburg impedance curve. On the other hand, both figures show a Warburg impedance at −0.6 V, indicating that the reduction process is diffusion controlled (Figure 3b). The charge transfer resistance is lower in the case of Au/GCE compared to that of a bare GCE at each potential, indicating that the reduction process is more feasible on the Au/GCE surface than on the bare GCE surface. An Au/GCE electrode was perhaps naturally more negative than a GCE, hence the Au/GCE electrode could attract positively charged protons toward the electrode surface due to Coulombic attraction. The equivalent circuit is shown in the inset of Figure 3b and the charge transfer resistances in each electrode are compared in Table 1.



Next, to justify the OCP observation, the linear polarization curves were recorded with both GCE and Au/GCE electrodes in the presence and absence of 5 mM acetic acid in a KCl medium. It can be noted from Figure 4a that in the absence of acetic acid, the Au/GCE electrode’s OCP value is less positive compared to a bare GCE electrode. This observation shows that the Au/GCE electrode has greater capability to attract positively charged cations due to Coulombic interactions. This fact is also consistent with the results obtained from the EIS experiments. However, when the linear polarization curve was recorded in the presence of 5 mM acetic acid, it was observed that the Au/GCE surface became more positive than that of the bare GCE surface (Figure 4b). Thus, it can be assumed that, in the presence of acetic acid, the negatively charged Au/GCE surface provides electrons to reduce the positively charged protons and becomes more positive itself. The OCP values are summarized in Table 1. Figure 4c compares only Au/GCE electrodes with and without acetic acid. The shifting of the OCP value towards more positive potential in the presence of acetic acid also supports the above argument.




3.3. HER Studies


3.3.1. Catalysis


Figure 5a depicts the cyclic voltammograms recorded in a 0.1 M KCl solution with and without 5 mM acetic acid at a 0.1 V s−1 scan rate with a Au/GCE electrode. As shown, no reduction peak is seen between the potential range of 0 V and −0.5 V when acetic acid is not present. The reduction peak beyond −0.5 V is due to the hydrogen evolution from water. When 5 mM acetic acid is added to the electrolyte solution, an intense reduction peak is obtained at −0.2 V. Thus, this reduction peak is attributed to the reduction of acetic acid. Two reasons can be assumed for the occurrence of this wave: (1) the reduction of acetic acid to aldehyde or alcohol, or (2) the reduction of the proton to generate hydrogen. To confirm the identity of this peak, 5 mM sodium acetate is added to the KCl solution, but no such peak is found at this region. The peak is therefore proven to be related to proton reduction or hydrogen generation from acetic acid, not the reduction of the acetate ion. This is also evident from the appearance of small bubbles at the electrode surface during the CV measurement. Note that in bare GCE, proton reduction from acetic acid occurs at −0.6 V, while in Au/GCE the potential shifted to −0.2 V with an almost 48% higher current. This positive shift of potential is very important as it indicates that less energy is required to generate hydrogen from acetic acid with Au/GCE than that of bare GCE. After it is confirmed that the reduction wave is from proton reduction, some kinetics analysis is performed with the Au/GCE electrode.



The experiment was repeated using a Au electrode. It was found that a gold electrode reduces protons under the same experimental conditions with insignificant activity (Figure S1, Supplementary information) in the KCl medium. Significant H+ reduction performance was obtained in a 0.1 M KCl medium while a Au/GCE electrode was employed. It was prepared by depositing Au particles on the GCE surface from a 0.01 M HAuCl4 solution by potential cycling between 0 and −1.0 V (vs. Ag/AgCl (sat. KCl) two times with a scan rate of 0.1 V s−1 (Figure S2, Supplementary Information). The Au/GCE electrode prepared with more than two cycles produces large capacitive currents without a significant improvement in Faradaic currents. Hence, all the rest of the experiments were performed by fabricating a Au/GCE electrode with controlled Au deposition on the GCE surface for two potential cycles only.




