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a b s t r a c t 

Developing dual functions, high-performance and stable catalysts for simultaneous hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER) at high-current density is highly desirable but still 

remaining as a challenge. Herein, a porous sponge-like structure of CrP-Re 2 P composite was successfully 

constructed on nickel foam (NF) via a facile hydrothermal, drop casting, and subsequent phosphating 

treatment. Remarkably, the CrP-Re 2 P/NF exhibits extraordinary performance with an ultralow overpoten- 

tial of 148 mV at a current density of 100 mA cm 

−2 for HER and 255 mV at 20 mA cm 

−2 for OER in 

1.0 M KOH, respectively. In addition, the bifunctional catalyst also manifests high-efficiency overall water 

splitting performance that drives a two-electrode system with 50 0/10 0 0 mA cm 

−2 at a voltage as low 

as 1.89/2.02 V in 30% KOH. Moreover, the overall water-splitting device can achieve superior durability 

for 100 h at a current density of 100 mA cm 

−2 without obvious degradation. More significantly, the CrP- 

Re 2 P/NF is used as the cathode of alkaline Zn-H 2 O cell with a power density of 8.8 mW cm 

−2 and robust 

stability for 180 h, indicating that the catalyst has an encouraging industrial perspective. The excellent 

electrocatalytic performance of CrP-Re 2 P/NF is mainly attributed to the porous structure exposing more 

active sites, high conductivity resulted better charge transfer, as well as the strong synergy between CrP 

and Re 2 P species to regulate the binding energy with reactant intermediates. The strategy provides a 

novel and feasible approach for the development of highly efficient and stable bifunctional catalysts for 

overall water splitting and Zn–H 2 O cell. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

At present, the over-exploitation and use of traditional fossil fu- 

ls have caused serious environmental problems and energy crises 

 1 , 2 ]. As a result, exploring renewable energy-based alternatives 

as been attracted a lot of attentions [ 3 , 4 ]. Electrochemical water

plitting to produce clean hydrogen fuel is considered to be one 

f the most effective and competitive methods to obtain green en- 

rgy [ 5 , 6 ]. Hence, it is urgent to develop an efficient and stable cat-

lyst to decrease the over-potentials of hydrogen evolution (HER) 

nd oxygen evolution (OER) reactions [7] . The state-of-art HER and 
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ER catalysts are mainly are noble metals-based [8] . Nevertheless, 

he high costs, scarcity, and lower stability markedly impede their 

ractical applications [9] . Therefore, it is indispensable to develop 

heap, effective and stable noble metal-free electrocatalysts appli- 

able at large current density (20 0–40 0 mA cm 

−2 ) [ 10 , 11 ]. How-

ver, it is a challenging task. 

Compared to neighbor d -metals (Ni, Fe, Co, Cu, and Zn) that 

ave been extensively investigated the HER and OER catalysts 

 12 , 13 ], not many works have been done on chromium-containing 

lectrocatalysts [14] despite the unique features. For example, as a 

roup VI transition metal, the d -orbital of chromium has a strong 

dsorption strength for molecular substances and promotes the re- 

ease of electrocatalytic hydrogen [15] . Moreover, Cr 3 + cations ex- 

ibit a special electronic structure (t 3 2g e 0 g ) that facilitates elec- 

ron transfer and electron capture [16] . Besides, chromium is one 
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f the cheapest transition metals. However, chromium alone can- 

ot act as efficient HER/OER catalyst, therefore, it is often com- 

ined with other transition metals. For instance, Lin et al. reported 

 Cr 0.6 Ru 0.4 O 2 with remarkable OER performance in the acidic con- 

ition that has a low overpotential of 178 mV at 10 mA cm 

−2 

17] . Lin et al. reported a series of Co 2.25 Cr 0.75 O 4 catalysts via ther-

al decomposition, explored the OER performance, and achieved 

 mass activity of 10.5 A/g at 0.35 V overpotential at 10 mA cm 

−2 

18] . Recently, Li et al. revealed a Co 2 Cr 1 -P@3DGF highly efficient 

nd durable bifunctional electrocatalyst for water electrolysis in 

 1.0 M KOH which requires 118 and 270 mV to afford 10 mA 

m 

−2 [19] , respectively. Additionally, the two electrodes overall wa- 

er splitting in alkaline media demands a cell voltage of 1.56 V at 

0 mA cm 

−2 . The positive impact of phosphate treatment towards 

ER/OER performance of chromium based electrocatalyst also re- 

ealed in other studies as well [20] . Nevertheless, most of those 

tudies focused on low current density (10 mA cm 

−2 ) which is 

ot applicable to the industrial process. In light of these successful 

tories and our previous experience [ 21 , 22 ], we propose to design

hromium-rhenium-phosphor bifunctional electro-catalyst at high 

urrent density ( > 100 mA cm 

−2 ). The Re is selected in this study

wing to its exceptional plasticity, and corrosion resistance [23] . 

n addition, there are some previous reports on outstanding elec- 

rocatalytic performances of rhenium sulfides [ 24 , 25 ], rhenium ox- 

des [26] , and rhenium-doped compounds [27] . Although rhenium 

s the cheapest noble metal (the cost of the Re is almost 1/6 of the

t), the price of a purely Re catalyst is still high [28] . Therefore, it

s necessary to dilute the Re content using Cr to cut the cost. 

