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Abstract

:

Developing the high-efficiency and cheap non-noble catalysts towards hydrogen evolution reaction (HER) is of significance for water splitting. Herein, for the first time, we report a simple method of acid leaching combined with carbothermic reduction with dephosphorization slag to construct a carbonaceous FexP/C catalyst. In alkaline medium, the corresponding overpotential when the output current density was 10 mA cm−2 (η10) was only 145 mV. Additionally, there was no obvious attenuation after 3000 cycles, which showed significantly better activity and stability than that of non-carbonaceous FexP catalysts prepared by gas–solid phosphating. The structure and composition of FexP/C were characterized by X-ray diffraction, scanning electron microscope, energy dispersive spectroscopy, and inductively coupled plasma atomic emission spectrometer. The electrochemical properties of the electrode were evaluated by cyclic voltammetry, linear scanning voltammetry, electrochemical impedance spectroscopy, and cyclic stability. The results showed that the prepared FexP/C was composed of FeP-Fe2P mixed nanocrystals supported on amorphous carbon. Compared with FexP, the synergistic catalysis of the FeP and Fe2P phases as well as the interactive support effect between the FeP-Fe2P mixed nanocrystals and the amorphous carbon support will attribute the rich active sites for electrocatalytic reaction and reduce the charge transfer resistance. Thus, FexP/C has good hydrogen evolution activity and stability. Overall, the preparation of catalysts with high additional value based on dephosphorization slag was preliminarily explored.
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1. Introduction


The use of fossil fuels has caused a series of environmental pollution problems. Developing clean, efficient, and sustainable energy can effectively solve this problem and is also the key to promoting carbon neutralization [1,2]. Hydrogen is considered the ideal choice of energy in the future. Water electrolysis via renewable powers, e.g., solar power and wind power, can produce clean hydrogen without carbon emission, which has great development potential [3,4]. At present, the precious metals Pt, Ir, and Ru and their compounds are the most excellent electrocatalysts for hydrogen and oxygen production [2,5]. However, the high cost and scarcity of these precious metals seriously hinder their large-scale application. Therefore, the research and development of non-noble metal-based electrocatalysts with high abundance, low cost, and high activity have attracted extensive attention. In recent years, transition metals (Fe, Co, Ni, etc.) and their compounds have gradually become a research hotspot because of their low price, controllable morphology, and excellent properties in electrocatalysis [6,7]. Transition metal phosphides (TMPs) have always been used as catalysts for hydrogenation reactions, especially hydrodesulfurization reactions. Recently, TMPs were widely used by researchers as catalysts for hydrogen evolution reaction (HER), which shows its excellent catalytic performance [8,9].



Iron is the most abundant metal element on Earth. Iron phosphide (FexP) is a metal-rich TMP. It is a good conductor of heat and electricity, and also has very high thermal and chemical stability. Recently, new studies have shown that FexP-based catalysts have very good catalytic activity for HER. FexP has been regarded as a good catalytic material that can replace Pt/C [10]. Generally, it is accepted that the catalytic site origin from the coordinated P and Ni atoms leads to a lower barrier for the rate-limiting HER step since the Gibbs free energy of the P atom (as the active site) is near zero. Moreover, the carbon substrate is also more conducive to electron transfer, which makes the FexP composite have good catalytic properties. Unfortunately, despite extensive research and development on the catalytic activity and stability of these transition metal phosphides, their HER properties have, so far, struggled to meet the requirements of industrial hydrogen production [11,12]. In order to obtain better-performing catalysts to meet the requirements of large-scale hydrogen manufacturing, it is particularly important to optimize the material design of FexP and deepen the understanding of the relationship between the structure and properties of such materials [13].