3.3.2. Effect of Acetic Acid Concentration


The variation of peak current (ip) and peak potential (Ep) against the concentration of acetic acid at the Au/GCE electrode is shown in Figure 6a. The plot shows that as the AA concentration rises, the peak current progressively increases, and the peak potential slightly shifts in the negative direction. This is due to the concentration overpotential resulting from the increased AA concentration. The kinetic order (β) of the reaction is often used to disclose the mechanistic route of an electrochemical process. The value of β can be computed from the dependencies of peak currents on the concentration of the electro-active species with the assumption that at the peak potentials, the log ip vs. log C curve gives straight lines as per Equation (5):


    log  ⁡  i =   log  ⁡  k   +   β   log  ⁡  [ C ]   →    



(5)







Here, k is the reaction rate constant. From Figure 6b, using Equation (5) the order of the reaction was found to be 0.56 and 0.62 for Au/GCE at potentials −0.19 V and −0.24 V, respectively, which means that the reaction followed half-order kinetics.




3.3.3. Effect of Scan Rate


Cyclic voltammograms were obtained for a Au/GCE electrode in a 0.1 M KCl medium with 5 mM acetic acid with variable scan rates in order to further study the kinetics. It is observed from Figure 7a that when the scan rate is raised from 0.05 V s−1 to 0.7 V s−1, the peak current also increases with a shift of potential toward a slightly negative value. The enhancement of the peak current with an increased scan rate is due to the thinning of the diffusion layer at a higher scan rate. For an irreversible diffusion-controlled reaction, the peak current is linearly dependent on the square root of the scan rate as per the following expression (6):


    i   p   =   2.99 × 10   5     n A C α   1 / 2       D   o     1 / 2     v   1 / 2    



(6)




where C is the bulk acetic acid concentration, n is the number of heterogeneous electron transfers, α is the cathodic transfer coefficient, A is the effective surface area of the working electrode, v is the scan rate, and Do is the diffusion coefficient of acetic acid. The peak current and square root of the scan rate showed a linear connection with a slope value of 0.48, indicating a diffusion control process, which is also compatible with the EIS results.




3.3.4. Tafel Analysis


The cathodic transfer coefficient, α, was calculated between 0.42 and 0.48 when the scan rate was raised from 0.05 V s−1 to 0.5 V s−1 according to the following formula (7):


  α =   1.857 R T   F |     E   p   −   E     p   2       |    



(7)







The fairly constant nature of α at the current maxima indicates that the reaction follows B-V kinetics. In this regard, the Tafel slope is evaluated to understand the insight into the kinetic process of HER on the catalyst surface. Note that the Tafel slope is defined as the slope of the linear region of the plot log (current) vs. potential around the activation region of the current potential region as per Equation (8):


    ln  ⁡  i   =   ln  ⁡    i   0     −   α F   R T   ( E −   E   0   )  



(8)







Here, i is the kinetic current,     i   0     is the exchange current, and     − 2.303 R T   F     is the Tafel slope. We estimated the Tafel slope to determine the kinetic feasibility of the HER on the Au/GCE surface. Figure 8 demonstrates the Tafel plots obtained from the LSV curves with respect to HER originating from 5 mM acetic acid at 0.025, 0.05, and 0.075 V s−1 scan rates. The average slope at three different scan rates is found to be 178 mV dec−1, which outranks many other metals reported previously for HER [43]. Note that the transfer coefficient equivalent to 0.33 obtained from the Tafel slope is smaller than that acquired at the peak region by Equation (7). This observation suggests that the electron transfer rate is slower at the activation region compared to the diffusional region, which is a highly general feature for most irreversible processes.



Another important parameter for understanding the HER kinetics is the exchange current density (jo) which depends on the electrode material, electrode surface state, electrolytic composition, and experimental temperature. This current parameter can be derived by extrapolating the Tafel plots to the Y-axis as per Equation (8). It should be noted that jo is proportional to the catalytic surface area. The large jo value indicates a larger surface area, fast electron transfer, and favorable HER kinetics. From Figure 8, the value of jo was calculated to be   7.90 ×   10   − 6     A cm−2, which is consistent with other metals found in the literature [17,44].




