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Abstract

:

In this study, nickel phosphide nanowires with various structures and compositions were fabricated for the first time via magnetically-assisted liquid phase synthesis. The curvature and aspect ratio of the nanowires largely depended on the strength of the magnetic field applied during synthesis. Their phosphorus content together with the morphology were significantly modified according to the pH and reducing agent concentration. Nanowires with different structures and phosphorus contents were preliminarily tested for their capabilities to serve in general electrochemical applications. The degree of reaction (i.e., amount of reaction charge) increased with increases in the reaction area and phosphorus content of the nanowires. The rate characteristics of the reaction showed a peculiar increasing trend for a small reaction surface area and low phosphorus content. A change in the ohmic overpotential according to the nanowire curvature (aspect ratio) and porosity was suggested to be the reason for this unusual trend. Electrodes with high phosphorus contents or high reaction surface areas rapidly deteriorated during repetitive redox reactions. Based on the results for the degradation degree, the effect of the reaction surface area dominated that of the phosphorus content in the deterioration of the nickel phosphide nanowires.
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1. Introduction


Transition metal phosphides have beneficial physical, chemical, and mechanical properties owing to their excellent electronic conductivity [1] and stability in acidic and alkaline conditions [2], as well as a high melting point, hardness, and abrasion resistance [3]. In addition, the coexistence of metal–metal, metal–phosphorus, and phosphorus–phosphorus bonds make it possible to synthesize transition metal compounds of various stoichiometries, compositions, and crystal structures. Accordingly, there have been many studies to apply these compounds to engineering applications, and nickel phosphides have emerged as notable candidates [4,5,6,7]. In particular, research has been actively conducted on using nickel phosphides as electrodes for different electrochemical devices such as catalysts for hydrogen and oxygen generation [8], electrodes for secondary lithium batteries [9], and electrodes for supercapacitors [10,11,12,13].



Many studies have been conducted to improve the output and efficiency of electrochemical devices by fabricating electrodes using nanomaterials. Because such electrodes possess a large surface area, the surface reaction resistance is significantly reduced. Accordingly, the reaction overpotential can be reduced, enabling high-rate and high-efficiency operation of the device. Nickel phosphide nanomaterials are synthesized by various methods, such as pyrolysis of organometallic precursors [14,15], high-temperature reduction [16,17], solid-state phase transformation [18], and the vapor–liquid–solid (VLS) method [19,20]. However, because the phosphorus precursors used for pyrolysis are expensive, flammable, and toxic, the synthesis of nanoparticles is still challenging. High-temperature reduction and solid-state phase transformation also incur high production costs due to synthesis at high temperatures. In addition, with the VLS method, it is challenging to remove the liquid capsule that is formed during the process, and high temperatures are required. Hence, it is of high engineering significance to develop a cost-effective and highly safe method for synthesizing nickel phosphide nanomaterials. In this regard, a recent study on the synthesis of pure nickel nanostructures by liquid phase chemical reduction is noteworthy, where nickel nanoparticles were relatively quickly, inexpensively, and safely synthesized by chemical reduction. In particular, pure nickel nanowires could be synthesized without a catalyst or template due to the ferromagnetic properties of nickel in a magnetic field [21,22].



In this study, we present our preliminary results on nickel phosphide nanowires with various structures and compositions, prepared by liquid phase synthesis in a magnetic field. The phosphorus content and nanowire shape of the nickel phosphides according to synthesis conditions (i.e., the solution pH, reducing agent concentration, and magnetic field strength) were analyzed. In addition, the pure nickel phosphide electrodes were fabricated without binder and conducting agents, which might possibly distort the inherent properties, to test their intrinsic electrochemical properties. In particular, we focused on the ratio of nickel to phosphorus, the effect of the reaction surface area on the reaction degree, and the effect of the nanowire shape and structure on the reaction rate and reaction-induced material degradation.




