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Abstract

:

In this study, the modification of glassy carbon electrodes by potentiostatic pulsed deposition of platinum nanoparticles and potentiostatic pulsed polymerization of polyaniline nanofibers was investigated. During the preparation of the nano-composite materials, the control of the potentiostatic pulsed deposition and potentiostatic pulsed polymerization parameters, such as pulse potential, pulse width time, duty cycle, and platinum precursor concentration allowed the optimization of the size, shape, and distribution of the deposited Pt nanoparticles. It is noteworthy that the polymerization method, cyclic voltammetry method, or potentiostatic pulsed polymerization method show an important effect in the morphology of the deposited polyaniline (PANI) film. The obtained modified electrodes, with highly uniform and well dispersed platinum nanoparticles, exhibit good electrocatalytic properties towards methanol oxidation.
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1. Introduction


A fuel cell is an electrochemical energy conversion device that converts chemical energy into useful electrical energy via catalytic reactions. It is considered to be a key enabling technology for sustainable and reliable power generation in the twenty-first century [1,2]. Catalysis plays a crucial role in electrochemical energy conversion. It can significantly reduce the environmental impact of chemical processes by reducing the energy required to carry them out [3,4,5].



Platinum-group metals are known as catalysts in many electrochemical reactions. In spite of their efficiency and selectivity, they suffer from multiple disadvantages such as scarcity and high cost, limiting their large-scale applications [6,7]. Their use in nanoparticulate form increases the atomic efficiency. At the nano-scale level, the surface area to volume ratio increases, which consequently improves the catalytic performance. This nano-size effect leads to the more efficient use of the electrocatalyst in order to make the maximum of precious noble-metal atoms count [8,9,10,11,12,13,14,15,16,17].



Another way to enhance the catalytic performance of these electrocatalysts is to incorporate the metallic nanoparticles into conducting polymer films to avoid agglomeration. Those polymers exhibit a high surface area that leads to highly dispersed deposits [18,19,20,21]. Typical π-conductor polymers include polyaniline (PANI), polyacetylene, polypyrrole, polythiophene, etc. Among these, PANI occupies a particular place due to its facile synthesis, environmental stability, high electrochemical activity, adjustable conductivity, and its use in aqueous media [22,23].



PANI can be elaborated via chemical and electrochemical methods. The latter set of methods has remarkable advantages, since it is a simple preparation procedure where easy control of the initiation and termination polymerization steps is achievable. PANI could be electrochemically prepared via constant potential (potentiostatic) [24,25] or constant current (galvanostatic) methods [26], cyclic voltammetry [27,28,29,30], pulsed potential (pulse potentiostatic) [31,32], and pulsed current (pulse galvanostatic) [33,34] techniques. Among these methods, it was revealed that pulsed electropolymerization is particularly more reliable to grow PANI films with interesting morphologies such as nanowires and nanofibers [32].



Dispersed noble metal nanoparticles can be prepared by chemical and electrochemical methods [16,35,36,37,38]. Again, electrochemical methods present several advantages, because they do not require additives and stabilizers. Instead, these additives could be replaced by a simple controlled addition of electrons. Therefore, high-purity deposits could be achieved with low implementation costs [39,40]. Various electrochemical deposition methods have been successfully used to prepare dispersed nanoparticles using constant potentiostatic [41,42,43,44], and galvanostatic electrodeposition [45,46,47], pulsed electrodeposition [23,48,49,50], cyclic voltammetry [51], and square wave potential deposition [52,53].



In this paper, we report the electrocatalytic performance of glassy carbon (GC) modified electrodes elaborated via potentiostatic pulsed electrodeposition of platinum nanoparticles within a porous PANI film grown using two different methods (cyclic voltammetry and pulsed electropolymerization. The control of the electrodeposition parameters such as the pulse potential, pulse width, duty cycle, and platinum salt concentration allowed the optimization of the deposition conditions for better electrocatalytic performance in the electrochemical oxidation of methanol.