3.3.5. Diffusion Coefficient


Rotating disk electrode voltammetry (RDE) is employed to study the hydrodynamics of the HER from acetic acid. A steady-state concentration profile, and consequently a steady-state current, is produced at the electrode surface when the electrode is rotated at a fixed rate, transporting the electroactive species in the bulk solution to the electrode surface at a fixed rate. Figure 9a depicts the RDE voltammograms of the Au/GCE electrode in a 0.1 M KCl medium in the presence of 5 mM acetic acid at a 0.05 V s−1 scan rate. Acetic acid’s diffusion coefficient is calculated using the change in steady-state current as a function of the rotation rate provided by the Levich equation. The diffusion coefficient of acetic acid according to Equation (9) is found to be   6.47 ×   10   − 5     cm2 s−1, which is consistent with the value of the following literature [42].


    i   L   =     0.62 n A F D   2 / 3     ω   1 / 2       v   1 / 6      



(9)








3.3.6. Turnover Frequency


Turnover frequency (TOF) has become one of the crucial parameters in evaluating HER kinetics. It is defined by the transformation of reactive molecules per unit site at a unit time. A higher value of TOF characterizes the efficiency of a catalytic material pertaining to a specific reaction. A common method for estimating the TOF is based on the following two steps: (1) evaluation of the catalytic active sites and (2) calculation of the TOF value according to Equation (10) [45]:


  T O F =   j A   2 F m    



(10)







Here, j is the current density at a defined overpotential, A is the geometric surface area of the electrode, 2 denotes the number of electron transfers during hydrogen formation, F is the Faraday constant, and m is the number of active sites.



The determination of the actual active surface area (A) in the catalytic surface is an extremely challenging task. The easiest approach is determining the capacitance (Cdl) in the double-layer region using Equation (11), which denotes the relationship between capacitive currents and scan rate. The value of Cdl fairly represents the active surface area.


   i =   C   d l     ×   d V   d t     



(11)







The voltammograms concerning capacitive currents in the double-layer region as a function of scan rate are shown in Figure 10 for the Au/GCE electrode in a 0.1 M KCl solution. From the slope of Figure 10b, the Cdl value with respect to the Au/GCE electrode was determined to be 2.55 μF cm−2. By comparing the Cdl value (0.65 μFcm−2) obtained for a pure GCE surface in 0.1 M KCl with respect to its area of 0.0314 cm2, the active area of the modified electrode (Au/GCE) was determined to be approximately 0.12 cm2 using Equation (12).


    A   A u / G C E   =     C   d l ( A u / G C E )       C   d l ( G C E )     ×   A   G C E    



(12)







By setting the value of     A   A u / G C E     and equating the slope of the i vs. v relationship (Equation (13)) with that obtained from the slope of the peak current vs. scan rate plot (w.r.t Figure 7a), the value of ‘m’ was determined to be 5.76 ×     10   − 9    mol cm−2.


  i =     n   2     F   2     A   A u / G C E   m   4 R T   v  



(13)







Inserting the value of ‘m’ in Equation (10) with respect to the peak potential of the CV obtained for 5 mM acetic acid, the TOF value was obtained to be 0.11 s−1.



Thus, this work has demonstrated a green method for generating clean fuel hydrogen from acetic acid which can be obtained from agricultural waste.