So far, the atomic and electrical properties of FexP have been regulated by interface regulation and nanostructure synthesis [14,15]. For example, FexP nanowire materials with large specific areas have been successfully synthesized. Based on the analysis results of XPS, it is considered that the unsaturated coordination center Fe and P atoms are the active centers of HER and they work together. It is also possible to improve the performance of FexP by coating FexP on the surface of Fe nanoparticles to form a core-shell structure, which effectively enhances the chemisorption process of hydrogen atoms on the FexP surface [16]. On the other hand, the change of Gibbs free energy on the FexP surface during HER is analyzed by density functional theory (DFT). It is found that, when a thin FeO layer is coated on the FeP surface, the absorption of H · can be significantly reduced to improve HER catalytic activity of FexP [15,17]. Otherwise, different phases are produced due to different phosphorus contents, such as FeP and Fe2P [18]. As described above, FexP with a higher phosphorus content can have more active sites to capture protons and improve corrosion resistance to benefit HER [19]. However, with the increase of phosphorus content, phosphorus atoms will greatly limit the electron delocalization (free electrons) of metal atoms, thus hindering the conductivity and weakening HER activity. Therefore, it is necessary to explore a balanced phosphorus content. It is speculated that higher phosphorus content will always lead to higher HER activity and better stability without seriously reducing the conductivity of FexP. Additionally, using carbon materials such as carbon nanotubes (CNTs), graphite, graphene, and porous carbon as support of TMPs can not only make them have a huge surface area but also improve the conductivity of hybrid catalysts [11,20]. Moreover, the coupled carbon material can also adjust the electron density and potential distribution in the hybrid material, which will improve the activity and stability of the catalysts. In short, the catalyst compounded with carbon materials can make full use of the excellent conductivity and good dispersion of carbon materials and is conducive to improving the electrocatalytic activity.



Generally, the FexP is prepared from an iron salt solution and phosphoric acid by a liquid-phase precipitation method. This method has the advantages of a simple process, high purity, and good crystal form, but the production cost is high. The dephosphorization slag produced in the iron and steel industry is mainly a mixture of phosphorus and iron. In addition, it also includes many beneficial element components, such as nickel, manganese, and sulfur. We tried to use dephosphorization slag as the raw material for the preparation of FexP and constructed a carbonaceous FexP electrocatalyst by combining the acid pickling and carbothermic reduction. The structure and composition of the prepared carbonaceous FexP electrocatalyst as well as the non-carbonaceous FexP were characterized, and the performance of the hydrogen production by electrolyzing water in an alkaline solution was further studied.




2. Materials and Methods


2.1. Preparation of Electrocatalysts


Firstly, the dephosphorization slags were ball-milled and dispersed in the mixed acidic solution (sulfuric acid, 1.5 mol L−1 and nitric acid, 1.5 mol L−1, total volume of 500 mL, volume ratio = 1:1). The fine, dephosphorization slag particles were digested and a final red leaching solution was obtained. Then, the ammonia solutions were dropped into the leaching solution to produce a mixture precipitation consisting of phosphorus and iron. The mixture precipitation was further filtrated and dried. Finally, the dried mixture precipitation was added with excess carbon powder, ground, mixed evenly, put into the crucible, and calcined in an Ar atmosphere furnace at 1200 °C for 2 h to obtain FexP/C.



As for the preparation of FexP, the porcelain boat filled with the NaH2PO2 powder (250 mg) was placed in the heating zone of the quartz tube, and another porcelain boat containing the mixture precipitation samples was placed on the stove downstream. The sample was then heated to 350 °C in an Ar atmosphere and incubated for 2 h. After cooling to room temperature, FexP was obtained [14].




2.2. Physical and Chemical Characterization


The samples were analyzed by field emission scanning electron microscope (SEM, hitachi-sub010) and energy dispersive spectroscopy (EDS). Powder X-ray diffraction (XRD) spectra were recorded on a RIGAKU D/max 2200 PC diffractometer with a graphite monochromator and Cu KCT radiation source (nine = 0.15418 nm). The composition of metal elements was tested by an inductively coupled plasma atomic emission spectrometer (ICP-AES).




2.3. Electrochemical Characterization


All electrochemical tests were carried out on a VMP2 electrochemical workstation (Bio-logic, France) using a standard three-electrode system, and the electrolyte was 1 M KOH. For the working electrode, 5 mg of catalyst powder was dispersed in 1 mL isopropyl alcohol, to which 50 μL of Nafion® solution (5 wt%, Dupont) was added. The mixture was then homogenized for 1 h in an ice ultrasonic bath to form an ink. Based on the ICP results, the nominal loading of the active phase (FexP) on the testing electrodes was controlled to be the same by adjusting the amount of the pipetting inks on a graphite carbon substrate with a geometric area of 0.5 cm2 and was dried at 75 °C in a vacuum oven. For the FexP and FexP/C, the nominal loading of FexP was 0.2 mg cm−2; for the Pt/C, the nominal loading of Pt was 0.05 mg cm−2. These testing electrodes were used as working electrodes for the electrochemical measurement. Considering that the dissolution of the Pt in an alkaline electrolyte will affect the test of HER, the graphite carbon rod and Hg/HgO electrode were selected as a counter electrode and reference electrode, respectively. All potentials collected by the Hg/HgO reference electrode were converted to potential with respect to the reversible hydrogen electrode with the following formula, E(RHE) = E(Hg/HgO) + 0.0591 × pH + 0.098, and converted to the potential relative to the reversible hydrogen electrode (RHE).