2. Experimental Procedure


2.1. Preparation of Nickel Phosphide Nanowires


To prepare nickel phosphide nanowires, electrolyte solutions were prepared by mixing two aqueous solutions, A and B, at room temperature. Aqueous solution A was prepared by mixing various concentrations of sodium hypophosphite (a reducing agent, Sigma-Aldrich, St. Louis, MI, USA, anhydrous, 98–101%) in a mixed aqueous solution containing nickel sulfate (0.1 M, Junsei, Tokyo, Japan, 98.0%), ammonium chloride (0.34 M, Junsei, Tokyo, Japan, 98.5%), and trisodium citrate dihydrate (27 mM, a surfactant, Junsei, Japan, 99%). The pH was adjusted using sodium hydroxide (Junsei, Tokyo, Japan, 97%). Aqueous solution A was classified into two types as follows (Table 1): (1) solutions in which the pH and reducing agent concentration are fixed to investigate the effect of the magnetic field strength (samples 0L, 2L, and 18L in Table 1) and (2) solutions in which the magnetic field strength is fixed to investigate the effect of pH and the reducing agent (samples 18L, 18M, and 18H in Table 1). Aqueous solution B contained palladium chloride (1.7 mM, Sigma-Aldrich, St. Louis, MI, USA, 99%) as a nucleating agent, and the solution pH was adjusted to 2 using hydrochloric acid (Junsei, Tokyo, Japan, 99.5%).



After mixing 50 mL of aqueous solution A and 3 mL of aqueous solution B, the resulting solution was heated for approximately 1 h at 70 °C to form nickel phosphide nuclei (the color of the electrolyte changed from green to black). Subsequently, a magnetic field was applied for approximately 4 min to grow them into nanowires. The magnetic field strength was controlled by changing the distance between two neodymium magnets located at both ends of the beaker containing the mixed aqueous solution and was measured using a Gauss meter (TM-801, Kanetec, Tokoyo, Japan). When the distances between the two magnets were 5 cm and 15 cm, magnetic fields of 18 mT and 2 mT, respectively, were incident on the center of the beaker under the cell configuration used in this study. After the experiment, the nickel phosphide nanowires that formed in the center of the beaker were collected and washed with ethanol. The composition, shape, and crystal structure of the synthesized nickel phosphides were confirmed by energy-dispersive X-ray spectroscopy (EDS, 51-XMZ1004, Oxford instruments, Oxford, UK), field-emission scanning electron microscopy (FE-SEM, MIRA3, TESCAN, Brno, Czech Republic), and X-ray diffraction (XRD, Ultima-IV Rigaku, Tokoyo, Japan), respectively.




2.2. Evaluation of Electrochemical Properties of Nickel Phosphide Nanowire Electrodes


The fabricated nickel phosphide nanowires were tested as electrodes for redox systems. Nickel foam (Invisible Inc., Gyeonggi-do, South Korea, 99.5%) was used as a substrate, and ultrasonic cleaning was performed in ethanol for 1 h to remove surface impurities. An electrode was prepared by applying a pressure of 1 MPa after placing the nickel nanowires on the nickel foam substrate. Here, the additives (e.g., binder or conductive material) were not used to confirm the unique characteristics of the synthesized materials.



A three-electrode beaker cell was constructed to evaluate the electrochemical properties of the electrode and understand the intrinsic properties of the nanowires. The fabricated electrode was used as a working electrode. Platinum foil and a Hg/HgO electrode were selected as a counter and a reference electrode, respectively. A 2 M KOH aqueous solution was used as an electrolyte. To understand the basic characteristics of the electrode and estimate the amount of reaction charge, cyclic voltammetry was performed at a scan rate of 5 mV/s in the potential range of 0.2–0.6 V vs. Hg/HgO, and the rate characteristics of the reaction were estimated under various current densities ranging from 0.5 to 4 A/g. A constant cathodic/anodic current density of 3 A/g was applied 500 times to evaluate the degree of deterioration during the repetitive redox cycles.



The electrochemical active surface area (ECSA) was determined through the “capacitance method” [23,24]. For this purpose, cyclic voltammetry was performed on the prepared electrodes in a 0.1 M KOH electrolyte. At this time, the potential range corresponded to that of the open circuit potential (OCP) ± 50 mV, and the scan rates were set to 5–400 mV/s. The ECSA per unit mass was determined according to the following equations:


   I c  =  I  anodic    (  OCP − 50 mV  )    −  I  cathodic    (  OCP + 50 mV  )     



(1)






   ECSA =      C  d l       c · m   =  1  c · m   ·   Δ  I c    Δ v       



(2)




where IC is the charging current at a specific scan rate obtained through cyclic voltammetry; Ianodic(OCP − 50mV) and Icathodic(OCP + 50mV) denote the current values at OCP − 50 mV and OCP + 50 mV, respectively; Cdl is the double-layer capacitance, determined through the slope (ΔIc/Δv) of the charging current vs. the scan rate plot; c denotes the specific charge density (40 μF/cm2 [23,24]); and m denotes the mass of nickel phosphide. All electrochemical experiments were performed using a Solartron 1470E potentiostat (AMETEK Scientific Instruments, West Sussex, UK).