2. Experimental


2.1. Chemicals


All solutions were prepared dissolving analytical grade reagents in ultrapure water obtained from a water purification system (Millipore, 18.2 MΩ cm, Veolia Water Technologies, Getxo, Spain). The used chemicals are potassium hexachloroplatinate (IV) (Aldrich. Chem. Co, 98%, Taufkirchen, Germany), sulphuric acid (Carlo Erba reagents SpA, 96%, Barcelona, Spain), Aniline (Prolabo, 98.5%, Sion, Switzerland), and methanol (Aldrich. Chem. Co, 99.9%, Taufkirchen, Germany).




2.2. Electrode Pre-Treatment


Prior to modification, the GC electrodes (glassy carbon discs of 0.3 cm in diameter inserted in Teflon holders) were firstly treated for 15 min with “piranha solution” (a mixture of highly concentrated hydrogen peroxide and sulphuric acid). Following this, a highly concentrated nitric acid solution was used (for 15 min) to eliminate the pre-deposited remaining particles and/or any undesirable inorganic traces. After that, they were treated with sandpaper of different particle sizes. Next, the electrodes were polished with alumina powder (particle sizes 1 µm and 0.3 µm, respectively) to obtain a mirror smooth finish. Finally, they were sonicated in an ultrasonic bath with ultrapure water for 5 min.




2.3. Electrode Modification


The GC/PANI electrodes were obtained by scanning the glassy carbon electrodes in a 0.1 M aniline + 0.5M H2SO4 solution with a scan rate of 50 mV/s using cyclic voltammetry from −200 to 1100 mV for the first activation cycle and from −200 to 900 mV for the ten subsequent cycles. These electrodes were named as GC/PANI(CV).



The effect of the polymerization method of aniline was also studied using a pulse method. The potentiostatic pulsed polymerization conditions were studied and optimized for achieving a PANI film with the higher surface area (i.e., higher double layer and redox processes as measured by cyclic voltammetry in 0.5 M H2SO4). The optimized polymerization conditions were the following (Figure 1): Eon = +800 mV, Eoff = −200 mV, ton = 1 s, aniline 0.1 M in 0.5 M H2SO4, duty cycle (DC) = 50% (toff = 1 s) and the polymerization time = 25 s. This electrode was named as GC/PANI(PPP).



After polymerization of PANI, the electrodes were studied in 0.5M H2SO4 solution free of aniline for several cycles. Next, platinum nanoparticles were electrodeposited on the GC/PANI electrodes with potential pulsed deposition methods. The PtNPs in the name of the electrodes indicates that the electrodes containing electrodeposited platinum nanoparticles. Figure 1 shows a schematic illustration of a potential pulse deposition profile where Eon and Eoff are the lower and the upper deposition potentials, respectively, ton and toff are the time during which the Eon and Eoff were applied. The cycle duration tcycle could be determined by: tcycle = ton + toff, while the total deposition time is: tdep = n ton, where n is the number of the deposition cycles. The DC(%) could be calculated as follows:


DC(%)=tonton+toff·100



(1)








2.4. Electrochemical Characterization


Electrochemical characterization was performed using a conventional three-electrode electrochemical cell comprising a pre-treated/modified GC electrode as the working electrode, a platinum wire as a counter electrode, and an aqueous saturated calomel electrode (SCE) as a reference electrode. The system was computer-controlled by a Potentiostat/Galvanostat (Autolab PGSTAT302, Eco Chemie, The Netherlands), using Nova 2.0 software. All potentials are referred to the SCE (0.224V vs NHE). High purity nitrogen gas was purged in all solutions to assure an inert atmosphere during electrochemical experiments. All experiments were performed at room temperature without stirring the solutions.




2.5. Characterization of Morphology and Amount of the Deposited Platinum Nanoparticles


Field Emission Scanning Electron Microscopy (FE-SEM) (Zeiss MERLIN VP Compact, Jena, Germany), and Transmission Electron Microscopy (TEM) (Jeol JEM-1400 plus, Akishima, Japan) were used to investigate the morphology and particle size of the electrodeposited platinum nanoparticles. The amount of the deposited Pt nanoparticles was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 4300 system, Hopkinton, MA, USA). The substrates were dissolved in 2 mL of concentrated aqua-regia and filtered. The solutions were adjusted to a final Pt concentration in the range of 10 ppm for its determination in the linear signal range.