The working electrode was initially pretreated electrochemically by 10 cycles of cyclic voltammetry scanning (0 and 1.1 V at 100 mV s−1). CVs were then recorded in the potential range of −0.1 to 0.1 V at different scan rates of 20 to 120 mV s−1 for 10 cycles. A stable cycle (the 10th cycle) of the CVs was used for calculating the electrochemical surface area (ECSA). The polarization curve was measured by linear scanning voltammetry (LSV) in the potential range of 0.1 to −0.4 V, and the scanning speed was 5 mV s−1. All results obtained were iR corrected, and the internal resistance and contact resistance of the solution were deducted. Electrochemical impedance spectroscopy was performed at an open circuit voltage with an amplitude of 5 mV in the frequency range of 100,000 Hz to 0.1 Hz. An accelerated life test was carried out by potential cycling in the potential range of 0.1 to −0.4 V at a scan rate of 50 mV s−1. After the HER cycling for 3000 cycles, LSV was recorded in the potential range of 0.1 to −0.4 V, and the scanning speed was 5 mV s−1.





3. Results


The industrial dephosphorization slags were firstly treated by acid leaching and precipitation. The mixture precipitation precursor was then gas–solid phosphated with sodium hypophosphite under low temperature (the produced catalyst was FexP) and carbothermically reduced under high temperature (the produced catalyst is FexP/C). As shown in Figure 1, it was seen that the ball-milled dephosphorization slags were irregularly granular and the grain size was 10~80 μm. It can be seen from the corresponding EDS spectrum that the main element composition of industrial dephosphorization slags was mainly Fe, P, C, etc. The further ICP analysis results are shown in Table 1. Both the ICP results together with the elemental weight% from the EDS data confirmed that the prepared catalysts were FexP and carbonaceous FexP/C. Compared with the FexP, the Fe:P mass ratio of FexP/C was decreased, and there was increased C content mainly due to the carbothermic reduction. For FexP, it presented angular particles, which may be related to the structure of the precursor precipitated by acid precipitation. The low-temperature gas–solid phosphating treatment of sodium hypophosphite did not affect the microstructure of the precursor, and the particle size was between 100~400 nm. From the EDS data (shown in Figure 1e) and the EDS mapping image of the FexP catalyst (shown in Figure 1b), it was seen that Fe and P elements were evenly distributed; so, it can be inferred that FexP material was formed. For FexP/C, due to the high-temperature carbothermic reduction treatment, it presented irregular, ellipsoidal particles, the bonding phase was generated between the grains, and the grain size was between 100~200 nm. From the EDS data (shown in Figure 1f), both the Fe, P, and C existed in the FexP/C, and it can also be seen that the Fe and P elements were evenly distributed from the EDS mapping image of the FexP/C catalyst (shown in Figure 1c). It can be inferred that the composite of FexP and carbon was formed.



The XRD patterns of phosphating products prepared by different methods can be seen in Figure 2. As for FexP, it was very consistent with Fe3P (PDF#89-2712), and the obvious diffraction peaks were consistent with the crystal planes of Fe3P [21,22], which can be related to the high mass ratio of Fe:P in FexP. For FexP/C, there were not only diffraction peaks consistent with the crystal plane of FeP (PDF#78-1443) but also diffraction peaks consistent with Fe2P (PDF#51-0943), which corresponded to the crystal plane of Fe2P, respectively, which indicated that the carbonaceous FexP obtained by a high-temperature carbothermal reduction may be the mixed crystal structure of FeP and Fe2P (FeP-Fe2P mixed nanocrystals) [18,23]. It should be noted that no obvious diffraction peak of graphitized carbon was observed. Although EDS showed the presence of carbon, the carbon may exist in the form of an amorphous phase. The above characterization and analysis confirmed that both the carbonaceous FexP/C and non-carbonaceous FexP were successfully prepared, but there were great differences in the microstructure, composition, and crystal phase structure, which may influence the electrocatalytic activities.