In this work, we coupled CrP with Re 2 P components together 

n NF to obtain CrP-Re 2 P/NF with a sponge-like porous structure. A 

ariety of characterization techniques are used to characterize the 

rystal structure, microscopic morphology, chemical state and con- 

ent. Electrochemical studies have confirmed that the CrP-Re 2 P/NF 

atalyst has excellent bifunctional electrocatalytic activity and sta- 

ility in 1.0 M KOH in terms of HER and OER. The overall wa-

er splitting result indicated that the CrP-Re 2 P/NF ( + /-) bifunctional 

atalyst has superior catalytic performance in a two-electrode elec- 

rolyzer at high current density comparable to the state-of-the-art 

atalyst system Pt/C/NF (-) ‖ RuO 2 / NF ( + ) . Moreover, the Zn-H 2 O cell 

sing CrP-Re 2 P/NF as the cathode also shows high power density 

8.8 mW cm 

−2 ) and robust stability (180 h). To the best of our

nowledge, this is the first detailed study highlighting the practical 

pplications of Cr- Re based bimetallic catalysts. 

. Experimental 

.1. Materials 

Chromic nitrate (Cr(NO 3 ) 3 �9H 2 O, ≥99%), urea, ammonium 

errhenate (NH 4 ReO 4 , > 99.999%), ethanol absolute (C 2 H 5 OH, 

99.7%), Nafion (5% solution), sodium hypophosphite monohydrate 

NaH 2 PO 2 �H 2 O, 99%), and potassium hydroxide (KOH) were pur- 

hased from Guangxi Zoey Biotechnology Co., Ltd. All reagents are 

nalytical grade and were used without further purification. Com- 

ercial Pt/C (20 wt% for platinum) was purchased from Alfa Aesar. 

he Ni foam (NF) substrate used in the experiments has the thick- 

ess of 1.5 mm and 3 cm × 3 cm the area. 

.2. Catalyst synthesis 

.2.1. Preparation of CrOOH/NF precursor 

The NF was sonicated successively with 0.5 M H 2 SO 4 , deion- 

zed water and ethanol for 15 min to remove impurities. In a typi- 

al synthesis, Cr(NO 3 ) 3 �9H 2 O (2.5 mmol) and CO(NH 2 ) 2 (25 mmol) 

ere dissolved in 80 mL of deionized water and stirred for 15 min 
2 
o obtain a clear solution. Then the resulting solution was trans- 

erred into a 100 mL Teflon-line stainless steel autoclave. The pre- 

reated NF (3 cm × 3 cm) was placed obliquely in the autoclave 

nd kept at 120 °C for 12 h. After cooling to room temperature nat- 

rally, the obtained product was washed with deionized water for 

everal times and dried at room temperature for further use. In or- 

er to optimize the influence of hydrothermal time, CrOOH-10/NF, 

rOOH-14/NF were also prepared under the same conditions but 

ifferent processing times (10 h and 14 h). 

.2.2. Synthesis of Cr- Re species 

NH 4 ReO 4 (0.15 mmol) was dissolved in a mixed solution con- 

aining 200 μL deionized water, 200 μL ethanol and 10 μL Nafion 

nd ultrasonicated for 20 min. The Nafion is used as a binding 

gent [29] . Then the mixture solution was pipetted onto the sur- 

ace of CrOOH/NF (1 cm × 1 cm) to obtain the Cr- Re species/NF. For 

omparison, the Cr- Re species/NF with different Re loadings were 

repared under the same condition by varying the NH 4 ReO 4 molar 

ontent (0, 0.05, 0.1, 0.2 mmol). 

.2.3. Synthesis of CrP-Re 2 P/NF 

Two pieces of Cr- Re species/NF (1 cm × 1 cm) and 1.0 g of 

aH 2 PO 2 �H 2 O were placed on the downstream and upstream of 

he tube furnace, respectively. Subsequently, the tube furnace was 

eated slowly to 350 °C (5 °C min 

−1 ) under N 2 flow (20 sccm) for

 h. After natural cooling to room temperature, the yellow phos- 

hate formed at the top of the quartz tube adhered to the sur- 

ace of the catalysts (Fig. S1), therefore the catalysts were washed 

ith deionized water to get rid of the phosphate contaminate. 

he prepared sample was named as CrP-Re 2 P/NF. For comparison, 

rP/NF and Re 2 P/NF were synthesized using similar procedure as 

rP-Re 2 P/NF. The catalyst loading of the CrP-Re 2 P, CrP, and Re 2 P on

F surface are approximately 24.4, 24.2 and 18.6 mg cm 

−2 , respec- 

ively, and are summarized in Table S1. 

