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Abstract

:

A novel non-precious multiwalled carbon nanotubes (CNTs)—supported metal oxide electrocatalyst was developed for methanol electrooxidation in alkaline medium. The catalyst was fabricated by simultaneous electrodeposition of copper-cobalt-nickel ternary nanostructures (CuCoNi) on a glassy carbon electrode (GCE) modified with CNTs. The proposed electrode was characterized using X-ray diffraction (XRD), energy dispersive X-ray (EDX), and scanning electron microscopy (SEM). The electrochemical behavior and the electrocatalytic performance of the suggested electrode towards the oxidation of methanol were evaluated by cyclic voltammetry (CV), linear sweep voltammetry (LSV), and chronoamperometry (CA) in alkaline medium. Several parameters were investigated, e.g., deposition time, potential scan rate, etc. Compared to Cu, Co, or Ni mono electrocatalysts, the electrode based on ternary-metals exhibited superior electrocatalytic activity and stability towards methanol electrooxidation. For instance, CuCoNi@CNTs/GCE has shown at least 2.5 times electrocatalytic activity and stability compared to the mono eletrocatalysts. Moreover, the present study found that the optimized loading level is 1500 s of simultaneous electrodeposition. At this loading level, it was found that the relation between the Ip/ν1/2 function and scan rate gives the characteristic features of a catalytic process. The enhanced activity and stability of CuCoNi@CNTs/GCE was attributed to (i) a synergism between three metal oxides coexisting in the same structure; (ii) the presence of CNTs as a support for the metal oxides, that offers high surface area for the deposited tertiary alloy and suppresses the aggregation and sintering of the metals oxide with time; as well as (iii) the increase of the conductivity of the deposited semiconducting metal oxides.
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1. Introduction


Owing to the world energy crisis and fossil fuels depletion, the development of renewable alternative energy sources and technologies such as fuel cells (FCs), solar cells, and wind energy are presently being researched throughout the world [1]. FCs have received much attention recently due to their great range of benefits, for example high efficiencies, low emission, and fuel flexibility [2,3,4]. The most famous FC is the H2-O2 system, however using H2 as a fuel has many drawbacks related to its explosive and flammable nature, so it is neither easy to transport nor store [2,3,4]. As a result, there are many other organic molecules that have been proposed to replace H2 in the FCs such as methanol, ethanol, and glucose [2,3,4]. Methanol as a fuel has many advantages over H2 such as low-cost, availability, ease of storage, and transport. Therefore, direct methanol fuel cells (DMFCs) are considered as one of the best choices for future clean energy sources [5,6]. The electrooxidation of methanol is considered the key step in DMFCs in both alkaline and acidic fuel cells, and the commercialization of DMFCs is limited in part by the durability, scarcity, and high cost of the Pt-based methanol electrooxidation catalysts [5,6].



Pt and Pt-based materials are the most famous catalysts for methanol electro-catalytic oxidation in the DMFCs, especially in the low temperature FCs (both alkaline and acidic) [6,7]. However, the formation of poisoning intermediates that are adsorbed strongly on the catalyst surface (e.g., COad and other carbonaceous materials), which are generally produced during the methanol oxidation process, can in the long run hamper the electrooxidation reaction and deteriorate the electrocatalytic activity of the catalyst, which finally results in a severe failure of FCs as a whole [6,7].