3. Results and Discussion


3.1. Effect of Magnetic Field Strength on the Composition and Structure of Nickel Phosphide


The difference in the composition and structure of the nickel phosphides according to the magnetic field strength was analyzed (Samples 0L, 2L, 18L in Table 1). Figure 1a–c show the electron micrographs of nickel phosphides obtained at magnetic fields of 0, 2, and 18 mT, respectively (hereafter, each specimen is denoted as sample 0L, sample 2L, or sample 18L, where the numbers represent the magnetic field strength and the letter L indicates a low phosphorus content). In the absence of a magnetic field, the agglomeration between particles was very irregular, and the overall structure was severely bent (sample 0L, Figure 1a). However, when a magnetic field was applied, the irregular and curved growth pattern changed to a one-dimensional growth pattern, even with a relatively low magnetic field (sample 2L, Figure 1b). Nanowires with highly uniform diameters and high aspect ratios grew under a high magnetic field (sample 18L, Figure 1c). It is considered that the wire growth of nickel phosphides in a magnetic field occurs due to the ferromagnetic properties of nickel. Nickel phosphide nanoparticles containing a large amount of nickel are arranged in a line along the magnetic flux under a magnetic field and combine to grow into nanowires. Because of the natural convection effect of the solution during synthesis, the stronger the magnetic field, the better the definition of the nanowire formed; this is consistent with previous literatures on the synthesis of pure nickel nanowires in a magnetic field [21,22].



Figure 2a–c show the composition analysis results for samples 0L, 2L, and 18L, respectively. The phosphorus content in the three specimens was approximately 7–8% when the effect of oxygen resulting from surface oxidation caused by atmospheric exposure of the specimen after synthesis was eliminated. This implies that the magnetic field has virtually no effect on the composition. In addition, only broad peaks arising from the presence of Ni appear in the X-ray diffraction pattern, suggesting that the synthesized nickel phosphides are amorphous or low-crystalline materials. It is known that when the phosphorus content is relatively low, the crystallinity of nickel phosphides is sensitive to the phosphorus content. According to literature on the synthesis of nickel phosphides by electroless plating [25,26], nickel phosphides are crystalline when the phosphorus content is very low, but they become increasingly amorphous as the phosphorus content is increased. When the phosphorus content is 10 wt% or more, they are completely amorphous. Thus, the composition and structure analysis results for the nickel phosphides synthesized in this study are consistent with those in existing literature.




3.2. Effect of pH and Reducing Agent on the Composition of Nickel Phosphide


Nickel phosphide is typically synthesized according to the following chemical reactions [27,28].


(NiRn)2+ + H2PO2− + 3OH− → Ni + HPO32− + 2H2O + nR



(3)






H2PO2− + 2H+ + e− → P + 2H2O



(4)







Here, R denotes a salt (generally succinate or pyrophosphate). A complex of a salt and nickel (NiRn)2+ is reduced by H2PO2− derived from a reducing agent (e.g., sodium hypophosphite). The concentrations of the Ni source and reducing agent and the pH directly affect the phosphorus and nickel contents in the product after chemical reduction.



As shown in reaction Equations (3) and (4), the phosphorus and nickel contents in nickel phosphide are directly affected by the pH and reducing agent concentration during chemical reduction. When the pH is increased, reaction (3) acts to increase the nickel content and decrease the phosphorus content, and reaction (4) is suppressed. On the other hand, the phosphorus content increases when the reducing agent concentration increases because the reducing agent is a phosphorus precursor [27]. In this study, we tried to obtain nickel phosphides with three different nickel:phosphorus composition ratios using a combination of pH levels and reducing agent concentrations (Samples 18L, 18M, and 18H in Table 1. Sample 18L is the same as sample 18L in Section 3.1. Here, M denotes a medium phosphorus content, and H denotes a high phosphorus content). The magnetic field strength was fixed at 18 mT, the value at which the nanowires were best formed in Section 3.1.



The shapes of the synthesized nickel phosphide nanowires are shown in Figure 1c (sample 18L) and Figure 3a,b (samples 18M and 18H, respectively), and the contents of nickel and phosphorus are summarized in Figure 3c. With regard to the composition, the lower the pH and higher the reducing agent concentration, the higher the proportion of phosphorus in the nickel phosphide, as discussed above. In addition, with an increase in the proportion of phosphorus, the nickel phosphide particle sizes became non-uniform, particle aggregation around the nanowire became apparent, and the aspect ratio of the nanowires decreased. It is quite likely that the changes in the nanowire shape according to the phosphorus content are related to the magnetization of nickel phosphides. The magnetization of nickel phosphides in a fixed magnetic field decreased as the phosphorus content increased or nickel content decreased, resulting in non-uniform nanowires and their small aspect ratio. Based on the structure analysis (Figure 3d), no clear crystallinity was observed in all specimens.