3. Results and Discussion


3.1. Synthesis of Polyaniline by Cyclic Voltammetry and Platinum Nanoparticles by Potentiostatic Pulsed Electrodeposition Method


The effect of the PANI film on the enhancement of the catalytic performance of deposited platinum nanoparticles was investigated by comparing modified electrodes containing platinum nanoparticles deposited with the same potentiostatic pulsed electrodeposition procedure on a bare GC electrode and on a GC electrode coated with PANI film. Positive potentials of 0.9 and 1.1 V were analyzed for the synthesis of the PANI film by cyclic voltammetry. During the polymerization of aniline on the GC electrode, the first voltammogram recorded showed a well-defined peak corresponding to the oxidation of aniline at approximately 0.8 V (Figure S1) that disappears in subsequent cycles once the cation radicals have been activated in the first cycle to initiate the oligomeric formation. The synthesis performed at 1.1 V rendered a tilted voltammogram owing to overoxidation of the PANI film, while the synthesis at 0.9 V showed controlled growth of the PANI film and reversible redox processes (Figure S2). In consequence, the PANI coating of the GC electrodes was performed using a positive potential of 0.9 V. The cyclic voltammogram response of the bare GC electrode in the 5 mM K2PtCl6 + 0.5 M H2SO4 solution has been also measured (Figure S3), revealing the presence of reduction peak at −0.22 V followed by a large irreversible peak. The former peak was connected to the reduction of platinum, while the latter one came from the hydrogen evolution reaction. The presence of platinum deposited on the surface of the bare GC was confirmed during the second voltammetric cycle, where the well-known electroactive features of platinum can be observed. Given the competition between the hydrogen evolution reaction and the platinum reduction reactions observed in the voltammograms, the use of a pulse deposition procedure could be desirable in order to avoid the problems derived from the formation of gases and to increase the deposition yield. Following this, the platinum nanoparticles were electrodeposited from a 5 mM K2PtCl6 + 0.5 M H2SO4 solution on both the bare GC and the GC/PANI(CV) substrate previously synthesized. The pulse deposition conditions were Eon = −1 V and –750 mV, Eoff= +1 V, ton= 10 ms and DC= 50%. The current vs time response of a typical pulse electrodeposition experiment is shown in Figure S4. At the beginning of the experiment, the current registered during the lower potential step was larger than in the upper potential step due to the irreversible reduction current associated to the platinum electrodeposition. After application of 20% of the pulses, the current on both steps reached stable values, with the current of the lower potential step being slightly larger. As the amount of deposited platinum grew, the electroactive surface area also increased, and consequently larger currents were needed for both pulse potential steps towards the end of the experiment, Figure S4.



Figure 2 illustrates the electrochemical behavior of both electrodes in 0.5 M H2SO4 without (Figure 2a) and with methanol (Figure 2b), respectively. The striking difference between the red and the black curve shows the importance of PANI as a support for the platinum nanoparticles. As can be clearly seen, the electrode with PANI film showed a higher electrochemical surface area compared to the electrode without PANI. The porous structure of PANI allowed the platinum nanoparticles to exhibit a higher surface area, resulting in better catalytic performance. The higher electrocatalytic activity of the GC/PANI(CV)/PtNPs anode could also be attributed to the synergetic effect of the PANI film and the deposited platinum nanoparticles.



