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Metal phosphides with multi-element components and amorphous structure represent a novel kind of electrocatalysts for promising activity and durability towards the oxygen evolution reaction (OER). In this work, a two-step strategy, including alloying and phosphating processes, is reported to synthesize trimetallic amorphous PdCuNiP phosphide nanoparticles for efficient OER under alkaline conditions. The synergistic effect between Pd, Cu, Ni, and P elements, as well as the amorphous structure of the obtained PdCuNiP phosphide nanoparticles, would boost the intrinsic catalytic activity of Pd nanoparticles towards a wide range of reactions. These obtained trimetallic amorphous PdCuNiP phosphide nanoparticles exhibit long-term stability, nearly a 20-fold increase in mass activity toward OER compared with the initial Pd nanoparticles, and 223 mV lower in overpotential at 10 mA cm−2. This work not only provides a reliable synthetic strategy for multi-metallic phosphide nanoparticles, but also expands the potential applications of this promising class of multi-metallic amorphous phosphides.
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1 INTRODUCTION
The rapid consumption of fossil fuels with more and more population has caused serious social and ecological problems, including climate change, the greenhouse effect, sea level rise, and environmental pollution (Chu et al., 2012; Shih et al., 2018). Developing sustainable and clean energy conversion and storage technologies is vital to address the above-mentioned problems. Especially, electrochemical energy conversion technologies, such as water electrolysis for hydrogen production, fuel cells, and carbon dioxide conversion, have attracted numerous attention in the past few decades by virtue of the high energy conversion efficiency (He et al., 2021a; Wang et al., 2021a; Liu et al., 2021; Zhang et al., 2022; Zhou et al., 2022). Oxygen evolution reaction (OER) is evinced as one of the main rate-determining steps for clean energy production via electrochemical process (Li et al., 2014a; Hong et al., 2015; Xia et al., 2016). By far, the application of renewable energy conversion and storage processes is still hindered by the sluggish kinetics and low efficiency of OER originating from the four-electron process (Koper et al., 2013; Li et al., 2014b; Trotochaud et al., 2014; Chen et al., 2015; Jiao et al., 2015; Hunter et al., 2016; Reier et al., 2017; Song et al., 2018). The rational design and synthesis of electrocatalysts with high electrocatalytic activity and stability remain critical issues in the construction of high-performance electrochemical energy production systems. Extensive attempts have been made to develop advanced OER electrocatalysts to date (McCrory et al., 2013; Antolini et al., 2014; Trotochaud et al., 2014; Yu et al., 2015; Suen et al., 2017; Song et al., 2018; Zhang et al., 2018). Many types of nanomaterials, such as metal oxides, hydroxides, and layered double hydroxides (LDHs), have been reported to exhibit excellent electrocatalytic performances towards OER under alkaline conditions (McCrory et al., 2013; Trotochaud et al., 2014; Yu et al., 2015; Suen et al., 2017; Zhang et al., 2018). Nevertheless, low electrical conductivity is a crucial drawback for most oxides and hydroxides OER electrocatalysts, which may impede the ability of electron transport and cause sluggish reaction kinetics and low yields (Xu et al., 2016).
Recently, many researchers have developed doping strategies for high-efficiency electrocatalysts, which could principally modulate the electronic structure, thus enhancing the electrocatalytic activity (Xiao et al., 2022). Considering the important role of phosphorus (P) doping in improving the electrical conductivity and enhancing the intrinsic activity of metal catalysts, works related to monometallic and bimetallic phosphides, including the engineering of heterojunctions for potential TMP catalysts and phosphated bimetallic clusters on macroporous nitrogen-doped carbon, have been explored in recent years (Ryu et al., 2015; Stern et al., 2015; Liu et al., 2018a; Qin et al., 2018; Chu et al., 2019; Lv et al., 2020; Wang et al., 2021b; Guo et al., 2022). Meanwhile, according to the recently reported references, many electrocatalysts with amorphous structure have been proven to be more efficient than their crystalline counterparts (Wang et al., 2021c; Wang et al., 2022). Inspired by these, the combination of constructing an amorphous structure and P atom doping strategy is an excellent way to improve electrocatalytic performance. In recent years, it has been reported that Pd-based electrocatalysts can exhibit outstanding electrocatalytic performance for OER, especially in alkaline media (Kwon et al., 2013; Li et al., 2014a; Alegre et al., 2015). Particularly, alloying with other transition metals can effectively enhance the intrinsic catalytic activity by modulating the electronic structure of the Pd sites (Yu et al., 2016; Feng et al., 2017; Tang et al., 2017; Xu et al., 2018; Park et al., 2019; Zhu et al., 2019), thus reducing the usage of Pd catalysts. Therefore, there have been many mono- and bi-metallic phosphide nanoparticles reported in the literature previously, which can deliver superior catalytic activities relative to Pd nanoparticles. Compared with mono- and bi-metallic phosphide nanoparticles, alloying Pd with more transition metal elements can further tune the electronic structure of the Pd sites, and thus an even better catalytic performance could be expected for tri-metallic phosphide nanoparticles (Kim et al., 2018; Xu et al., 2020). However, trimetallic phosphide nanoparticles have rarely been reported, since the phase separation would be likely happened during the synthesis process due to the coexistence of trimetallic transition metal elements. Furthermore, multiple metal X-ides (including phosphides, sulfides, nitrides, and carbides) have been demonstrated increasingly to be better OER catalysts thanks to their lower free energy barrier in DFT calculations (Zheng et al., 2018; Luo et al., 2021). Therefore, the development of ternary metal phosphide catalysts for efficient electrocatalytic reactions is challenging and significant.