3.3. Electrochemical Tests


Several studies have reported the redox reaction mechanism of nickel phosphides in an aqueous solution [29,30,31,32,33]; however, there is still no solid consensus as to the redox reaction mechanism of nickel phosphides in an aqueous solution, except for the active participation of hydroxyl ions in the reaction. It is suggested that the following irreversible (Equation (5)) and reversible (Equation (6)) reactions take place when nickel phosphides are in an alkaline solution.


NixPy + xOH− → NixPy(OH)x + xe−



(5)






NixPy(OH)x + xOH− ↔ NixPyOx+ xH2O + xe−



(6)







Based on the reaction mechanism, it is evident that the reaction degree is increased when the interfacial reaction area between the nickel phosphide and the electrolyte is increased or when the phosphorus content in the nickel phosphide is increased.



First, we attempted to investigate the effect of the reaction area in a situation where the phosphorus content in the nickel phosphide nanowire was fixed. To this end, the characteristics of electrodes constructed with nickel phosphide nanowires (samples 0L, 2L, and 18L; 7~8 at% P (Figure 2)) obtained under various magnetic fields were analyzed. Figure 4a,b show the cyclic voltammograms in the first and the second cycles. Figure 4c presents a charging current vs. scan rate plot and the ECSA values determined based on the plot (the table inserted in the figure). The presence of the irreversible anodic reaction (Equation (5)) was confirmed by the comparison of the first and the second cyclic voltammograms: Anodic current during the first cycle (Figure 4a) was much larger than that during the second cycle (Figure 4b) throughout the entire potential range, while the cathodic current values during the first and the second cycles are almost the same, strongly indicative of the irreversible anodic process in the first cycle.



A redox peak due to the reversible reaction between nickel phosphides and hydroxyl ions (Equation (6)) was also observed in the cyclic voltammogram (Figure 4b). Notably, the electrode (sample 0L) constructed with nanowires obtained in the absence of a magnetic field exhibited the highest reaction degree (i.e., the amount of reaction charge). As the magnetic field increased, the reaction degree was decreased in sample 2L, followed by sample 18L. Based on a quantitative analysis through the cyclic voltammograms, the charge amounts transferred during cathodic reaction of samples 0L, 2L, and 18L were 31.7, 22.8, and 19.4 C/g, respectively (that is, the charge amount ratio is 0L:2L:18L = 1:0.72:0.61). On the other hand, based on Figure 4c, the ECSA values were determined to be 8036, 5550, and 4998 cm2/g, respectively, through a capacitance method and the ratio was 1:0.69:0.62. This was approximately the same as the charge amount ratio obtained from the cyclic voltammograms. This result strongly indicates that the degree of reaction (i.e., reaction charge amount) is determined according to the reaction surface area when the phosphorus content in the nickel phosphide is the same. In other words, with respect to the reaction degree itself, heavily bent (i.e., poorly defined) nanowires fabricated in the absence of a magnetic field show high value by having a large active surface area. In contrast, well-defined nanowires fabricated under a high magnetic field show a relatively low value by having a relatively low active surface area.



Next, the characteristics of electrodes fabricated using three nanowire specimens having different phosphorus contents (samples 18L, 18M, and 18H) were compared to investigate the effect of the phosphorus content in the nickel phosphide nanowires. Figure 5a,b show the cyclic voltammograms in the first and the second cycles. Figure 5c presents a charging current vs. scan rate plot and the ECSA values determined based on the plot (the table inserted in the figure). The amounts of reaction charge were increased in the increasing order of the phosphorus content in the nickel phosphide in the cyclic voltammograms (Figure 5a,b). Based on the quantitative analysis of the reversible cyclic voltammograms (Figure 5b), the charge amounts transferred during cathodic reaction of samples 18L, 18M, and 18H were determined to be 19.4, 52.6, and 95.9 C/g, respectively (i.e., the charge amount ratio is 18L:18M:18H = 1:2.47:4.94). In addition, the ECSA values determined based on Figure 5c were 4998, 8540, and 12,123 cm2/g, respectively, and the ratio was 1:1.71:2.43, which is significantly different from the charge amount ratio obtained from the cyclic voltammograms. This implies that the charge amount is affected by other factors, apart from the surface area effect. Remarkably, the ratio after simple mathematical correction of the area effect is calculated to be 1:1.44:2.03, which is almost similar to the phosphorus content ratio of the specimen (7.7:10.6:14.3 = 1:1.37:1.85 in Figure 3c). These results suggest that the phosphorus content and the surface area are two main governing factors affecting the reaction charge amount.