Recently, researchers’ attention has been devoted to non-Pt based transition metal oxide catalysts for methanol oxidation in alkaline medium such as NiOx, CoOx, CuOx, AgOx and FeOx, which are characterized by good electrocatalytic activity, stability, and low poisoning ability in alkaline medium [8,9,10,11,12,13,14]. Among the aforementioned materials, NiOx [8], CuOx [10], and CoOx [11] have been considered the most prominent electrocatalysts for methanol oxidation in alkaline medium. NiOx has shown high electrocatalytic activity towards alcohol oxidation in alkaline medium and this high activity is attributed to the unpaired ‘d’ electrons and vacant d-orbitals associated with the oxidized form of nickel oxy-hydroxide (NiOOH), which has been extensively engaged in many electrocatalytic processes [15]. On the other hand, CuOx, with different fabrication methods and morphologies, has shown very good results towards methanol and glucose oxidation in alkaline medium [10,16,17]. In addition, alloying CuOx with NiOx demonstrated a synergistic effect towards methanol oxidation that was attributed to the suppression of the γ-NiOOH phase formation along with the stabilization of the β-NiOOH phase, of which the latter is the active phase in alcohol oxidation processes in alkaline medium [18]. Furthermore, CoOx alone is not considered as a good electrocatalyst, but it has shown good electrocatalytic activity and stability for alcohol oxidation when it is alloyed with NiOx [19]. For these reasons the tertiary alloy of CuCoNiOx is expected to exhibit high electrocatalytic activity and stability towards methanol oxidation in the alkaline DMFCs. In this context, there is only one article published recently that reports the synergistic effect between the three metal oxides if they are present in the same alloy towards methanol oxidation in alkaline medium [20]. According to this report, CuCoNi (copper-cobalt-nickel ternary nanostructures) modified graphite electrode G/NiCuCo has shown better electrocatalytic activity towards methanol oxidation in comparison to G/Cu, G/Ni, G/Co, G/CuCo, G/NiCo, and G/CuNi [20].



In the last decade, the replacement of old carbon support materials in the FCs, such as carbon black, with alternative high surface area carbon materials became an important issue of research [21,22]. In this regard, CNTs (carbon nanotubes) that exhibit a unique structure of one-dimensional multiwalled tubes composed of sp2-bonded carbon atoms, with an enormous capacity to conduct electricity and large specific surface area, are considered a suitable support for loading metal oxide nanoparticles, which increases the dispersion and prevents aggregation and sintering of deposited metal oxide particles, and improves both the stability and catalytic activity of the deposited metal oxide nanoparticles [21,22]. As a result, blending the CNTs with metal oxides is a good way to enhance the catalytic activity and stability of the proposed electrode [21,22].



The purpose of the present work is to fabricate a ternary catalyst composed of NiOx, CuOx, and CoOx modified CNTs/GCE (glassy carbon electrode) and determine their electrocatalytic activity towards methanol oxidation in alkaline medium at different deposition times. The material characterization of the proposed electrodes was done using X-ray diffraction (XRD), energy dispersive X-ray (EDX), and scanning electron microscopy (SEM). Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and chronoamperometry (CA) were used for the electrochemical characterizations and activity testing.




2. Materials and Methods


All chemicals used in this work were of analytical grade and were purchased from Merck (Kenilworth, NJ, USA), Sigma Aldrich (Schnelldorf, Germany) and they were used as received without any further purification. All solutions were prepared using doubled-distilled water.



2.1. Measurements


An electrochemical cell with a three-electrode configuration was used in this study. A graphite rod, saturated calomel electrode (SCE), and glassy carbon electrode (GCE) (GAMRY Instrument Company, A = 0.071 cm2, Warminster, PA, USA) were used as counter, reference, and working electrodes, respectively. All potentials will be presented with respect to SCE. The GCE was cleaned by mechanical polishing with aqueous slurries of successively finer alumina powder (down to 0.06 µm) and was then washed thoroughly with deionized water. All electrochemical experiments, e.g., cylic voltammetry, linear sweap voltammetry and chronoamperometry (CV, LSV, and CA) were performed using a Gamry potentiostat (model 600) operated by Gamry software (version 6.23.2982, Gamry, Warminster, PA, USA). The surface morphologies and the chemical composition of the deposits was identified using field emission scanning electron microscope, FE-SEM, (QUANTA FEG 250, Thermo Fisher Scientific, Hillsboro, OR, USA) equipped with an energy EDX (Energy Dispersive X-ray) unit. XRD, (PANalytical, X’Pert PRO) operated with a Cu target (ʎ = 1.54 Å) was used to identify the crystallographic structure of the deposited materials.