4. Conclusions


A green methodology for the generation of hydrogen from acetic acid was demonstrated using a Au/GCE electrode. The electrode was prepared using a simple and straightforward electrodeposition technique and the electrokinetic investigations were carried out with CV, RDE, OCP, and EIS measurements. EIS and OCP measurements confirmed the successful modification of the GCE surface with Au and revealed the greater feasibility of the Au/GCE surface for proton reduction than that of the bare GCE surface. Cyclic voltammograms show a low overpotential (−0.2 V vs. RHE) for proton reduction in Au/GCE electrodes with around 48% higher current than that of the bare GCE surface. The Tafel slope and exchange current density were estimated to be 178 mV dec−1 and   7.90 ×   10   − 6    A cm−2, respectively, while the diffusion coefficient of AA in KCl was estimated to be   6.47 ×   10   − 5     cm2 s−1. Moreover, a high TOF for proton reduction was also observed with Au/GCE electrodes in neutral media. This work not only demonstrates a green approach to clean energy production, but also proposes a recycling method for agricultural waste products.
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Figure 1. SEM image of the Au/GCE surface. 
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Figure 2. XPS spectra of Au on GCE surface (a) Au 4f and (b) O 1s. 
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Figure 3. The comparative EIS spectra of bare GCE and Au/GCE at the potentials (a) −0.2 V and (b) −0.6 V recorded with 5 mM acetic acid in a 0.1 M KCl N2-saturated solution; inset shows the equivalent circuit. 
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Figure 4. Linear polarization curves were recorded with (a) bare GCE and Au/GCE electrodes without AA, (b) bare GCE and Au/GCE electrodes with 5 mM AA, and (c) a Au/GCE electrode with and without AA in a N2-saturated KCl solution. Scan rate: 0.1 V s−1. 






Figure 4. Linear polarization curves were recorded with (a) bare GCE and Au/GCE electrodes without AA, (b) bare GCE and Au/GCE electrodes with 5 mM AA, and (c) a Au/GCE electrode with and without AA in a N2-saturated KCl solution. Scan rate: 0.1 V s−1.
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Figure 5. Cyclic voltammograms of (a) Au/GCE surface in KCl solution in the presence and absence of 5 mM CH3COOH (b) bare GCE and Au/GCE surface in presence of 5 mM acetic acid at 0.1 V s−1 scan rate. 
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Figure 6. (a) CVs of Au/GCE electrode with varying concentration of acetic acid at 0.1 V s−1 scan rate. (b) Linear regression plots of log ip vs. log C on Au/GCE electrode at −0.19 V and −0.24 V. 
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Figure 7. (a) CVs of Au/GCE electrode in 0.1 M KCl medium with 5 mM acetic acid at various scan rates. (b) Linear regression plots of log ip vs. log v. 
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Figure 8. Variation of log(i) with the applied potential at 0.025 V s−1, 0.05 V s−1, and 0.075 V s−1 scan rates on Au/GCE electrode in 0.1 M KCl solution with 5 mM AA. 
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Figure 9. (a) Rotating disk voltammogram obtained with Au/GCE electrode in 0.1 M KCl solution with 5 mM acetic acid at 0.05 V s−1 scan rate. (b) Linear dependency of the limiting current on the square root of the rotation rate. 
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Figure 10. (a) CVs recorded with Au/GCE electrode in 0.1 M KCl at various scan rates. (b) Linear relation of the current vs. scan rate plot. 
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Table 1. Values of OCP and charge transfer resistance of a bare GCE and Au/GCE electrode recorded in a N2-saturated 0.1 M KCl solution.
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Electrode

	
OCP/V

	
Rs/Ω

	
Rct/kΩ




	
Without AA

	
With 5 mM AA






	
GCE

	
0.651

	
0.542

	
126

	
9.78




	
Au/GCE

	
0.622

	
0.675

	
130

	
4.70

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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
a0

a8

fog (/)

as

az

as

)

) ) o4
E/Vvs RHE

48

12
Tog WV s")

<8





media/file4.png
Intensity

80

82

84 86 88
Binding Energy/ eV

90

Intensity

Ols —

(b)

524

526

528

530 532
B.E/ eV

534

536

538





media/file18.png
i/ uA

1000
0 - o
900
-300 -
%
= 800
-600 - T
400 rpm
800 rpm 700
9001 1200 rpm (b)
(a) 600 L— , ,
1.0 05 0.0 0.5 6.0 8.0 10.0 12.0