Figure 6 shows the rate characteristics of the cathodic reaction for the five specimens described above. First, in the case of the samples 0L, 2L, and 18L, which have the same phosphorus content, the larger the reaction surface area, the higher the cathodic charge amount value under a low rate (0.5 A/g) as described above. However, the specimen with a large surface area undergoes a relatively rapid decrease in the charge amount as the reaction rate increases (Figure 6a). For example, when sample 0L is compared with sample 18L, the charge amount, which showed a large difference at a low rate, becomes almost the same at 3 A/g. When the rate is further increased, sample 18L with a small surface area shows a significantly higher charge amount. This tendency to achieve better rate characteristics with a small surface area can be confirmed more clearly through the charge amount retention plot (Figure 6b).



This unusual rate characteristic can be understood based on the nanowire shapes and pore structures of the electrodes (Figure 1). With regard to the nanowire shape, sample 0L is highly curved and, thus, has a high surface area; however, the electronic resistance might be large due to the complicated electron migration path and the severe contact between the nanowires. In contrast, sample 18L has a well-defined one-dimensional nanowire shape and has a very large aspect ratio, which results in relatively low electronic resistance. In addition, considering pore structure of the electrode constructed with nanowires, the apparent porosities of samples 0L, 2L, and 18L increased in order. Therefore, the open pore structures lead to a decrease in migration resistance of active ions. Therefore, ohmic overpotential due to electronic and ionic resistance is expected to decrease in the order of samples 0L, 2L, and 18L. In other words, as the one-dimensional nickel phosphide nanowire is developed, a competitive situation arises, wherein the ohmic overpotential is decreased (due to the reduced electronic/ionic resistance) and the activation overpotential is increased (due to the reduced reaction surface area and increased reaction resistance). The experimental results (Figure 6) suggest that the well-developed nanowire specimen shows relatively good rate characteristics, indicating that the reducing effect of the ohmic overpotential outweighs the increasing effect of activation overpotential.



The rate characteristics of samples 18L, 18M, and 18H with different phosphorus contents also exhibit a similar trend, though the difference in charge amount retention is small between samples 18M and 18H. In fact, the surface reaction resistance or activation overpotential might be somewhat reduced because the reaction is more activated when the phosphorus content is high. Nevertheless, overall, sample 18L, which has a well-developed nanowire shape and an open pore structure, showed superior rate characteristics compared to sample 18M and sample 18H, which have relatively closed pore structures with small aspect ratios (Figure 3).



Figure 7 show the deterioration trend obtained for five specimens during the repetitive redox reaction cycles. Among the three electrodes with different phosphorus content (samples 18L, 18M, and 18H), sample 18H, which had the highest phosphorus content, showed the most significant deterioration, followed by sample 18M, which had a medium phosphorus content. Among the three electrodes with low phosphorus content (samples 0L, 2L, and 18L), the deterioration of sample 0L, which had the lowest phosphorus content and the least developed nanowire structure, was considerably high compared to the other two specimens (sample 2L and sample 18L) in which the nanowire structures were relatively well-developed. Therefore, it is considered that the higher the phosphorus content or the reaction surface area, the faster the rate of material deterioration due primarily to the greater amount of reacted nickel phosphide. The deterioration rate curve (Figure 7b) tells which phosphorus content or reaction surface area is relatively important degradation factor: The robustness of sample 18L, which had the lowest values of both phosphorus content and surface area, was the best. It is noteworthy that the robustness of sample 0L, which had a low phosphorus content and a large response surface area, was significantly low. In contrast, the sample 18M, with a low surface area and middle phosphorus content, showed a relatively high robustness similar to those of samples 2L. This implies that the reaction surface area has a significant effect on the deterioration of the nickel phosphide nanowires compared to the phosphorus content.





4. Conclusions


In this study, nickel phosphide nanowires were fabricated using magnetically-assisted liquid phase synthesis for the first time, and specimens with different structures and phosphorus content were tested as electrodes for the electrochemical system. The experimental results are summarized as follows.