2.2. Electrodes Modification


Modification of the GCE with the desired metal oxides, preceded by CNTs, was achieved in four sequential steps. First is dispersing 1 mg of CNTs in a solution of 0.8 mL isopropyl alcohol and 0.2 mL Nafion (5 wt %) and sonicating the solution for 2 h. The second step is casting 5 µL of the carbon dispersion onto the GCE surface and letting it dry for 2 h. Before inserting the electrode into the electrolytic cell, its surface was flushed with the same electrolyte that was used in the measurements in order to confirm the surface wettability [23]. The third step is the potentiostatic deposition of the metallic form of the required deposit on the working electrode (i.e., CNTs/GCE) from an aqueous solution of 0.1 M sodium sulphate (Na2SO4) containing 1 mM of the sulphate salt of each metal ion, by applying a constant electrolysis potential of −0.9 V for different time durations [24,25]. The fourth step is the passivation of the metallic deposit in 1 M NaOH by cycling the potential between −0.2 V and 0.55 V for 15 consecutive cycles at a scan rate of 100 mV·s−1 [23,24].





3. Results


Figure 1 represents the FE-SEM for CuCoNiOx@CNTs/GCE at (A) 600 s; (B) 900 s; and (C) 1200 s deposition time; as well as the (D) EDX analysis for Sample (C), and Figure 2 shows the XRD pattern of CuCoNiOx@CNTs/GCE. Figure 3 shows the CVs of different electrodes in 1 M NaOH solution at a scan rate of 100 mV/s: (a) CNTs/GCE; (b) CoOx@CNTs/GCE; (c) CuOx@CNTs/GCE; (d) NiOx@CNTs/GCE; and (e) CuCoNiOx@CNTs/GCE electrodes. Figure 4A,B reveals the CVs of CuCoNi@CNTs/GCE in 1 M NaOH solution at different scan rates and the variation of the anodic and cathodic peak currents with the scan rates, respectively. The effect of the scan rate in 1 M NaOH is shown in Figure 5. The electrocatalytic behavior towards methanol oxidation in alkaline medium for (a) CoOx@CNTs/GCE; (b) CuOx@CNTs/GCE; (c) NiOx@CNTs/GCE; and (d) CuCoNiOx@CNTs/GCE electrodes is shown in Figure 6. Figure 7 is a Schematic illustration of the methanol electrooxidation reaction mechanism and Figure 8 shows the variation of Ip/ν1/2 with ν for the methanol electrooxidation obtained at CuCoNiOx@CNTs/GCE. Figure 9 shows the CVs for CuCoNi@CNTs/GCE at different deposition times in 1 M NaOH + 1 M methanol solution at a scan rate of 100 mV·s-1, and Figure 10 reveals the I-t transient for (a) CuCoNi@CNTs/GCE; (b) NiOx@CNTs/GC; (c) CoOx@CNTs/GC; and (d) CuOx@CNTs/GC in 1 M NaOH + 1 M methanol solution.




4. Discussion


4.1. Materials and Electrochemical Characterization


Figure 1 represents the FE-SEM for CuCoNiOx@CNTs/GCE at (A) 600 s; (B) 900 s; and (C) 1200 s deposition time; as well as the (D) EDX analysis for sample (C). The SEM micrographs reveal that CuCoNi alloy is deposited throughout the CNTs’ texture as rough sphere-like shapes with poor distribution on the entire surface (SEM A, 600 s). When increasing the deposition time to 900 s, the rough sphere-like deposits’ diameter increases with enhancement of the deposits’ distribution through the surface. At 1200 s, the texture of the rough sphere starts to change to a cauliflower-like shape with noticeable high and uniform distribution. On the other hand, EDX is an important tool to quantify the deposits and to confirm the deposition of the different ingredients in the catalyst. The EDX chart (D) confirms the deposition of the three metal simultaneously by the revealed peaks of cobalt, nickel, and copper at 7.0 keV, 7.7 keV, and 8.1 keV, in weight percent quantities of 3.34, 3.47, and 1.5, respectively [8,19]. The mapping EDX (inset of (D) depicts the uniform distribution of the three metals inside the sample. The wide-angle XRD patterns of the prepared CuCoNiOx@CNTs/GCE were also carried out to explain the existing forms of the metal elements. As shown in Figure 2, the sharp peak located at around 25° corresponds to the (002) diffraction of the carbon substrate. According to the literature, Co, Ni, and Cu elements have similar negative electrons and atomic radiuses. Therefore, they can easily form the similar cubic structure. The (111), (200), and (220) peaks belonging to cubic system of Co, Ni, and Cu are 44.2°, 44.3°, 43.3°, 51.5°, 51.7°, 50.4°, and 76.0°. The XRD pattern revealed that the ternary alloy deposited has a cubic crystalline structure since the peaks from the characteristic cubic planes of (111), (200), and (220) were observed at 2θ ≈ 44.0, 51.0, and 76.0, respectively, suggesting that the CuCoNi system is a solid solution [26,27]. In addition, the peaks located around 2θ ≈ (37.0, 42.0) and 55.0 are attributed to NiOx and Co(OH)2 formation, respectively [27,28].