The morphology, metal particle size, and distribution of platinum nanoparticles deposited with potentiostatic pulsed electrodeposition procedure was investigated by TEM microscopy. Figure 2c shows the TEM image of the modified GC/PANI electrode with the following potentiostatic pulsed electrodeposition conditions: ton = 5 ms, Eon = −1 V, Eoff = +1 V, H2SO4 = 0.5 M, tdep = 5 s, and DC = 50%. The metal particle size of a supported catalyst plays an important role in the activity and selectivity of the reaction. Smaller nanoparticles could be more efficient. On the other hand, larger nanoparticles have a lower efficiency since the total exposed metal surface area decreases compared to a catalyst with similar metal loading and smaller metal particle size. The micrograph of Figure 2c shows a homogenous distribution of platinum nanoparticles within the PANI film with an average size of about 5 nm. When the Eon was lower, the particle size decreased to lower values of around 3 nm (Figure 2d). These illustrations also demonstrate the efficiency of the potentiostatic pulsed electrodeposition method to design nanostructured scalable surfaces.




3.2. Optimization of the Pulsed Electrodeposition Parameters


During the potentiostatic pulsed electrodeposition process, the control of the operating parameters, such as the pulse potential (Eon), the pulse width (ton), DC, the supporting electrolyte concentration, and the platinum precursor concentration is of great importance. These parameters can influence the size, distribution, and morphology of the deposited platinum nanoparticles, which strongly affect the electrocatalytic properties of the modified electrodes. The effect of each parameter was fully investigated by the “one-factor-at a-time method”.



3.2.1. Effect of the Pulse Potential (Eon)


In this case, the platinum nanoparticles were electrodeposited from a 5 mM K2PtCl6 in 0.5 M H2SO4 solution. The lower (deposition) potential (Eon) was set at −150, −250, −500, −750, and −1000 mV, while the other deposition conditions were fixed at: ton = 5 ms, Eoff= +750 mV, tdep = 100 s, and DC = 50%. The electrochemical behavior of the previously prepared modified electrodes at different deposition potentials was tested by cyclic voltammetry for methanol oxidation reaction in 2 M methanol +0.5 M H2SO4 solution.



From the obtained voltammograms in Figure 3, it is clear that the deposition potential had a strong influence on the electrochemical behavior of the prepared electrocatalysts. The oxidation peak current around 0.7 V, associated to methanol oxidation, in Figure 3b decreased as the deposition potential shifted to more negative values. The electrode prepared at −150 and −250 mV showed lower onset oxidation potential and higher oxidation current for methanol oxidation than the other electrodes prepared at different lower potential values, Figure 3b.



This behavior can be ascribed to the competition between the hydrogen evolution reaction and the Pt deposition reaction on the electrode surface. At the early deposition stages, the dominant reaction is the reduction of Pt(IV) species. As time progressed, a concentration gradient is established at the electrode/solution interface. The Pt species become depleted near the electrode surface and the hydrogen evolution reaction become more competitive. This concentration gradient is established faster at more negative potential values, favoring the growth of platinum nanoparticles instead of creating new Pt nuclei. All of these factors resulted in a relatively lower methanol oxidation current as the deposition potential was set at more negative values.




3.2.2. Effect of the Upper Potential (Eoff)


The effect of the upper potential was examined from the same 5 mM K2PtCl6 + 0.5 M H2SO4 solution. For each electrode, the values of the upper potentials were +100, +250, +500, +800 mV. The deposition conditions were as follows: ton = 5 ms, Eon = −750 mV, tdep = 100 s, and DC = 50%. Next, the electrochemical behavior of the obtained electrodes was tested in 0.5 M H2SO4 and in 2 M methanol +0.5 M H2SO4 solutions. Figure 4, shows the resulting voltammograms.



It is clear that the upper potential value had a great influence on the electrochemical behavior of deposited platinum nanoparticles. The electrode prepared at Eoff = 100 mV showed the highest voltammetric charge related with the higher electrochemical surface area and methanol oxidation peak current compared to other electrodes prepared at higher Eoff values. This could be explained by the fact that at higher upper potential values (Eoff), a concentration gradient will be formed faster than for lower values. However, low Eoff will favor the nucleation step at the expanse of particle growth by decreasing the concentration of platinum species in the double layer to have enough supply for the next deposition half-cycle. It can also be seen that at the value of Eoff = 500 mV, the voltammograms showed no activity for methanol oxidation reaction.