Herein, an effective approach has been developed for the preparation of trimetallic PdCuNiP phosphide nanoparticles with an amorphous structure based on the phosphorization treatment of Pd@PdCuNi core-shell nanoparticles. Impressively, these obtained trimetallic amorphous PdCuNiP phosphide nanoparticles exhibit long-term stability, with nearly a 20-fold increase in mass activity toward OER compared with the initial Pd nanoparticles. Moreover, the PdCuNiP nanoparticles possess an overpotential as small as 314 mV @ 10 mA cm−2, much smaller than that of the commercial RuO2 (391.5 mV) and the original Pd nanocubes (537 mV).
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Sodium tetrachloropalladate (Na2PdCl4, 98%), poly-(vinyl pyrrolidone) (PVP, Mw ≈55,000), ascorbic acid (AA, 99%), potassium bromide (KBr, 99%), CuCl2·2H2O, Ni(acac)2, oleylamine (OAm, 80%–90%), tri-n-octylphosphine (TOP, 90%), nafion-117 (5%), Pd/C (10 wt%) were all purchased from Sigma-Aldrich and utilized as received. KOH (85%) were purchased from Alfa Aesar. Isopropyl alcohol (C3H8O, AR) was bought from Macklin to use. Ketjen Black (ECP600JD) was purchased from Sinero. Milli-Q ultrapure water and ethanol absolute (AR, 0.79 g/mL) were used throughout all the experiments.
2.2 Synthesis
Synthesis of Pd nanocubes. Pd nanocubes were prepared according to the approach reported previously (Jin et al., 2011). For a typical synthesis, 11 mL of an aqueous solution containing poly-(vinylpyrrolidone) (PVP, Mw ≈55,000, 105 mg, Aldrich), L-ascorbic acid (AA, 60 mg, Aldrich), KBr (300 mg, Fisher), and sodium tetrachloropalladate (Na2PdCl4, 57 mg, Aldrich) was placed in a vial and heated at 80°C in the air under magnetic stirring for 3 h. The obtained product was collected by centrifugation and washed 4 times with water and ethanol, and then re-dispersed in 10 mL of oleylamine.
Synthesis of Pd@PdCuNi core-shell nanocrystals. Pd@PdCuNi core-shell nanocrystals were based on a modified two-step approach reported by our group previously (Li et al., 2018). (1) 4 mg of CuCl2·2H2O, 3 mL of OAm, and 1 mL of an OAm solution of Pd nanocubes were mSixed in a 50-mL round-bottomed flask and heated in an oil bath with magnetic stirring at 200°C for 2 h under nitrogen gas. The sediments were collected by centrifugation at 8,000 rpm, washed three times with a mixture of ethanol and n-hexane (1:1, v/v) and twice with ethanol, and ultimately re-dispersed in 1 mL of OAm; (2) 2 mg of Ni(acac)2, 3 mL of OAm, and 1 mL of an OAm solution of the product in step one were mixed in a 50-mL three-neck round-bottom flask and heated with magnetic stirring at 220°C for 2 h under the flow of nitrogen gas until the temperature decreased to room temperature. The precipitates were separated by centrifugation at 8,000 rpm, washed three times with a mixture of ethanol and n-hexane (1:1, v/v) and twice with ethanol, and eventually re-dispersed in 1 mL of OAm.
Synthesis of amorphous PdCuNiP nanoparticles. 1 mL of an OAm solution of Pd@PdCuNi core-shell nanocrystals, 1 mL of OAm, and 500 μL of TOP were mixed in a 50-mL three-neck round-bottom flask and heated under magnetic stirring at 290°C for 15 min under the flow of nitrogen gas until the temperature dropped to room temperature. The final product was initially centrifuged at 5,000 rpm followed by washing three times with a mixture of ethanol and n-hexane (1:1, v/v) and twice with ethanol.
2.3 Characterizations
Transmission electron microscopy (TEM) images were carried out on a Hitachi HT-7700 microscope equipped with a tungsten filament, operating at 100 kV. High-resolution TEM (HRTEM) imaging, high-angle annular dark-field scanning transmission microscopy (HAADF-STEM) imaging and energy-dispersive X-ray spectroscopy (EDS) elemental mapping were performed on a JEM-2100F (JEOL) equipped with a built-in EDS at 200 kV. The powder X-ray diffraction (XRD) patterns were recorded using an X-ray diffractometer (SmartLab (3), Rigaku) operated at 3 kW. X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo Scientific K-Alpha spectrometer equipped with monochromatic Al Kα radiation. The contents of Pd, Cu, Ni, and P in the samples were received by inductively coupled plasma mass spectrometry (ICP-MS) with a PerkinElmer NexION 300X.
2.4 Electrocatalytic OER measurement
All the electrocatalysis tests were accomplished at 25°C in O2-saturated 1.0 M KOH electrolyte, using a typical three-electrode cell controlled by an electrochemical workstation (CHI 760E) with a catalyst-modified glassy carbon rotating disk electrode (RDE, diameter: 5 mm) as the working electrode, a platinum (Pt) foil as the counter electrode and a Hg/HgO (1.0 M KOH) as the reference electrode. It is worth noting that the electrochemical and chemical dissolution of a platinum foil counter electrode could take place in an alkaline electrolyte during catalysis, and cause redeposition of Pt on the working electrode, which has no obvious effect on the OER catalytic performance except for a small amount Pt dissolution and redeposition (Chen et al., 2017; Su et al., 2022). To prepare the working electrode, PdCuNiP, Pd@PdCuNi, Pd nanocubes, and commercial RuO2 catalysts were all deposited onto Ketjen Carbon (C) (EC300J) in ethanol with a noble metal loading of 20% (determined by ICP-MS). The products were separated by centrifugation and redispersed in a mixture of water, isopropanol, and 5 wt% Nafion (volume ratio, 1:1:0.02) under ultrasonication for 20 min to form a homogeneous ink. 10 µL catalyst ink was then loaded onto a precleaned RDE. All the potentials were calibrated in reference with the reversible hydrogen electrode (RHE) by the open circuit voltage test in 1 M KOH using the following equation:
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where 0.904 V is the potential difference between the Hg/HgO reference electrode and RHE in 1.0 M KOH. The OER activity was studied via linear sweep voltammetry (LSV) in the range of 1.3–1.8 V vs. RHE at 10 mV s−1 scan rate and 1,600 rpm rotation speed with 95% iR compensation. The overpotential (η) for OER could be calculated using the following equation:
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The electrochemical active surface area (ECSA) of the electrocatalysts was estimated from the double-layer capacitance (Cdl). The Cdl depended on the cyclic voltammograms (CVs) measured in a non-faradaic potential region (0.9–1.0 V vs. RHE) in O2-saturated 1 M KOH at a series of different scan rates (10, 20, 30, 40, 50, and 60 mV s−1). And Cdl was calculated according to the following equation:
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where ∆J is the current difference between the anode and cathode at 0.95 V vs. RHE, and v is the potential scan rate. Then, ECSA was obtained by the following equation:
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where Cs is the specific capacitance of an atomically smooth planar surface [0.04 mF cm−2 in alkaline media (McCrory et al., 2013)]. Additionally, the roughness factor (Rf) was estimated based on the equation below:
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where 0.196 cm2 is the geometric area of the electrode. Moreover, the specific current density (jECSA) was normalized by ECSA value as the equation below:
[image: image]
where jGeo is the current density per geometric area of the electrode at a given overpotential. Electrochemical impedance spectroscopy (EIS) was tested at 1.5 V vs. RHE over a frequency range of 0.1–100K Hz with an amplitude of 5 mV at a rotation rate of 1,600 rpm. The catalytic stabilities were assessed by chronopotentiometry measurements at a current density of 10 mA cm−2 for 22 h.
3 RESULTS AND DISCUSSION
In a typical synthesis of PdCuNiP nanoparticles, Pd nanocubes were first prepared by the method reported previously (Jin et al., 2011). Supplementary Figure S1 shows a typical TEM image of the obtained Pd nanocubes, with sizes around 11 nm. Then, the ions of Cu and Ni were gradually added to the Pd solutions to reduce the second metals, and deposited onto the surface of Pd nanocubes, which subsequently diffused into the crystal lattices at the reaction temperature, finally resulting in the formation of Pd@PdCu and Pd@PdCuNi nanoparticles, respectively. Supplementary Figures S2, S3 show the TEM images of Pd@PdCu and Pd@PdCuNi nanoparticles, as well as the corresponding diagrams of the particle size distribution. As we can see, with the incorporation of Cu and Ni, the average size of the nanoparticles increases from 11 to 16 nm gradually, and the shape also slowly changes from cube to cuboctahedron. Then, the obtained Pd@PdCuNi nanoparticles were further subjected to the phosphorization treatment with TOP at 290°C. During the reaction, Phosphorus (P) atoms generated from the decomposition of TOP can insert into the lattice of nanoparticles, and thus the original crystalline core-shell nanoparticles would transform into amorphous spherical solid trimetallic PdCuNiP phosphide nanoparticles, as shown in Figure 1, Supplementary Figure S4. The average size of the PdCuNiP nanoparticles is ∼17 nm, slightly larger than that of the Pd@PdCuNi core-shell nanoparticles. Figure 1C reveals the HRTEM image of the PdCuNiP nanoparticles, where the amorphous structure of the products can be identified. Such an amorphous nature can also be evidenced by Fourier transformation (inset in Figure 1C). To further investigate the elemental composition and distribution, the Energy-dispersive X-ray spectroscopy (EDS) elemental mappings analysis was carried out (Figure 1D). PdCuNiP nanoparticles are composed of Pd, Cu, Ni, and P elements, while all the elements distribute homogeneously within the nanoparticles. The atomic ratio of Pd:Cu:Ni:P determined by inductively coupled plasma mass spectrometry (ICP-MS) is 44.2:16.2:25.2:14.4 for the amorphous trimetallic phosphide nanoparticles. Additionally, the chemical composition ratio of amorphous PdCuNiP nanoparticles can be further demonstrated by XPS test results listed in Supplementary Table S1, and these groups of atomic ratios are no different from each other. Figure 1E shows the XRD patterns of the Pd nanocubes, Pd@Cu, Pd@CuNi, and PdCuNiP nanoparticles. As can be seen in the XRD pattern, peak shifts could be observed for Pd@Cu and Pd@CuNi nanoparticles relative to the original Pd nanocubes (black line) due to the formation of alloy surfaces. Two peaks can be observed near 40° for Pd@PdCu and Pd@PdCuNi nanoparticles, which indicates the co-existence of Pd cores and shells and the formation of PdCu and PdCuNi alloy shells. However, the XRD pattern of PdCuNiP phosphide nanoparticles suggests that the Pd@PdCuNi core-shell nanocrystals have turned into an amorphous phase after phosphorization treatment, consistent with the HRTEM and Fourier transformation analysis. To further prove amorphous of PdCuNiP nanoparticles, the XRD pattern was presented with a wider 2θ range (Supplementary Figure S5).
[image: Figure 1]FIGURE 1 | (A, B) TEM image, (C) HRTEM image, (D) EDS mappings of PdCuNiP nanoparticles, and (E) XRD patterns of Pd nanocubes, Pd@PdCu, Pd@PdCuNi, and PdCuNiP nanoparticles.
XPS analysis was performed to investigate the chemical states and compositions of PdCuNiP nanoparticles (Figure 2). Figure 2A represents the Pd 3d5/2 and Pd 3d3/2 signals. As can be seen, the peaks can be deconvoluted into Pd0 and Pd2+ peaks. The peaks located at 335.2 and 340.5 eV could be attributed to metallic Pd (Pd0) and the peaks at 335.6 and 341.1 eV are from Pd2+. The peak intensity suggested that Pd0 is dominant in the product. Compared with the original Pd nanocubes, the Pd 3d5/2 and Pd 3d3/2 binding energy values of PdCuNiP nanoparticles shift by + 0.4 eV (Supplementary Figure S6). Figure 2B shows the high-resolution Cu 2p spectra. The binding energies 931.6 and 951.4 eV corresponds to zero-valance Cu, while the peaks at 933.2 and 951.4 eV correspond to Cu2+, respectively (Zhang et al., 2020). In the Ni 2p range, the XPS curves can be deconvoluted into three types of Ni species, including zero-valance Ni (Ni0), Ni2+, and Ni3+ (Figure 2C). In general, the binding energies at 852.0 and 869.4 eV could be attributed to Ni0, and the binding energies at 852.4, 855.8, 872.0, and 873.7 eV with shake-up satellite peaks (abbreviated as “Sat.”) at 860.3 and 878.9 eV correspond to the oxidized nickel species (Ni2+ and Ni3+), suggesting the existence of bi- and tri-valance nickel species on the surface of PdCuNiP nanoparticles (Hengne et al., 2018; Wang et al., 2019a; Jin et al., 2019; Lei et al., 2019; Qiu et al., 