In order to explore the effects of catalysts on electrocatalytic activity due to different components, microstructure, and crystal structure, FexP, FexP/C, and 20% Pt/C were loaded on a glassy carbon electrode and tested by linear sweep voltammetry (LSV). The obtained LSV curve and Tafel slope are shown in the Figure 3. In order to quantitatively compare the catalytic activities of different materials, two characteristics are usually mentioned. One is the onset overpotential (ηonset), which is defined as the overpotential corresponding to the current density of 0.5 mA cm−2. The other is the corresponding overpotential when the output current density of HER is 10 mA cm−2 (η10). An ideal catalyst can output a higher current density at a low overpotential. Among them, the commercial 20% Pt/C as the reference standard has the lowest overpotential (ηonset = 11 mV, η10 = 50 mV, and the Tafel slope = 43 mV dec−1), showing extremely excellent HER activity, which also shows that the catalytic HER process of Pt/C materials follows the Volmer Tafel reaction mechanism, which is consistent with some reported literature [24,25]. FexP/C and carbon free FexP show excellent HER activity, while FexP/C (ηonset = 81 mV, η10 = 145 mV) has higher activity than FexP (ηonset = 140 mV, η10 = 235 mV). It is inferred that both FeP and Fe2P are active components for catalyzing HER. This may be due to the synergistic catalysis of FeP-Fe2P mixed nanocrystals, which make FexP/C have better HER activity than FexP (Fe3P nanocrystalline structure). In addition, the carbonaceous phases also promote the improvement of HER activity, which may be attributed to the improvement of conductivity, dispersion, and interaction between the amorphous carbon support and FeP-Fe2P mixed nanocrystals. In addition, the Tafel slope reflects the kinetic characteristics of the material. When the Tafel slope is smaller, it shows that the better the kinetic properties of the material are, then the faster the reaction rate is. FexP/C (45 mV dec−1) showed a smaller Tafel slope than FexP (56 mV dec−1), indicating that FexP/C had higher kinetic processes and improved HER activity. At the same time, the electrocatalytic HER process of the two materials followed the Volmer–Heyrovsky reaction mechanism [19,20].



In order to understand the reason why FexP/C has higher HER activity, EIS tests were carried out on FexP, FexP/C, and 20% Pt/C. It can be seen from Figure 4 that the radius of FexP/C was smaller than the radius of FexP, which indicates the FexP/C had a smaller charge transfer resistance (Rct). The Rct can be obtained by fitting the diameter of the quasi semi-circular arc in the medium- and high-frequency region on the Nyquist diagram, which is closely related to the charge transfer process at the interface of the electrode. The smaller the value is, the faster the reaction rate is. The Rct value of FexP/C (7.6 Ω) was significantly lower than FexP (22.1 Ω), although it was still higher than that of Pt/C 20 wt% (4.7 Ω), indicating that the introduction of amorphous carbon materials by a high-temperature carbothermic reduction can accelerate the transfer of electrons/protons. Thus, the overall HER rate of the material was improved.



In addition to the important parameter of charge transfer impedance, the electrochemical active area (ECSA) and conversion frequency (TOF) of materials are also the key factors to reflect the essential electrochemical activity of materials [10,26]. The ECSA of the catalysts refers to the real effective area of the electrochemical reaction of the material. Cyclic voltammetry tests under different scanning rates were performed in the double-layer region, and the calculated double-layer capacitor (Cdl) was used to study the ECSA. ECSA is directly proportional to the Cdl. Therefore, the greater the Cdl value is, the higher ECSA of the catalysts is. According to the CV results in Figure 5, FexP/C showed a larger CV area than FexP at the same sweep speed. In addition, the calculated Cdl of FexP/C (23.7 mF cm−2) was larger and was more than two times that of FexP (10.7 mF cm−2), which further indicates that the FexP/C had a larger ECSA and, on the surface of the FexP/C, more were provided.