Figure 3 shows the CVs of (a) CNTs/GCE and (b–d) metal oxide modified CNTs/GCE in 1 M NaOH solution at a scan rate of 100 mV/s. The Voltammetric behavior of CNTs/GCE is featureless in the operating conditions of both potential and pH. While on the modification of CNTs/GCE with CoOx (CoOx@CNTs/GCE, curve b) reveals an anodic peak around +0.07 V and the corresponding small cathodic peak at the same value, and this can be attributed to the redox reaction [19],


     Co  3   O 4  +   OH  −  +  H 2  O ⇔ 3 CoOOH +  e −    



(1)






   CoOOH +   OH  −  ⇔   CoO  2  +  H 2  O   +  e −    



(2)




as long as there is a redox couple at about +0.45 V, which is related to the oxidation process of CoOOH to CoO2 following the equation [19].



On the other hand, CuOx@CNTs/GCE (curve c) shows a significant increase in the CV current starting around 0.25 V in the forward and backward directions, which is caused by conversion of the already formed Cu(II) at more negative potentials to Cu(III) according to the following equation [29],


   CuO +   OH  −  ⇔ CuOOH +  e −    



(3)







At the NiOx@CNTs/GCE (curve e), the well-defined redox waves of the Ni(II)/Ni(III) transformation in alkaline medium is observed around 0.4 V, which leads to the formation of NiOOH according to [24],


     Ni ( OH )  2  +   OH  −  ⇔ NiOOH +  H 2  O +  e −    



(4)







Furthermore, on the deposition of the tertiary metal oxides (CuCoNiOx@CNTs/GCE, curve d) several interesting features can be observed,

	
Firstly, the Ni(II)/Ni(III) transformation potential is negatively shifted by about 0.2 V in comparison to NiOx@CNTs/GCE (d), and this is attributed to the influence of a partial alloy or alloy structure, where the peaks of Ni(II)/Ni(III) and Co(II)/Co(III) of the formed alloy shifted negatively and positively, respectively [19].



	
Secondly, the charging current of the Ni(II)/Ni(III) transformation increased dramatically compared to the case of NiOx@CNTs/GCE, and this may be due to the synergism between NiOx and the other two oxides present at the same time that resulted in more transformation of Ni(II) to Ni(III). This enhanced transformation can be explained in the view of the results recorded in the literature previously, which assumed that mixing NiOx with other oxides to form binary alloys, for example MnOx, CoOx, or CuOx, causes an noticeable increase in the Ni(II)/Ni(III) transformation reaction [24,28,30]. This can be represented by Equation (6).


   N  i  2 +   + C  u  2 +     and / or   Co   3 +   ⇒   Ni   3 +   +     Cu   1 +       and / or   Co   2 +     



(5)







	
Thirdly, the charging current for both CuOx and CoOx, observed in the potential range 0.3 V to 0.55 V in curve b and c, decreased slightly in the same potential range in the case of CuCoNiOx@CNTs/GCE; this is certainly due to the last-mentioned feature in point II. Where, the high charging current in the mentioned potential range for both CuOx and CoOx is attributed to the conversion of Cu(II) and Co(III) to the higher oxidation states mentioned in Equations (3) and (4), and immediately the produced higher oxidation states are consumed in the Ni(II)/Ni(III) transformation according to Equation (6), so that no high charging current is observed.