2019). In Figure 2D, the XPS P 2p spectra show two peaks at 129.5 and 130.3 eV corresponding to P 2p3/2 and P 2p1/2, respectively, which can be ascribed to the phosphide. This result further confirms the successful synthesis of trimetallic PdCuNiP phosphide nanoparticles in this work. The peak 133.1 eV assigned to P-O is mainly due to the inevitable surface binding of P with oxygen in the air. The coexisted Cu2+, Ni2+, Ni3+, and P-O could benefit the formation of oxygen-containing species (OH−ads) (Miao et al., 2014; Lv et al., 2019). According to the reports, this process can accelerate the reaction kinetics during OER, and thus improve the catalytic performance of the catalysts (Wang et al., 2017; Ibrahim et al., 2019). The increase of Pd, Cu, and Ni valence states is the result of electronic regulation between different elements, which is an important factor for improved OER performance. Also, valence states changes indicate the phenomenon of vast electron transfer from Pd, Cu, and Ni to P during the phosphorization treatment, contributing to the strong linkages between metal and P atoms, along with decreased 3d electron density and lower d-band energy of Pd, Cu, and Ni. Therefore, the electronic regulation weakened the bonding strength between the catalyst surface and the intermediate on the catalytic interface for enhanced OER catalytic performance (Zhou et al., 2006; Yang et al., 2010; He et al., 2021b). In addition, the positive shift of Pd 3d binding energies would also result in a stronger interaction with OH−ads, thereby enhancing the catalytic activity of Pd sites towards OER (Du et al., 2012; Bhowmik et al., 2016). Collectively, the above results reveal the chemical valence states and synergetic effects of Pd, Cu, Ni, and P elements in trimetallic amorphous phosphide nanoparticles.
[image: Figure 2]FIGURE 2 | XPS survey spectra of sample PdCuNiP: (A) Pd 3d XPS spectra; (B) Cu 2p XPS spectra; (C) Ni 2p XPS spectra; and (D) P 2p XPS spectra.
The obtained trimetallic PdCuNiP amorphous nanoparticles were then evaluated as catalysts towards OER in 1.0 M O2-saturated KOH aqueous solution, benchmarking against the commercial RuO2, Pd@PdCuNi core-shell nanoparticles, and the original Pd nanocubes. Figure 3A shows the linear sweep voltammetry (LSV) normalized with the geometrical area of the electrode (0.196 cm2) at a scan rate of 5 mV s−1. The total mass of the noble metal loading was kept the same (5.1 μg cm−2) for all the catalysts. As shown in Figure 3A, in an alkaline medium, the activity sequence of the catalysts is PdCuNiP > Pd@PdCuNi > RuO2 > Pd nanocubes. The corresponding Tafel slopes of the catalysts are shown in Figure 3B. Different from the original Pd nanocubes (131.5 mV dec−1), RuO2 (102.9 mV dec−1), and Pd@PdCuNi (50.6 mV dec−1), the Tafel slope of PdCuNiP sharply decreased to 47.3 mV dec−1, which should be ascribed to the synergistic of trimetallic component, the modified electronic structure, and the amorphous structure of the catalyst, which helps to lower the energy barrier and thus accelerate the reaction kinetics. Figure 3C further shows that the prepared trimetallic PdCuNiP phosphide nanoparticles possess the lowest overpotential (314 mV) to afford a current density of 10 mA cm−2 in OER, which is 223, 77.5, and 21.5 mV lower than those of the original Pd nanocubes, commercial RuO2 catalysts, and the Pd@PdCuNi core-shell catalysts, respectively. The above experiment results manifest that the synergistic effect between the trimetallic component and the amorphous structure, as well as the introduction of P, can significantly enhance the electrocatalytic performance. Moreover, the mass activities of the catalysts normalized to noble metal loadings (measured by ICP-MS, Supplementary Figure S7), which is a vital indicator of electrocatalytic activity in practical applications (Zhao et al., 2017), were further calculated based on the values measured at the overpotentials of 320 and 340 mV (Figure 3D). As can be seen, the mass activity of PdCuNiP achieves 2,594 and 6268 A g−1Pd at overpotentials of 320 and 340 mV, respectively, which is 5.7 and 8.7 times as high as that of the commercial RuO2 catalyst. The electrochemical reaction kinetics were further investigated using electrochemical impedance spectroscopy (EIS). Figure 3E illustrates the Nyquist plots fitting the equivalent circuit diagram at the potential of 1.50 V vs. RHE for different electrocatalysts, in which solid lines represent experimental data and dotted lines with circles represent fitting curves. The obtained solution resistance (Rs) is almost equivalent for all the catalysts, and the diameters of the fitting semicircles accord with the charge transfer resistance (Rct). Compared with other samples, the Rct of PdCuNiP is much lower, suggesting a faster transport rate of electrons and reaction kinetics towards oxygen evolution reaction (Supplementary Table S2). Unambiguously, the results further confirm the enhanced intrinsic activity for amorphous PdCuNiP nanoparticles. The stability of the catalysts is another important parameter. As shown in Figure 3F, the chronoamperometry measurements were employed to test the stability of the catalysts. After testing for 22 h, the overpotential decrease of PdCuNiP is 66 mV, which is much smaller than those of Pd@PdCuNi nanoparticles (412 mV), Pd cubes (84 mV), and commercial RuO2 (180 mV). The reason that the activity of PdCuNiP catalysts decreased first and then increased significantly in Figure 3F is caused by the oxidation of the oleylamine and other organic compounds adsorbed by the catalysts during the stability test. In addition, it was found that the PdCuNiP catalyst did not undergo structural reconstruction by testing the HRTEM and XRD of the catalyst after the stability test, and the amorphous structure is well maintained (Supplementary Figure S9). This is different from the previously reported surface reconstruction process of some metal phosphides and metal-based compounds (PdCuNiP, cobalt pnictide, and defect-rich Co3O4) during OER (Kim et al., 2018; Lyu et al., 2020; Huang et al., 2022). Worthy, the PdCuNiP catalyst exhibits outstanding performance compared to other reported catalysts listed in Supplementary Table S3 for OER (Bai et al., 2016; Guan et al., 2017; He et al., 2017; Liyanage et al., 2017; Ren et al., 2017; Wang et al., 2019b).