Turnover frequency (TOF) is defined as the number of reactant molecules that can be converted into product molecules at an active site per unit time; the unit is s−1. TOF is the essential property of catalysts; the higher the TOF value is, the higher the intrinsic catalytic activity of the catalysts is. The TOF values of the catalysts were calculated through the following equation [27]:


TOF (s−1) = (j × A)/(4 × F × n)








where the total number of hydrogen turnovers was calculated from the current density j applied at the overpotential of 150 mV for all catalysts, A is the geometric surface area of the electrode, F = 96,500 C mol−1 and stands for the Faraday constant, and n (mol) is the mole number of the Fe metal(s) loaded on the GC electrode, which was determined by the ICP analysis. All Fe cations were assumed to be catalytically active; so, the calculated values represent the lower limits of the TOF. When the overpotential is 150 mV, the TOF value of FexP/C is 0.15 s−1, which is twice that of FexP (0.07 s−1). It also shows that the intrinsic HER activity of FexP/C is higher than that of FexP/C. Therefore, combined with a series of important parameters, such as the characteristic overpotential, Tafel slope, charge transfer impedance, electrochemically active area, and turnover frequency, the mixed crystal structure as well as the introduction of a carbon matrix can significantly improve the HER activity of FexP/C.



Stability is also of great significance for catalysts, which can reflect the longtime working ability of catalysts in a certain environment [28,29]. In order to further study the electrocatalytic HER stability of the catalysts under acidic conditions, the cyclicity of the two materials was characterized. As shown in Figure 6, after 3000 CV cycles, the overpotential η10 of FexP/C only attenuated from the initial 221 mV to 226 mV and there was no obvious current loss, while the FexP material had worse stability and the overpotential η10 of FexP only attenuated from the initial 298 mV to 312 mV, which indicated that the introduction of a carbon matrix can increase the acid resistance of the active component FexP in the HER process.




4. Conclusions


In this work, the industrial dephosphorization slags were firstly treated by acid leaching and precipitation. The mixture precipitation precursor was then gas–solid phosphated with sodium hypophosphite under low temperature (the produced catalyst was FexP) and carbothermically reduced under high temperature (the produced catalyst was FexP/C). The structure and composition of FexP/C were characterized by XRD, SEM, EDS, and ICP. The electrochemical properties of the electrode were evaluated by CV, LSV, EIS, and cyclic stability. The results showed that the prepared FexP/C was composed of FeP-Fe2P mixed nanocrystals supported on an amorphous carbon. In an alkaline medium, the corresponding overpotential when the output current density was 10 mA cm−2 (η10) was only 145 mV. Additionally, there was no obvious attenuation after 3000 cycles, which was significantly better than the electrocatalytic activity and stability of non-carbonaceous FexP catalysts. A series of important parameters such as the characteristic overpotential, Tafel slope, charge transfer impedance, electrochemically active area and turnover frequency, the mixed crystal structure, and the introduction of a carbon matrix can significantly improve the HER activity of FexP/C.
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Figure 1. SEM image and corresponding EDS spectra of (a,d) dephosphorization slag, (b,e) FexP, (c,f) FexP/C. The inserts in (b,c) are selected SEM images and the corresponding elemental mapping images. The inserts in (e,f) are the corresponding elemental weight% from EDS data. 
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Figure 2. XRD pattern of FexP and FexP/C. 
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Figure 3. (a) LSV curves for 20 wt% Pt/C, FexP, and FexP/C in 1 M KOH; (b) the corresponding Tafel plot. 
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Figure 4. Nyquist plot for 20 wt% Pt/C, FexP, and FexP/C in 1 M KOH. 
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Figure 5. CV curves of (a) FexP and (b) FexP/C in non-Faradaic region at various scan rates; (c) CV current density versus scan rate plot; and (d) TOF plot for FexP and FexP/C under an overpotential of 150 mV. 






Figure 5. CV curves of (a) FexP and (b) FexP/C in non-Faradaic region at various scan rates; (c) CV current density versus scan rate plot; and (d) TOF plot for FexP and FexP/C under an overpotential of 150 mV.



[image: Inorganics 10 00070 g005]







[image: Inorganics 10 00070 g006 550] 





Figure 6. Comparison of the initial LSV curve (red, solid line) and the LSV curve after 3000 CV cycles (red, dashed line) for FexP/C, and comparison of the initial LSV curve (black, solid line) and the LSV curve after 3000 CV cycles (black, dashed line) for FexP. 
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Table 1. ICP elemental analysis of FexP and FexP/C.
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	C

(Mass%)
	Mn

(Mass%)
	P

(Mass%)
	Fe

(Mass%)
	Si

(Mass%)
	S

(Mass%)





	FexP
	0.02
	0.56
	14.53
	84.74
	0.21
	0.01



	FexP/C
	3.58
	0.73
	36.80
	58.61
	0.19
	0.01
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