E/ V vs RHE @12 | rad s





media/file3.jpg
Intensity

015 —
\— Audt;
&
(@) (®)
PR B
Binding Energy/ eV BE/eV





media/file19.jpg
A

02

ars
<o
et o
@ om0 )
o om om om om0 3 ane
£V vs RHE

wvs






media/file7.jpg
fog (i )

a

-
s ’
2,
s \ o
3 ¥ ¢
ot ¢ N 7 .
4 o&
ock @ E wiace )
] [ R R
Vv e Ervve e
.
-
[
10 :
i ar ©
]

E/V vs RHE






media/file10.png
0{ GCE
without AA
- <5 -40
:; ~
-80 - -
Au/ GCE
With 5 mM AA
(a)
-120 r . ' | ' )
0.6 0.3 &t - —
E/V vs RHE

-0.8 o

0.0 =
E/V vs RHE





media/file14.png
-200 1

-300

50mV s 1

500mV s~

100 mV s~ 1
300 mV s 1

1

«— 700 mV s~! (a)

-0.4 0.0
E/V vs RHE

0.4

log (ipl A)

-3.6

-3.9 1

4.2 4

-4.5 1

4.8

(b)

-1.8

-1.2
log (vIVs™

-0.6





media/file11.jpg
WA

50

00

1mm

3mm

S

T

@

00
1V vs RHE

)

a9

A9V

A0y

®

3

28 25 24 22

log el moI L")






media/file6.png
(a)

«—— AUu/GCE

GCE

25

50
2"/ kQ

75

Z'l kQ

15 |

10 -

(b)

AUIGCE —

GCE «—

Z"/ kQ

15





media/file15.jpg
log (—il pA)

0.18 -0.15 -0.12 -0.09 -0.06

E/'Vvs RHE






nav.xhtml


  catalysts-13-00744


  
    		
      catalysts-13-00744
    


  




  





media/file16.png
1.0
0.18

-0.15 -0.12 -0.09 -0.06
E/V vs RHE






media/file2.png
—_— 100nm JEOL 4/28/2022

X 50,000 15.0kV SEI SEM WD 7.5mm 13:51:29






media/file20.png
0.2

0.0 -

1o0my s—?!
20mV s~!
3o0mV s~

0.4 4 asomvs?
50mV s~!

(a)

0.48 0.51 0.54
E/V vs RHE

0.57

0.60

-0.30

(b)

0.02

vVs"

0.04






media/file5.jpg
@

AuiecE

oce

P

)
1k

3

21k

15w

avoce

oce

k@

10 R





media/file1.jpg
100nm JEOL  4/28/2022
X 50,000 15.0kv SEI M WD 7.5um  13:51:29)





media/file12.png
il A

3.9 -
" At-0.19V
t-0.
42 —
<
.50 =
__8_’ 4.5 -
100 At-0.24V
4.8 -
b
150 - ‘ ' . ' ( )
3.0 2.8 2.6 24 22

-0.4 0.0 0.4

-1
E/V vs RHE log (¢/ mol L)





media/file9.jpg
Without Az

s

0

o,

o/ e

)

95 43 o0 o 6s
BV vs RHE

2

ox

%
E/VvsRHE

o






media/file0.png





media/file8.png
log (il A)

) S e
N
L )
{ M g # B
Au/ GCE @ 9 - ¢ .
. GCE
[
. -10 4 *
GCE (a) Au/ GCE (b)
0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
E/ V vs RHE E/V vs RHE
-6
-7 -
: v
N
> « G
S t .
-9 - Without AA o
@
-10 - ¢
With AA (c)
0.5 0.6 0.7 0.8

E/V vs RHE






media/file17.jpg
0rom;
0r0m,

@)

s oo 05
E/Vvs RHE

»

50

80 100
o/ rad s

120