[image: Figure 3]FIGURE 3 | (A) LSV curves of PdCuNiP, Pd@PdCuNi, Pd nanocubes and commercial RuO2 for OER in 1 M KOH. (B) Corresponding Tafel plots derived from the data in (A). (C) Comparison of the overpotentials among PdCuNiP, Pd@PdCuNi, Pd nanocubes, and commercial RuO2. (D) Mass activity of all catalysts at the overpotentials of 320 and 340 mV. (E) Nyquist plots of different catalysts. (F) Chronopotentiometry test of all catalysts for 22 h at the current densities of 10 mA cm−2.
To better illustrate the intrinsic activity of the catalysts towards OER, the electrochemical activity surface area (ECSA) and roughness factor (Rf) were calculated by measuring the electrochemical double-layer capacitance (Cdl) of corresponding electrocatalysts. As shown in Supplementary Figure S10, cyclic voltammetry (CV) curves were carried out at a fixed potential (0.90–1.0 V vs. RHE) from the non-faradaic potential with various scan rates from 10 to 60 mV s−1. As evidenced in Figure 4, the curves of the difference between anodic and cathodic current densities (∆J) against scan rate were plotted, in which the fitting slops represent twice of Cdl. The calculated results summarized in Supplementary Table S4 show that the Cdl and ECSA of PdCuNiP nanoparticles were 3.31 mF cm−2 and 82.75 cm2 g−1Pd, respectively, which were superior to that of Pd@PdCuNi (3.12 mF cm−2 and 78 cm2 g−1Pd), Pd nanocubes (1.59 mF cm−2 and 39.75 cm2 g−1Pd) and RuO2 (1.85 mF cm−2 and 46.25 cm2 g−1Ru). It turns out that PdCuNiP nanoparticles would possess more active sites, which could be attributed to the low coordination surface of amorphous structure (Tsuji et al., 2011; Bergmann et al., 2015; Zhao et al., 2017; Liu et al., 2018b; Anantharaj et al., 2020). Additionally, to reduce the impact of the different ECSAs, we further compared the intrinsic activity by recording the ECSAs normalized polarization curves and a diagram of the specific activity versus different overpotentials of 320 and 340 mV for all the samples (Supplementary Figure S11; Supplementary Table S4). As can be seen, the trends of the Cdl, ECSA, and Rf were found to be consistent with that of the activity. As well, the computed Cdl increased with the growth of the particle size, which agreed with our theoretical predictions, and means the trend of the Cdl, ECSA and Rf coincide with that of MA, SA, and the particle sizes (Supplementary Table S4; Supplementary Figures S2–S4). Collectively, the prepared trimetallic amorphous PdCuNiP nanoparticles exhibit the largest ECSA, and the highest specific and mass activities among the four catalysts, showing the important role of the synergistic effect of multi-elements and the amorphous structure in improving the catalytic performance of noble-metal based electrocatalysts.
[image: Figure 4]FIGURE 4 | Measurements for electrochemical double-layer capacitance. Corresponding ∆J as a function of scan rates of (A) PdCuNiP, (B) Pd@PdCuNi, (C) Pd nanocubes and (D) RuO2 catalysts.
4 CONCLUSION
In summary, amorphous structured trimetallic PdCuNiP nanoparticles with enhanced OER performance under an alkaline solution have been synthesized through alloying Cu and Ni into the surface lattice of Pd nanocubes and the subsequent phosphorization treatment. Catalytic performance evaluation reveals that both the synergistic effect between four kinds of elements and the advantage of amorphous structure can enhance the catalytic performance of the Pd-based catalysts. Hence, trimetallic amorphous PdCuNiP phosphide nanoparticles can show a mass activity nearly 20-fold enhancement compared with the initial Pd nanocubes towards OER, and an overpotential 223 mV lower. This work may shed new light on both the fabrication of novel amorphous multi-metallic phosphide electrocatalysts and their catalytic applications in a set of electrocatalysis, thereby promoting the practical applications of electrocatalysis in renewable energy conversion systems.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
MJ designed and guided the research project and wrote the paper. YZ carried out the preparation of catalysts, electrocatalytic test, and data analysis, and wrote parts of the paper. RG, XL, TH, WW, QZ, RL, KZ, and SJ assisted in laboratory operation and electrochemical testing. All listed authors are involved in this work and have made many useful contributions to this paper.
FUNDING
This work is sponsored by the National Natural Science Foundation of China (NSFC, 22171217, 51888103, and 21773180), the Distinguished Young Scholars in Shaanxi Province (no:2023-JC-JQ-12), the Fundamental Research Funds for the Central Universities, the China Postdoctoral Science Foundation (No. 2021M692547), the Natural Science Basic Research Program of Shaanxi (2022JQ-105, 2023-JC-QN-0161), and the Science Research Program Funded by Shaanxi Provincial Education Department (22JK0461).
ACKNOWLEDGMENTS
We would like to thank J. Li and C. Li from the Instrument Analysis Center at Xi’an Jiaotong University for their assistance with HRTEM analysis. We also thank M. Sun. and X. Wen. from Shiyanjia Lab (www.shiyanjia.com) for the ICP-OES/MS and XPS tests.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1122333/full#supplementary-material
REFERENCES
 Alegre, C., Stassi, A., Modica, E., Lo Vecchio, C., Arico, A. S., and Baglio, V. (2015). Investigation of the activity and stability of Pd-based catalysts towards the oxygen reduction (ORR) and evolution reactions (OER) in iron–air batteries. RSC Adv. 5 (32), 25424–25427. doi:10.1039/c4ra15578e
 Anantharaj, S., Noda, S., et al. (2020). Amorphous catalysts and electrochemical water splitting: An untold story of harmony. Small 16 (2), 1905779. doi:10.1002/smll.201905779
 Antolini, E., et al. (2014). Iridium as catalyst and cocatalyst for oxygen evolution/reduction in acidic polymer electrolyte membrane electrolyzers and fuel cells. ACS Catal. 4 (5), 1426–1440. doi:10.1021/cs4011875
 Bai, Y., Zhang, H., Feng, Y., Fang, L., and Wang, Y. (2016). Sandwich-like CoP/C nanocomposites as efficient and stable oxygen evolution catalysts. J. Mater. Chem. A 4 (23), 9072–9079. doi:10.1039/c6ta03392j