The effect of the scan rate on the CuCoNiOx@CNTs/GCE electrode has been studied by recording CVs in 0.5 M NaOH at different scan rates (see Figure 4A). An increase in the peak currents was observed with increasing the potential scan rate. Figure 4B shows the variation of both anodic and cathodic peak currents with the scan rate. A linear relation between the peak current and the scan rate is obtained, indicating that the transformation process is a surface redox reaction [19].



Figure 5 shows the CVs for CuCoNiOx@CNTs/GCE at different deposition times in 1 M NaOH at a scan rate of 100 mV/s. In the case of CuCoNi@CNTs/GCE, as the deposition time of CuCoNi increases, the current for the redox transformation increases regularly, except for the last two deposition times, 1200 s and 1500 s, where the current difference is small. This may be due to the increase of the amount of deposit increases the time needed for the surface enrichment with oxides during the passivation step in alkaline medium. Also, by increasing the deposition time, the rate of crystal growth exceeds that of nucleation and results in the formation of bigger deposits rather than the formation of new crystals, which has a negative effect on the deposits’ accessible surface area, so the current does not increase directly [24]. On the other hand, with increasing the loading level of the deposit, the peak potential shifts slightly positive, and this could be attributed to the higher potential required for the nucleation of the upper oxides at these high loading levels [24]. Moreover, the peak of the transformation became sharp (i.e., small potential window of the peak) instead of broad at low loading levels, which confirms a fast kinetics of the transformation process.




4.2. Methanol Electrocatalytic Oxidation at the Modified Electrodes


Cyclic voltammograms (CVs) were taken in the presence of methanol in alkaline medium in order to study the impacts of the deposition of different metal oxides on methanol oxidation. Figure 6 compares CV responses obtained at CNTs/GCE modified electrodes where (a) CoOx@CNTs/GCE; (b) CuOx@CNTs/GCE; (c) NiOx@CNTs/GCE; and (d) CuCoNiOx@CNTs/GCE in 1 M NaOH containing 1 M methanol at a scan rate of 100 mV/s. Methanol oxidation at CNTs/GCE is not visible which indicates that CNTs/GCE is inert toward methanol oxidation in these conditions of pH and potential (data not shown), while with the modification of CNTs/GCE with any metal oxides, the catalytic activity is enhanced dramatically, which was concluded from the higher oxidation current obtained in the forward scan compared to the unmodified CNTs/GCE. As was expected, CoOx@CNTs/GCE (curve b) has shown the lowest electrocatalytic activity in comparison to the other oxides, and CuOx@CNTs/GCE (curve c) revealed better activity towards methanol oxidation than CoOx@CNTs/GCE, which was shown by higher current values and a negative shift in the onset potential of the methanol oxidation (I = 1.0 mA and 0.6 mA around 0.6 V for CuOx and CoOx, respectively). As reported in the literature, NiOx is one of the pioneer eletrocatalysts for alcohol oxidation in alkaline medium, and that appeared clearly in our work where NiOx@CNTs/GCE (curve d) showed the best catalytic activity for methanol oxidation among the addressed mono-catalysts, where there is a significant negative shift in the onset potential and increase in the oxidation current [9].



Generally, there are several mechanisms that are used to describe the methanol oxidation reactions on the metal oxides in alkaline medium and those reports can be shortened in two ways. The first assumes that the origin of the electrocatalytic activity of the CuOx, NiOx, and CoOx in alkaline medium is due to presence of the catalytic oxidizing agents of Cu(III), Ni(III), and Co(IV), respectively, that interact with methanol to form lower oxides and methanol oxidation products [31,32]. The second pathway assumes that methanol oxidation does not occur until complete formation of the mentioned higher oxidation states in the course of an anodic potential sweep, to be a support for the reaction and not a catalytic intermediate [33,34]. Therefore, in summary, we assume that a part of the anodic current is due to methanol oxidation by Cu(III), Ni(III), and Co(IV) and a part of the current is due to methanol oxidation on the surface of the oxide layer by direct electrooxidation. According to Jafarian et al. the mechanism can be written generally by following [8].