3.2.3. Effect of the Pulse Width (ton)


The pulse width is the time during which the deposition potential is applied. The effect of the pulse width was investigated by performing Pt deposition at ton values of 5, 10, 50, and 100 ms. The pulse deposition parameters were as follows: Eon = −750 mV, Eoff = +750 mV, tdep = 100 s, and DC = 50%. The obtained voltammograms of the electrodes prepared with various ton values in 0.5 M H2SO4 and in 2 M methanol +0.5 M H2SO4 solutions are shown in Figure 5. At a negative applied potential (Eon = −750 mV), the reduction of Pt ions competed with the reduction of protons. However, the deposition of Pt was produced giving two simultaneous phenomena; the first one was the formation of new independent nuclei (nucleation process) whereas the second was the growth of the previously formed nuclei into bigger particles (growth process).



At short pulse widths, the short exposure to the reduction potential makes the nucleation more efficient than the growth. However, at very short pulse widths, the obtained nanoparticles are incorporated into the PANI film leading to lower efficiency of the prepared electrocatalysts as shown in the black voltammogram of Figure 5. On the other hand, long pulse width durations leads to the formation of larger particles by favoring the growth process. Therefore, the pulse width needs to be optimized to balance both nucleation and growth in order to achieve higher catalytic efficiency. From Figure 5, it can be noticed that the optimum value of the pulse width for maximizing the methanol oxidation reaction rate is 10 ms.




3.2.4. Effect of the DC%


The effect of the DC on the electrode performance was also studied by changing the toff duration for a fixed ton (5 ms). The toff duration was 45, 15, 5, and 1.66 ms so that, the DC values were 10, 25, 50, and 75 %, respectively. The parameters used for the experimental potentiostatic pulsed electrodeposition process were as follows: ton = 5 ms, Eon = −750 mV, tdep = 100 s, and Eoff = +750 mV. The obtained voltammograms at various duty cycle values in 0.5 M H2SO4 and in 2 M methanol +0.5 M H2SO4 are shown in Figure 6.



The above voltammograms indicated a strong DC dependence of the voltammetric profile in absence of methanol (Figure 6a) and in methanol oxidation current (Figure 6b). The electrode prepared at a DC of 75 % had an outstanding methanol oxidation current peak and an increase in the voltammetric profile related with the Pt nanoparticles compared to other electrodes prepared at lower DC values. In this case, a low DC value corresponded to a long period of the positive potential (toff). At high toff duration, the previously established concentration gradient during the negative half-cycle was dissipated prior the next deposition half-cycle. On the other hand, short toff duration did not give enough time to the established concentration gradient to dissipate. All these parameters could play a key role in the catalytic efficiency of the obtained PtNPs.




3.2.5. Effect of the K2PtCl6 Concentration


The effect of the K2PtCl6 concentration on the catalytic performance of the obtained modified electrodes was also examined using 1, 2.5 and 5 mM. The deposition conditions were as follows: ton = 5 ms, Eon = −750 mV, Eoff = +750 mV, H2SO4 = 0.5 M, tdep = 100 s, and DC = 50%. The obtained results are illustrated in Figure 7.



Figure 7a shows that the voltammetric charge increased with K2PtCl6 concentration. At low K2PtCl6 concentrations, the depletion of the electrode surface and the formation of the diffusion boundary layer occurred in an early deposition stage with low current density compared to higher K2PtCl6 concentrations. This favored the nucleation process. On the other hand, higher K2PtCl6 concentrations ensured a permanent supply of Pt species during the cathodic half-cycle, which favored the kinetics of growth the particles. For a given electrode surface, there was an optimum concentration value of electro-active species that ensured a balance between both nucleation and particle growth during the potentiostatic pulsed electrodeposition process.