 Bergmann, A., Martinez-Moreno, E., Teschner, D., Chernev, P., Gliech, M., de Araujo, J. F., et al. (2015). Reversible amorphization and the catalytically active state of crystalline Co3O4 during oxygen evolution[J]. Nat. Commun. 6 (1), 8625. doi:10.1038/ncomms9625
 Bhowmik, T., Kundu, M., Barman, S., et al. (2016). Palladium nanoparticle–graphitic carbon nitride porous synergistic catalyst for hydrogen evolution/oxidation reactions over a broad range of pH and correlation of its catalytic activity with measured hydrogen binding energy. ACS Catal. 6 (3), 1929–1941. doi:10.1021/acscatal.5b02485
 Chen, D., Chen, C., Baiyee, Z., Shao, Z., and Ciucci, F. (2015). Nonstoichiometric oxides as low-cost and highly-efficient oxygen reduction/evolution catalysts for low-temperature electrochemical Devices. Chem. Rev. 115 (18), 9869–9921. doi:10.1021/acs.chemrev.5b00073
 Chen, R., Yang, C., Cai, W., Wang, H. Y., Miao, J., Zhang, L., et al. (2017). Use of platinum as the counter electrode to study the activity of nonprecious metal catalysts for the hydrogen evolution reaction. ACS energy Lett. 2 (5), 1070–1075. doi:10.1021/acsenergylett.7b00219
 Chu, S., Chen, W., Chen, G., Huang, J., Zhang, R., Song, C., et al. (2019). Holey Ni-Cu phosphide nanosheets as a highly efficient and stable electrocatalyst for hydrogen evolution. Appl. Catal. B Environ. 243, 537–545. doi:10.1016/j.apcatb.2018.10.063
 Chu, S., Majumdar, A., et al. (2012). Opportunities and challenges for a sustainable energy future. Nature 488 (7411), 294–303. doi:10.1038/nature11475
 Du, W., Mackenzie, K., Milano, D., Deskins, N. A., Su, D., and Teng, X. (2012). Palladium–tin alloyed catalysts for the ethanol oxidation reaction in an alkaline medium. ACS Catal. 2 (2), 287–297. doi:10.1021/cs2005955
 Feng, J., Lv, F., Zhang, W., Wang, K., Yang, C., et al. (2017). Iridium-based multimetallic porous hollow nanocrystals for efficient overall-water-splitting catalysis. Adv. Mater. 29 (47), 1703798. doi:10.1002/adma.201703798
 Guan, B. Y., Yu, L., Lou, X. W., et al. (2017). General synthesis of multishell mixed-metal oxyphosphide particles with enhanced electrocatalytic activity in the oxygen evolution reaction. Angew. Chem. Int. Ed. 56 (9), 2386–2389. doi:10.1002/anie.201611804
 Guo, X., Wan, X., and Liu, Q. (2022). Phosphated IrMo bimetallic cluster for efficient hydrogen evolution reaction[J]. Amsterdam, Holland: Elsevier. 
 He, P., Yu, X. Y., Lou, X. W., et al. (2017). Carbon-incorporated nickel-cobalt mixed metal phosphide nanoboxes with enhanced electrocatalytic activity for oxygen evolution. Angew. Chem. Int. Ed. 56 (14), 3897–3900. doi:10.1002/anie.201612635
 He, T., Wang, W., Shi, F., Yang, X., Li, X., Wu, J., et al. (2021). Mastering the surface strain of platinum catalysts for efficient electrocatalysis. Nature 598 (7879), 76–81. doi:10.1038/s41586-021-03870-z
 He, T., Wang, W., Yang, X., Shi, F., Ye, Z., Zheng, Y., et al. (2021). Deposition of atomically thin Pt shells on amorphous palladium phosphide cores for enhancing the electrocatalytic durability. ACS Nano 15 (4), 7348–7356. doi:10.1021/acsnano.1c00602
 Hengne, A., Samal, A., Enakonda, L., Harb, M., Gevers, L. E., Anjum, D. H., et al. (2018). Ni-Sn-supported ZrO2 catalysts modified by indium for selective CO2 hydrogenation to methanol[J]. ACS Omega 3 (4), 3688–3701. doi:10.1021/acsomega.8b00211
 Hong, W., Risch, M., Stoerzinger, K., Grimaud, A., Suntivich, J., and Shao-Horn, Y. (2015). Toward the rational design of non-precious transition metal oxides for oxygen electrocatalysis. Energy Environ. Sci. 8 (5), 1404–1427. doi:10.1039/c4ee03869j
 Huang, Y. C., Chen, W., Xiao, Z., Hu, Z., Lu, Y. R., Chen, J. L., et al. (2022). Situ/operando soft X-ray spectroscopic identification of a Co4+ intermediate in the oxygen evolution reaction of defective Co3O4 nanosheets[J]. J. Phys. Chem. Lett. 13 (35), 8386–8396. doi:10.1021/acs.jpclett.2c01557
 Hunter, B., Gray, H., Muller, A., et al. (2016). Earth-abundant heterogeneous water oxidation catalysts. Chem. Rev. 116 (22), 14120–14136. doi:10.1021/acs.chemrev.6b00398
 Ibrahim, K. B., Tsai, M. C., Chala, S. A., Berihun, M. K., Kahsay, A. W., Berhe, T. A., et al. (2019). A review of transition metal-based bifunctional oxygen electrocatalysts. J. Chin. Chem. Soc. 66 (8), 829–865. doi:10.1002/jccs.201900001
 Jiao, Y., Zheng, Y., Jaroniec, M., and Qiao, S. Z. (2015). Design of electrocatalysts for oxygen- and hydrogen-involving energy conversion reactions. Chem. Soc. Rev. 44 (8), 2060–2086. doi:10.1039/c4cs00470a
 Jin, M., Liu, H., Zhang, H., Xie, Z., Liu, J., and Xia, Y. (2011). Synthesis of Pd nanocrystals enclosed by {100} facets and with sizes <10 nm for application in CO oxidation. Nano Res. 4 (1), 83–91. doi:10.1007/s12274-010-0051-3
 Jin, Z., Lv, J., Jia, H., Liu, W., Li, H., Chen, Z., et al. (2019). Nanoporous Al-Ni-Co-Ir-Mo high-entropy alloy for record-high water splitting activity in acidic environments. Small 15 (47), 1904180. doi:10.1002/smll.201904180
 Kim, B. K., Kim, S. K., Cho, S. K., and Kim, J. J. (2018). Enhanced catalytic activity of electrodeposited Ni-Cu-P toward oxygen evolution reaction. Appl. Catal. B Environ. 237, 409–415. doi:10.1016/j.apcatb.2018.05.082
 Koper, M., et al. (2013). Theory of multiple proton–electron transfer reactions and its implications for electrocatalysis. Chem. Sci. 4 (7), 2710–2723. doi:10.1039/c3sc50205h
 Kwon, G., Ferguson, G. A., Heard, C. J., Tyo, E. C., Yin, C., DeBartolo, J., et al. (2013). Size-dependent subnanometer Pd cluster (Pd4, Pd6, and Pd17) water oxidation electrocatalysis[J]. ACS Nano 7 (7), 5808–5817. doi:10.1021/nn400772s
 Lei, C., Wang, Y., Hou, Y., Liu, P., Yang, J., Zhang, T., et al. (2019). Efficient alkaline hydrogen evolution on atomically dispersed Ni-Nx species anchored porous carbon with embedded Ni nanoparticles by accelerating water dissociation kinetics[J]. Energy & Environ. Sci. 12 (1), 149–156. doi:10.1039/c8ee01841c
 Li, X., Wang, X., Liu, M., Liu, H., Chen, Q., Yin, Y., et al. (2018). Construction of Pd-M (M = Ni, Ag, Cu) alloy surfaces for catalytic applications. Nano Res. 11 (2), 780–790. doi:10.1007/s12274-017-1687-z
 Li, Y., Selloni, A., et al. (2014). Mechanism and activity of water oxidation on selected surfaces of pure and Fe-doped NiOx[J]. ACS Catal. 4 (4), 1148–1153. doi:10.1021/cs401245q