   Lower   oxidation   state ⇒ Higher   oxidation   state +  e −    



(6)







And methanol is oxidized by the interaction with X(III) or X(IV) via the following routes:


   Lower   oxidation   state + methanol ⇒ Higher   oxidation   state + intermediate +  e −    



(7)






   Lower   oxidation   state + intermediate ⇒ Higher   oxidation   state + products +  e −    



(8)







In addition, the higher oxidation states are regenerated again by the power source and methanol is oxidized on these sites by direct electrooxidation according to the following:


   Lower   oxidation   state − methanol ⇒ Higher   oxidation   state − intermediate +  e −    



(9)






   Lower   oxidation   state − intermediate ⇒ Higher   oxidation   state − products +  e −    



(10)







Equations (8) and (9) relate to the first pathway mechanism [31,32], and Equations (10) and (11) relate to the second pathway mechanism [33,34].



As we mentioned in the introduction, NiOx is the best non-precious metal based eletrocatalyst for alcohol oxidation in alkaline medium, so research attention has been directed to enhance both NiOx stability and activity by alloying with other metal oxides. Interestingly, by addressing the electrocatalytic activity of the tertiary metal oxide CuCoNiOx@CNTs/GCE (curve e), significant features appear. The first feature is that the oxidation current increased dramatically in comparison to the mono-metal oxides (curves a, b, and c); this could be attributed to the synergism between the three metal oxides that resulted in enrichment of the surface with Ni(III), mentioned in Equation (5), which reflects the higher oxidation current in the forward scan according to the proposed mechanism in the above-mentioned equations, in addition to the fact that the presence of CuOx with NiOx in the same alloy enhanced the generation and stabilization of the β-NiOOH phase, the pioneer phase in the alcohol oxidation process in alkaline medium [18]. Furthermore, the higher produced oxidation current may be because of the fact that the three metals coexist in the same alloy and act as active sites for the methanol oxidation simultaneously. Moreover, the presence of CNTs as a support for the prepared ternary metal oxide, which affects the electrocatalytic activity of the catalyst by increasing the surface area and also by impeding the catalyst sintering and aggregation during the electrooxidation process of methanol, resulted in such high electrooxidation current. More specifically, in comparison to Rostami et al. [20], the presence of CNTs as a support resulted in a uniform distribution of the electrodeposited materials, which has a direct impact on surface area and this was clearly noticeable from the SEM images where the average particle size at 1200 s is around 200 nm in comparison to more than 1 µm for G/NiCuCo [20]. This effect on the particle size and distribution through the entire surface has a direct impact on the electrocatalytic activity. The second feature is a negative shift in the onset potential by about 50 mV; this is due to the alloying process that occurred between both CoOx and NiOx caused a negative shift in the Ni(II)/Ni(III) transformation according to the literature [19].



Note that, the mechanisms mentioned before for methanol oxidation are proposed for the single state oxide and in the case of the tertiary oxide, the mechanism is the same with the three oxides acting as active sites for the oxidation process at the same time, according to Figure 7. Figure 8 shows the variation of the reaction function (Ip/ν1/2) with ν obtained at the CuCoNiOx@CNTs/GCE electrode for methanol electrooxidation. It is worthy to mention that with a scan rate more than 50 mV·s−1, Ip/ν1/2 does not change significantly with the scan rate, which is a characteristic feature of catalytic reactions [35].




4.3. Effect of Loading Level


The extent of the CuCoNiOx deposition time has been investigated for CNTs/GCE, towards the electrocatalytic oxidation of methanol. Figure 9 compares the LSV recorded for methanol oxidation at different deposition times for CuCoNiOx@CNTs/GCE in 1 M NaOH containing 1 M methanol at a scan rate of 100 mV·s−1. It can be clearly seen that in the case of CuCoNiOx@CNTs/GCE, as the loading level increases, the current for the methanol oxidation increases as well, and this arises because of an increase of the active sites required for the oxidation process. In addition, there is a noticeable shrinkage in the current difference between the consecutive loading levels, and this may be attributed to some extent of agglomeration that may have occured at the higher loading levels. It is worth mentioning that the agglomeration and stability issues for the Cu alloy catalysts are critical for methanol production in addition to the methanol oxidation [36,37].