3.2.6. Effect of the Deposition Time


The effect of the deposition time on the catalytic performance of the obtained modified electrodes was examined by preparing PtNPs from a 5 mM K2PtCl6 in 0.5 M H2SO4 solution at different deposition times: 25, 50, 100, 150 s. The deposition conditions were as follows: Eon = −750 mV, Eoff = +750 mV, ton = 5 ms, and DC = 50%. The obtained results are illustrated on Figure 8. It showed an increase in voltammetric profile associated to the adsorption–desorption of hydrogen in the Pt surface (Figure 8a) and methanol oxidation current with increasing the deposition time. This was due to the higher amount of deposited platinum for longer deposition time.




3.2.7. Platinum Nanoparticles Deposited at Optimized Conditions


In order to optimize the deposition conditions for the platinum nanoparticles deposition with high catalytic performance and low platinum amount, the percentage of platinum in the synthesized modified electrodes was characterized by energy-dispersive x-ray spectroscopy (EDX) for each deposition parameter.



The platinum deposited in the electrodes with high ratios of methanol oxidation current and platinum percentage were the electrodes with the following deposition conditions: Eon = −150 mV, Eoff = +100 mV, ton = 10 ms, toff = 3.33 ms, and DC = 75% 5 mM K2PtCl6 in 0.5 M H2SO4. Figure 9 shows the obtained SEM micrographs of the electrode prepared using the previous optimized conditions for a deposition time of 200 s. The bright dots in the micrographs refer to the deposited spherical platinum nanoparticles. The electrode surface exhibited a uniform platinum nanoparticle distribution all over the substrate with particle sizes around 100 nm. These particles were formed by aggregations of smaller platinum particles between 3 and 5 nm. This is in agreement with previous results [23].



The catalytic efficiency was examined by scanning the electrode in a 2 M methanol +0.5 M H2SO4 solution. Figure 10a shows the obtained voltammograms at various deposition times of modified electrodes elaborated with the combination of the previous optimized deposition conditions. The voltammograms show a relatively high methanol oxidation peak at around 0.6 V (current values are compiled as Ip in Table 1) and a lower onset potential of the modified electrode as we increased the deposition time. The low oxidation peaks located at 0.1 V should be ascribed to the PANI film. The normalized oxidation current to the amount of deposited platinum determined using ICP-OES shows that the catalytic efficiency slightly increased with deposition time.





3.3. Synthesis of Polyaniline by Cyclic Voltammetry Method and by Potentiostatic Pulsed Polymerization Method: Effect in the Platinum Nanoparticles Deposition


In order to analyze the effect of the polymerization method, the PANI was also prepared using a potentiostatic pulse method. The potentiostatic pulsed polymerization conditions were thoroughly studied and optimized for achieving a PANI film with a higher surface area (i.e., higher double layer and redox processes as measured by cyclic voltammetry in 0.5 M H2SO4). It is worth mentioning that the applied oxidation potential during the potentiostatic pulsed polymerization process was +1000 mV only for the first initiation pulse and +800 mV for the remaining pulses. Figure 11 compares the morphology of the polyaniline obtained for both polymerization methods. The electrode prepared using cyclic voltammetry is presented in Figure 11a while Figure 11b shows the SEM micrograph of the polymer obtained using the potentiostatic pulsed polymerization method for a polymerization time of 90 s. The polymer obtained with the last method clearly shows a more porous surface than that obtained by cyclic voltammetry. Moreover, the polymer showed a fibrous morphology consisting of polyaniline nanofibers. Similar morphologies of PANI where obtained in the literature with different pulsed deposition parameters [22,31,32]. On the other hand, a less porous film made of isolated globular polymer microstructures was observed in the case of the GC/PANI(CV) electrode.



The electrode showing PANI nanofibers obtained using potentiostatic pulsed polymerization method with optimized conditions, for a polymerization time of 25 s, was used as support for the electrodeposition of platinum nanoparticles (GC/PANI(PPP)/PtNPs electrode). This electrode is presented in Figure 12. As can be seen, the platinum nanoparticles tended to grow all along the PANI fibers due to its relatively high conductivity in acidic medium. The platinum nanoparticles grew in a spherical shell-like morphology to surround the PANI fibers (Figure 12b) which led to a high exposed surface area compared to the platinum deposited on the polymer grown using cyclic voltammetry (Figure 9).