 Li, Z., Liu, Z., Liang, J., Xu, C. W., and Lu, X. (2014). Facile synthesis of Pd-Mn3O4/C as high-efficient electrocatalyst for oxygen evolution reaction[J]. J. Mater. Chem. A 2 (43), 18236–18240. doi:10.1039/c4ta04110k
 Liu, J., Nai, J., You, T., An, P., Zhang, J., Ma, G., et al. (2018). The flexibility of an amorphous cobalt hydroxide nanomaterial promotes the electrocatalysis of oxygen evolution reaction. Small 14 (17), 1703514. doi:10.1002/smll.201703514
 Liu, K., Zhang, C., Sun, Y., Zhang, G., Shen, X., Zou, F., et al. (2018). High-performance transition metal phosphide alloy catalyst for oxygen evolution reaction. ACS Nano 12 (1), 158–167. doi:10.1021/acsnano.7b04646
 Liu, Z., Zheng, F., Xiong, W., Li, X., Yuan, A., and Pang, H. (2021). Strategies to improve electrochemical performances of pristine metal-organic frameworks-based electrodes for lithium/sodium-ion batteries. SmartMat 2 (4), 488–518. doi:10.1002/smm2.1064
 Liyanage, D. R., Li, D., Cheek, Q. B., Baydoun, H., and Brock, S. L. (2017). Synthesis and oxygen evolution reaction (OER) catalytic performance of Ni2-xRuxP nanocrystals: Enhancing activity by dilution of the noble metal[J]. J. Mater. Chem. A 5 (33), 17609–17618. doi:10.1039/c7ta05353c
 Luo, R., Qian, Z., Xing, L., Du, C., Yin, G., Zhao, S., et al. (2021). Re-Looking into the active moieties of metal X-ides (X- = phosph-, sulf-, nitr-, and carb-) toward oxygen evolution reaction. Adv. Funct. Mater. 31 (37), 2102918. doi:10.1002/adfm.202102918
 Lv, H., Sun, L., Xu, D., Ma, Y., and Liu, B. (2019). When ternary PdCuP alloys meet ultrathin nanowires: Synergic boosting of catalytic performance in ethanol electrooxidation. Appl. Catal. B Environ. 253, 271–277. doi:10.1016/j.apcatb.2019.04.066
 Lv, X., Li, X., Yang, C., Ding, X., Zhang, Y., Zheng, Y., et al. (2020). Large-size, porous, ultrathin NiCoP nanosheets for efficient electro/photocatalytic water splitting. Adv. Funct. Mater. 30 (16), 1910830. doi:10.1002/adfm.201910830
 Lyu, Y., Zheng, J., Xiao, Z., Zhao, S., Jiang, S. P., and Wang, S. (2020). Identifying the intrinsic relationship between the restructured oxide layer and oxygen evolution reaction performance on the cobalt pnictide catalyst. Small 16 (14), 1906867. doi:10.1002/smll.201906867
 McCrory, C., Jung, S., Peters, J., and Jaramillo, T. F. (2013). Benchmarking heterogeneous electrocatalysts for the oxygen evolution reaction. J. Am. Chem. Soc. 135 (45), 16977–16987. doi:10.1021/ja407115p
 Miao, Y., Ouyang, L., Zhou, S., Xu, L., Yang, Z., Xiao, M., et al. (2014). Electrocatalysis and electroanalysis of nickel, its oxides, hydroxides and oxyhydroxides toward small molecules. Biosens. Bioelectron. 53, 428–439. doi:10.1016/j.bios.2013.10.008
 Park, J., Choi, S., Oh, A., Jin, H., Joo, J., Baik, H., et al. (2019). Hemi-core@frame AuCu@IrNi nanocrystals as active and durable bifunctional catalysts for the water splitting reaction in acidic media. Nanoscale Horizons 4 (3), 727–734. doi:10.1039/c8nh00520f
 Qin, Q., Jang, H., Chen, L., Nam, G., Liu, X., and Cho, J. (2018). Low loading of RhxP and RuP on N, P codoped carbon as two trifunctional electrocatalysts for the oxygen and hydrogen electrode reactions[J]. Adv. Energy Mater. 8 (29), 1801478. doi:10.1002/aenm.201801478
 Qiu, H., Fang, G., Wen, Y., Liu, P., Xie, G., Liu, X., et al. (2019). Nanoporous high-entropy alloys for highly stable and efficient catalysts. J. Mater. Chem. A 7 (11), 6499–6506. doi:10.1039/c9ta00505f
 Reier, T., Nong, H., Teschner, D., Schlogl, R., and Strasser, P. (2017). Electrocatalytic oxygen evolution reaction in acidic environments - reaction mechanisms and catalysts. Adv. Energy Mater. 7 (1), 1601275. doi:10.1002/aenm.201601275
 Ren, X., Zhou, J., Qi, X., Liu, Y., Huang, Z., Li, Z., et al. (2017). Few-layer black phosphorus nanosheets as electrocatalysts for highly efficient oxygen evolution reaction. Adv. Energy Mater. 7 (19), 1700396. doi:10.1002/aenm.201700396
 Ryu, J., Jung, N., Jang, J., Kim, H. J., and Yoo, S. J. (2015). In situ transformation of hydrogen-evolving CoP nanoparticles: Toward efficient oxygen evolution catalysts bearing dispersed morphologies with Co-oxo/hydroxo molecular units. ACS Catal. 5 (7), 4066–4074. doi:10.1021/acscatal.5b00349
 Shih, C. F., Zhang, T., Li, J., and Bai, C. (2018). Powering the future with liquid sunshine. Joule 2 (10), 1925–1949. doi:10.1016/j.joule.2018.08.016
 Song, F., Bai, L., Moysiadou, A., Lee, S., Hu, C., Liardet, L., et al. (2018). Transition metal oxides as electrocatalysts for the oxygen evolution reaction in alkaline solutions: An application-inspired renaissance. J. Am. Chem. Soc. 140 (25), 7748–7759. doi:10.1021/jacs.8b04546
 Stern, L., Feng, L., Song, F., and Hu, X. (2015). Ni2P as a Janus catalyst for water splitting: The oxygen evolution activity of Ni2P nanoparticles[J]. Energy & Environ. Sci. 8 (8), 2347–2351. doi:10.1039/c5ee01155h
 Su, H., Soldatov, M. A., Roldugin, V., and Liu, Q. (2022). Platinum single-atom catalyst with self-adjustable valence state for large-current-density acidic water oxidation. eScience 2 (1), 102–109. doi:10.1016/j.esci.2021.12.007
 Suen, N., Hung, S., Quan, Q., Zhang, N., Xu, Y. J., and Chen, H. M. (2017). Electrocatalysis for the oxygen evolution reaction: Recent development and future perspectives. Chem. Soc. Rev. 46 (2), 337–365. doi:10.1039/c6cs00328a
 Tang, C., Zhang, R., Lu, W., He, L., Jiang, X., Asiri, A. M., et al. (2017). Fe-doped CoP nanoarray: A monolithic multifunctional catalyst for highly efficient hydrogen generation. Adv. Mater. 29 (2), 1602441. doi:10.1002/adma.201602441
 Trotochaud, L., Young, S., Ranney, J., and Boettcher, S. W. (2014). Nickel–Iron oxyhydroxide oxygen-evolution electrocatalysts: The role of intentional and incidental iron incorporation. J. Am. Chem. Soc. 136 (18), 6744–6753. doi:10.1021/ja502379c
 Tsuji, E., Imanishi, A., Fukui, K., and Nakato, Y. (2011). Electrocatalytic activity of amorphous RuO2 electrode for oxygen evolution in an aqueous solution[J]. Electrochimica Acta 56 (5), 2009–2016. doi:10.1016/j.electacta.2010.11.062
 Wang, J., Bai, Z., et al. (2017). Fe-based catalysts for heterogeneous catalytic ozonation of emerging contaminants in water and wastewater. Chem. Eng. J. 312, 79–98. doi:10.1016/j.cej.2016.11.118