(1) Highly curved nanowires with low aspect ratios were formed without a magnetic field, while as the magnetic field strength increased, linear and well-defined nanowires with high aspect ratios were obtained. Under the same magnetic field strength, particles were agglomerated around the nanowire, and the aspect ratio tended to decrease as the phosphorus content in the nickel phosphide increased. Structural disturbance of the nanowire due to the increase in the phosphorus content might be caused by the decrease in magnetization due to the reduction of the nickel amount in the initial nanoparticles.



(2) When the phosphorus content in the nickel phosphide was the same, the reaction charge amount showed a general tendency proportional to the reaction surface area of the electrode. When the phosphorus content was increased, an additional increase in the reaction charge was observed. When the surface area effect was eliminated, the increase in reaction charge occurred solely due to the increase in the phosphorus content, indicating that reaction charge depends entirely on reaction surface area and phosphorus content.



(3) The rate characteristics increased when the surface area was small and the phosphorus content was low. An electrode consisting of curved nanowires with a low aspect ratio possessed large surface areas and, thus, might have low reaction resistance. However, the complex electron path and many contacts between the nanowires restricts the electron movement, and a relatively closed pore structure retards the ion movement. The unique rate characteristics might appear because the increase in electron/ion migration resistance according to structural disturbance of the nanowire outweighs the decrease in surface reaction resistance.



(4) The electrode with a low surface area and low phosphorus content demonstrated the highest robustness against repetitive redox reactions, while an electrode with a low surface area and middle phosphorus content showed comparable robustness. In contrast, the robustness of the electrode having a low phosphorus content and large reaction surface area was significantly low. This suggests that reaction surface area is the dominant factor in nickel phosphide nanowire degradation compared to phosphorus content.



(5) The results of this study confirmed that the nickel phosphide nanowires can be easily controlled in structure and composition through chemical synthesis in a magnetic field and they have different characteristics in terms of reaction charge amount, rate characteristics, and robustness. The factors governing reaction kinetics and electrode degradation might give some insight into how to design nickel phosphide nanowires for specific applications. Various engineering applications can be possibly explored through a more extensive study on additional process factors such as surfactant concentration, including the process variables covered in this study.
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Figure 1. Scanning electron micrographs of the nickel phosphide nanowires prepared at different values of magnetic field strength: (a) sample 0L, (b) sample 2L, and (c) sample 18L in Table 1. Inset figures are the magnified images. 
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Figure 2. EDS spectra together with chemical composition ratios of the nickel phosphide nanowires prepared at different values of magnetic field strength: (a) sample 0L, (b) sample 2L, and (c) sample 18L from Table 1; and (d) their XRD patterns. 
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Figure 3. Scanning electron micrographs of the nickel phosphide nanowires prepared at different combinations of pH and reducing agent content: (a) sample 18M and (b) sample 18H in Table 1. Inset figures are the magnified images. (c) Phosphorus and nickel contents in the samples obtained from the EDS analysis and (d) their XRD patterns. 
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Figure 4. (a) The first and (b) the second cyclic voltammograms and (c) a charging current vs. scan rate plot (inset table is the estimated ECSA values), obtained from the nickel phosphide nanowires prepared at different values of magnetic field strength (Samples 0L, 2L, and 18L). 






Figure 4. (a) The first and (b) the second cyclic voltammograms and (c) a charging current vs. scan rate plot (inset table is the estimated ECSA values), obtained from the nickel phosphide nanowires prepared at different values of magnetic field strength (Samples 0L, 2L, and 18L).
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Figure 5. (a) The first and (b) the second cyclic voltammograms and (c) a charging current vs. scan rate plot (inset table is the estimated ECSA values), obtained from the nickel phosphide nanowires prepared at different combinations of pH and reducing agent content (Samples 18L, 18M, and 18H). 
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Figure 6. Rate characteristics of the samples. (a) Amount of cathodic charge amount and (b) charge amount retention at different cathodic current densities. 
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Figure 7. Variations of (a) the amount of cathodic charge amount and (b) charge amount retention with repetitive redox reactions. 
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Table 1. Preparation conditions of nickel phosphide nanowires.
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	Sample Name
	Concentration of Sodium Hypophosphite (M)
	pH
	Magnetic Field Strength (mT)





	0L
	0.15
	11
	0



	2L
	0.15
	11
	2



	18L
	0.15
	11
	18



	18M
	0.5
	9
	18



	18H
	1
	7
	18
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