4.4. Long-Term Stability of the Prepared Electrocatalysts


One of the main aims of using tertiary oxide composed of CuOx, NiOx, and CoOx is to enhance the stability of the NiOx (the pioneer catalyst) modified CNTs/GCE. Therefore, to investigate the stability of the proposed catalysts, current-time (I-t) curves were recorded for methanol oxidation at the proposed electrodes at the peak potential, and the data are shown in Figure 10. This figure reveals that the mono-oxides have low stability towards methanol oxidation, while the CuCoNiOx@CNTs/GCE electrode shows higher oxidation current than that obtained with the three other electrodes. This coincides with the literature reports for the NiCo alloy [35]. This level of enhancement could still be observed after 30 min of continuous electrolysis. This indicates a better mechanical stability and good adhesion of the coexisting ternary oxide.





5. Conclusions


CuCoNi ternary alloy was successfully fabricated by simultaneous electrodeposition on CNTs@GCE and was tested for methanol electrooxidation in alkaline medium. Many features were found:

	(I)

	
CuCoNiOx@CNT/GCE has shown the highest electrocatalytic activity and stability towards methanol electrooxidation in comparison to the mono catalysts. For example, a minimum 2.5 times enhancement in both stability and activity were found.




	(II)

	
The electrocatalytic performance of CuCoNiOx@CNT/GCE depends greatly on the loading level (deposition time).




	(III)

	
At a scan rate of more than 50 mV·s−1, the (Ip/ν1/2) did not change significantly with scan rate, which is a characteristic feature of catalytic reactions.
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Figure 1. FE-SEM (field emission scanning electron microscope) for CuCoNiOx@CNTs/GCE(carbon nanotubes/glassy carbon electrode) at different deposition times (A) 600 s; (B) 900 s; (C) 1200 s; (D) Mapping EDX (Energy Dispersive X-ray) for Sample (C). 
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Figure 2. XRD (X-ray diffraction) pattern of CuCoNiOx@CNTs/GCE. 
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Figure 3. CVs (cyclic voltammetry) of different electrodes in 1 M NaOH solution at a scan rate of 100 mV/s: (a) CNTs/GCE; (b) CoOx@CNTs/GCE; (c) CuOx@CNTs/GCE; (d) NiOx@CNTs/GCE; and (e) CuCoNiOx@CNTs/GCE electrodes. 
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Figure 4. (A) CVs of CuCoNi@CNTs/GCE in 1 M NaOH solution at different scan rates; (B) Variation of the anodic and cathodic peak currents with the scan rates. 
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Figure 5. CVs of CuCoNi@CNTs/GCE at different deposition times in 1 M NaOH at a scan rate of 100 mV·s−1. 
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Figure 6. CVs of different electrodes in 1 M NaOH + 1 M methanol solution at a scan rate of 100 mV·s−1: (a) CoOx@CNTs/GCE; (b) CuOx@CNTs/GCE; (c) NiOx@CNTs/GCE; and (d) CuCoNiOx@CNTs/GCE electrodes. 
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Figure 7. Schematic illustration of the methanol electrooxidation reaction mechanism. 






Figure 7. Schematic illustration of the methanol electrooxidation reaction mechanism.



[image: Applsci 07 00064 g007]







[image: Applsci 07 00064 g008 550] 





Figure 8. Variation of Ip/ν1/2 with ν for methanol electrooxidation obtained at CuCoNiOx@CNTs/GCE. 
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Figure 9. CVs for CuCoNi@CNTs/GCE at different deposition times in 1 M NaOH + 1 M methanol solution at a scan rate of 100 mV·s−1. 
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Figure 10. I-t transients for (a) CoOx@CNTs/GCE; (b) CuOx@CNTs/GC; (c) NiOx@CNTs/GC; and (d) CuCoNiOx@CNTs/GC in 1 M NaOH+1M methanol solution. 
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