The advantages of the potentiostatic pulsed polymerization method upon the activity of the resulting electrode has been explored for methanol oxidation. Figure 10a shows the obtained voltammogram of the GC/PANI(CV)/PtNPs electrode in a 2 M methanol +0.5 M H2SO4 solution. It shows a relatively high oxidation peak at about 0.6 V, attributable to methanol oxidation catalyzed by platinum nanoparticles. The voltammogram during the oxidation of methanol for the electrode obtained by potentiostatic pulsed polymerization (GC/PANI(PPP)/PtNPs) is shown in Figure 10b. It can be observed that the catalytic activity was higher than the obtained using cyclic voltammetry for polymerization. The values of catalytic activity related to the amount of Pt are shown in Table 1. The ratio of the forward oxidation peak current (If) to the reverse peak current (Ib), is an index of the catalyst tolerance to the removal of poisoning species [54,55]. A higher If/Ib ratio indicates more effective removal of poisoning species on the catalyst surface and this ratio was 2.18 for the GC/PANI(PPP)/PtNPs electrode which was higher than for the GC/PANI(CV)/PtNPs electrode (1.54), showing a better poisoning tolerance for the electrode obtained using the potentiostatic pulsed polymerization of polyaniline before the platinum deposition.



The catalytic activity results are comparable and/or slightly better than those achieved by deposition methods at constant potential [23] and somehow lower than those achieved over nanostructured carbon supports [54,55,56] and platinum deposited on PANI and on poly(o.toluidine) modified electrodes where platinum was electrodeposited at constant potential [57], even though the forward to reverse peak current ratio, was higher for the catalyst herein reported. At this early stage, these results demonstrate the feasibility of the combination of the potentiostatic pulsed deposition of platinum and potentiostatic pulsed polymerization methods, with the synthesis parameters still to be optimized in the future, including the potential use of metal alloys and nanostructured carbon supports [56,58].



The long-term electrochemical stability of the modified electrodes has also been evaluated by chronoamperometry at 0.65 V in 2 M methanol +1 M H2SO4 solution. Figure 13 shows the obtained chronoamperograms. The initial rapid current decay might be attributed to the formation of some intermediate poisoning species during the oxidation of methanol [55]. After 500 s, the GC/PANI(PPP)/PtNPs electrode, in which the PANI was obtained by potentiostatic pulsed polymerization, showed a higher oxidation current compared to the GC/PANI(CV)/PtNPs electrode (black) in which the PANI was obtained by cyclic voltammetry, indicating a better durability towards methanol oxidation.





4. Conclusions


Platinum nanoparticles have been successfully electrodeposited on GC/PANI substrates by a potentiostatic pulsed electrodeposition process. The obtained results demonstrate that the studied parameters have a significant influence on the morphology, dispersion, and distribution of the deposited platinum nanoparticles, which, in return, affect the catalytic performance of the resulting modified electrodes for methanol oxidation. This study allowed us to determine optimum values of the deposition parameters which were: Eon = −150 mV, Eoff = +100 mV, ton = 10 ms and DC = 75%, 5 mM K2PtCl6 in 0.5 M H2SO4. Similarly, the polymerization conditions for growing PANI thin films with increased surface area were also studied. It is noteworthy that the polymerization method, cyclic voltammetry method, or potentiostatic pulsed polymerization method, showed an important effect in the morphology of the deposited PANI film. The morphology of PANI was notoriously modified, leading to the formation of nanofibers. The combination of these optimized potentiostatic pulse electrodeposition and potentiostatic pulsed polymerization conditions led to an improvement of the catalytic activity towards methanol oxidation. This high catalytic activity could be attributed to the synergistic effect of the well-dispersed platinum nanoparticles over the porous structure of the conducting polyaniline nanofibers.
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Figure 1. Schematic description of potential pulsed deposition method. 
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Figure 2. (a) Cyclic voltammetry in 0.5M H2SO4 and (b) in in 2 M methanol of glassy carbon (GC)/polyaniline (PANI) (CV)/PtNPs (red) and GC/PtNPs electrodes (black) obtained by potentiostatic pulsed electrodeposition method. The corresponding TEM images of GC/PANI(CV)/PtNPs electrodes. Deposition conditions: (c) Eon = −1 V, (d) Eon = −750 mV. Eoff= +1 V, ton=10 ms, DC= 50%, tdep=100 s, K2PtCl6= 5 mM. 
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Figure 3. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol +0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various deposition potentials Eon = −150, −250, −500, −750 and −1000 mV. 
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Figure 4. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol + 0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various upper potentials (Eoff) = +100, +250, +500, and +800 mV. 
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Figure 5. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol +0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various pulse widths (ton) = 05, 10, 50, and 100 ms. 
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Figure 6. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol +0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various duty cycles (DC) = 10, 25, 50, and 75 %. 
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Figure 7. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol +0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various K2PtCl6 concentrations (1, 2.5, and 5 mM). 