 Wang, Q., Shang, L., Sun-Waterhouse, D., Zhang, T., and Waterhouse, G. (2021). Engineering local coordination environments and site densities for high-performance Fe-N-C oxygen reduction reaction electrocatalysis. SmartMat 2 (2), 154–175. doi:10.1002/smm2.1033
 Wang, S., Jang, H., Wang, J., Wu, Z., Liu, X., and Cho, J. (2019). Cobalt-tannin-Framework-derived amorphous Co−P/Co−N−C on N, P Co-doped porous carbon with abundant active moieties for efficient oxygen reactions and water splitting. ChemSusChem 12 (4), 830–838. doi:10.1002/cssc.201802909
 Wang, T., Cao, X., Jiao, L., et al. (2021). Ni2P/NiMoP heterostructure as a bifunctional electrocatalyst for energy-saving hydrogen production[J]. eScience 1 (1), 69–74. doi:10.1016/j.esci.2021.09.002
 Wang, T., Guo, X., Zhang, J., Xiao, W., Xi, P., Peng, S., et al. (2019). Electronic structure modulation of NiS2 by transition metal doping for accelerating the hydrogen evolution reaction[J]. J. Mater. Chem. A 7 (9), 4971–4976. doi:10.1039/c8ta11286j
 Wang, W., He, T., Yang, X., Liu, Y., Wang, C., Li, J., et al. (2021). General synthesis of amorphous PdM (M = Cu, Fe, Co, Ni) alloy nanowires for boosting HCOOH dehydrogenation. Nano Lett. 21 (8), 3458–3464. doi:10.1021/acs.nanolett.1c00074
 Wang, W., Shi, X., He, T., Zhang, Z., Yang, X., Guo, Y. J., et al. (2022). Tailoring amorphous PdCu nanostructures for efficient C–C cleavage in ethanol electrooxidation. Nano Lett. 22 (17), 7028–7033. doi:10.1021/acs.nanolett.2c01870
 Xia, B., Yan, Y., Li, N., Wu, H. B., Lou, X. W., and Wang, X. (2016). A metal–organic framework-derived bifunctional oxygen electrocatalyst. Nat. Energy 1 (1), 15006. doi:10.1038/nenergy.2015.6
 Xiao, Z., Luo, S., Duan, W., Zhang, X., Han, S., Liu, Y., et al. (2022). Doughty-electronegative heteroatom-induced defective MoS2 for the hydrogen evolution reaction[J]. Front. Chem. 10, 1064752. doi:10.3389/fchem.2022.1064752
 Xu, J., Li, J., Xiong, D., Zhang, B., Liu, Y., Wu, K. H., et al. (2018). Trends in activity for the oxygen evolution reaction on transition metal (M = Fe, Co, Ni) phosphide pre-catalysts. Chem. Sci. 9 (14), 3470–3476. doi:10.1039/c7sc05033j
 Xu, K., Ding, H., Lv, H., Chen, P., Lu, X., Cheng, H., et al. (2016). Dual electrical-behavior regulation on electrocatalysts realizing enhanced electrochemical water oxidation. Adv. Mater. 28 (17), 3326–3332. doi:10.1002/adma.201505732
 Xu, S., Gao, X., Deshmukh, A., Zhou, J., Chen, N., Peng, W., et al. (2020). Pressure-promoted irregular CoMoP2 nanoparticles activated by surface reconstruction for oxygen evolution reaction electrocatalysts[J]. J. Mater. Chem. A 8 (4), 2001–2007. doi:10.1039/c9ta11775j
 Yang, G., Chen, Y., Zhou, Y., Tang, Y., and Lu, T. (2010). Preparation of carbon supported Pd–P catalyst with high content of element phosphorus and its electrocatalytic performance for formic acid oxidation. Electrochem. Commun. 12 (3), 492–495. doi:10.1016/j.elecom.2010.01.029
 Yu, J., Li, Q., Li, Y., Xu, C. Y., Zhen, L., Dravid, V. P., et al. (2016). Ternary metal phosphide with triple-layered structure as a low-cost and efficient electrocatalyst for bifunctional water splitting. Adv. Funct. Mater. 26 (42), 7644–7651. doi:10.1002/adfm.201603727
 Yu, X., Zhang, M., Yuan, W., and Shi, G. (2015). A high-performance three-dimensional Ni–Fe layered double hydroxide/graphene electrode for water oxidation. J. Mater. Chem. A 3 (13), 6921–6928. doi:10.1039/c5ta01034a
 Zhang, J., Liu, J., Xi, L., Yu, Y., Chen, N., Sun, S., et al. (2018). Single-atom Au/NiFe layered double hydroxide electrocatalyst: Probing the origin of activity for oxygen evolution reaction. J. Am. Chem. Soc. 140 (11), 3876–3879. doi:10.1021/jacs.8b00752
 Zhang, J., Liu, X., Chen, W., Fang, H., Zheng, Y., and Yuan, Y. (2020). N configuration control of N-doped carbon for stabilizing Cu nanoparticles: The synergistic effects on oxy-carbonylation of methanol. Carbon 158, 836–845. doi:10.1016/j.carbon.2019.11.064
 Zhang, K., He, Y., Guo, R., Wang, W., Zhan, Q., Li, R., et al. (2022). Interstitial carbon-doped PdMo bimetallene for high-performance oxygen reduction reaction. ACS Energy Lett. 7 (10), 3329–3336. doi:10.1021/acsenergylett.2c01734
 Zhao, B., Zhang, L., Zhen, D., Yoo, S., Ding, Y., Chen, D., et al. (2017). A tailored double perovskite nanofiber catalyst enables ultrafast oxygen evolution. Nat. Commun. 8 (1), 14586. doi:10.1038/ncomms14586
 Zheng, X., Zhang, B., De Luna, P., Liang, Y., Comin, R., Voznyy, O., et al. (2018). Theory-driven design of high-valence metal sites for water oxidation confirmed using in situ soft X-ray absorption. Nat. Chem. 10 (2), 149–154. doi:10.1038/nchem.2886
 Zhou, W. P., Lewera, A., Larsen, R., Masel, R. I., Bagus, P. S., and Wieckowski, A. (2006). Size effects in electronic and catalytic properties of unsupported palladium nanoparticles in electrooxidation of formic acid. J. Phys. Chem. B 110 (27), 13393–13398. doi:10.1021/jp061690h
 Zhou, X., Liu, H., Xia, B. Y., Ostrikov, K. K., Zheng, Y., and Qiao, S. (2022). Customizing the microenvironment of CO2 electrocatalysis via three-phase interface engineering. J. SmartMat 3 (1), 111–129. doi:10.1002/smm2.1109
 Zhu, J., Chen, Z., Xie, M., Lyu, Z., Chi, M., Mavrikakis, M., et al. (2019). Iridium-based cubic nanocages with 1.1-nm-Thick walls: A highly efficient and durable electrocatalyst for water oxidation in an acidic medium. Angew. Chem. 131 (22), 7322–7326. doi:10.1002/ange.201901732
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zheng, Guo, Li, He, Wang, Zhan, Li, Zhang, Ji and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_1.gif
E(vs. HgO) + 0,904V

(1)





OPS/images/math_2.gif





OPS/images/fchem-11-1122333-g003.gif
[

il
I |

o
e






OPS/images/fchem-11-1122333-g004.gif
 a——






OPS/images/math_5.gif
©





OPS/images/math_3.gif
®






OPS/images/math_4.gif
@





OPS/xhtml/nav.xhtml
Contents

		Cover

		Synthesis of amorphous trimetallic PdCuNiP nanoparticles for enhanced OER		1 Introduction

		2 Materials and methods		2.1 Chemicals and reagents

		2.2 Synthesis

		2.3 Characterizations

		2.4 Electrocatalytic OER measurement





		3 Results and discussion

		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-11-1122333-g001.gif





OPS/images/fchem-11-1122333-g002.gif
eyl






OPS/images/math_6.gif
®









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