Figure 7. Cyclic voltammetry in (a) 0.5 M H2SO4 and in (b) 2 M methanol +0.5 M H2SO4 of GC/PANI(CV)/PtNPs electrodes obtained at various K2PtCl6 concentrations (1, 2.5, and 5 mM).



[image: Materials 12 00723 g007]







[image: Materials 12 00723 g008 550]





Figure 8. Cyclic voltammetry in 0.5 M H2SO4 (a) and in 2 M methanol + 0.5 M H2SO4 (b) of GC/PANI(CV)/PtNPs electrodes obtained at various deposition times (tdep) = 25, 50, 100, and 150 s. 






Figure 8. Cyclic voltammetry in 0.5 M H2SO4 (a) and in 2 M methanol + 0.5 M H2SO4 (b) of GC/PANI(CV)/PtNPs electrodes obtained at various deposition times (tdep) = 25, 50, 100, and 150 s.
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Figure 9. SEM micrographs of GC/PANI(CV)/PtNPs obtained with the following deposition conditions: Eon = −150 mV, Eoff = +100 mV, ton = 10 ms, and DC = 75%. 5 mM K2PtCl6 in 0.5 M H2SO4. 
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Figure 10. Cyclic voltammetry in 2 M methanol + 0.5 M H2SO4 (a) of the GC/PANI(CV)/PtNPs electrodes obtained at various deposition times and (b) of the GC/PANI(PPP)/PtNPs electrode. Deposition conditions: Eon = −150 mV, Eoff = +100 mV, ton = 10 ms, and DC = 75 %. 5 mM K2PtCl6 in 0.5 M H2SO4. 
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Figure 11. SEM micrographs of (a) GC/PANI(CV) electrode and (b) GC/PANI(PPP) electrode using 90 s of polymerization time. 
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Figure 12. SEM micrographs of GC/PANI(PPP)/PtNPs using 25 s of polymerization time, with two magnifications: (A) 1 μ (a) and (B) 100 nm. 
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Figure 13. Chronoamperograms of the GC/PANI(PPP)/PtNPs (black) and of the GC/PANI(CV)/PtNPs electrode (red) and of a GC/PANI(CV)/PtNPs electrode in 2 M methanol +1 M H2SO4 at 0.6 V. 
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Table 1. The catalytic activity, amount of platinum and current oxidation peak for methanol of different electrodes.
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	Electrode
	Pt Weight (mg)
	Ip (mA)
	Catalytic Activity (A/g)





	GC/PANI (CV)/PtNPs (100 s)
	0.040
	1.6
	39



	GC/PANI (CV)/PtNPs (150 s)
	0.066
	2.9
	45



	GC/PANI (CV)/PtNPs (200 s)
	0.114
	5.5
	48



	GC/PANI (PPP)/PtNPs (300 s)
	0.095
	6.0
	63











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).
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