Moreover, CrO 3 /NF, ReO 2 /NF and CrO 3 -ReO 2 /NF were also syn- 

hesized under similar conditions without phosphatization process. 

.2.4. Synthesis of Pt-C/NF and RuO 2 /NF 

Pt/C/NF and RuO 2 /NF electrodes were fabricated via a typical 

ethod. Briefly, 2 mg of commercial Pt/C (20 wt%) and 2 mg of 

uO 2 were dispersed in a mixture solution of 200 μL ethanol, 

00 μL water and 10 μL Nafion to form homogeneous solution, 

espectively. After that, the mixture was pipetted onto the surface 

f NF (1 cm × 1 cm) and dried in the air naturally. The loading of

t/C and RuO 2 on NF is about 2 mg cm 

−2 . 

.3. Electrochemical measurements 

The electrochemical performance of the as-prepared catalyst 

as measured by the electrochemical workstation of Bio-logic 

MP3, using a conventional three-electrode system in 1.0 M KOH 

t room temperature. Catalyst was used as the working electrode, 

 graphite plate served as the counter electrode, and a saturated 

alomel electrode (SCE) was the reference electrode. The obtained 

atalysts were electrochemically pre-activated by cyclic voltamme- 

ry (CV) tests for about 5 cycles at a scan rate of 5 mV s −1 to make

he catalysts reach a stable state. Linear sweep voltammetry (LSV) 

easurement was carried out at a scan rate of 5 mV s −1 for HER

erformance, and 0.2 mV s −1 for OER performance, the lower OER 

weep rate was used as compared to the HER to reduce the oxida- 

ion peak resulted from Ni oxidation during the test. Electrochem- 

cal impedance spectroscopy (EIS) was conducted in the frequency 

ange from 200 kHz to 10 MHz. In this work, all potentials (vs. SCE) 

ave been corrected by the average CV curve of the two potentials, 

here the current value through zero point (1.040 V) is regarded 

s the thermodynamic potential of 1.0 M KOH with H -saturated 
2 
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Fig. 1. (a) Schematic illustration of the preparation of CrP-Re 2 P/NF. (b) XRD patterns of CrP, (c) Re 2 P powder, and (d) CrP-Re 2 P/NF. Note: Re 2 P powder was scraped from the 

surface of NF. 
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or about 10 min (Fig. S2a). The potential (vs. SCE) of the long-term 

tability test and the overall water splitting test in 30% KOH were 

lso corrected by the average CV curve of the two potentials. Cur- 

ent zero crossing (1.139 V) was regarded as the thermodynamic 

otential in 30% KOH (Fig. S2b). Overall water splitting test was 

erformed in 1.0 M KOH and 30% KOH solution with a scan rate of 

 mV s −1 . The long-term stability test of the two electrodes sys- 

em was measured at constant current density of 100 mA cm 

−2 in 

0% KOH for 100 h. All the curves reported in this work have been

alibrated by iR compensation, and all electrochemical tests were 

erformed at room temperature (25 ± 1 °C). 

.4. Characterization 

The morphology of the samples was analyzed by scanning elec- 

ron microscopy (SEM, Quanta FEG 200, Holland) and transmission 

lectron microscopy (TEM, JEOL, JEM-2100F). X-ray powder diffrac- 

ion (XRD) data obtained through a D/Max 2500 V PC with Cu 

 α radiation (Rigaku, USA). The actual loadings of various metals 

n the catalyst were detected by inductively coupled plasma mass 

pectroscopy (ICP-MS). X-ray electron spectrometer (XPS, model: 

PS-9010 TR Photo-electron Spectrometer, Japan) was used to an- 

lyze the composition of surface elements and the valence states. 

. Results and discussion 

.1. Structural and morphological characterizations 

The synthesis steps of CrP-Re 2 P/NF were illustrated in Fig. 1 a. 

n the first step, CrOOH/NF was synthesized by hydrothermal re- 

ction in a stainless-steel autoclave at 120 o C for 12 h contain- 

ng a cleaned NF (3 cm × 3 cm). In this process, the color of the

ickel foam changes from metallic gray to green. Afterwards, the 

e species was pipetted onto the surface of CrOOH/NF to obtain 

r- Re species/NF and a layer of white powder was attached to the 

reen nickel foam. The target catalyst was obtained by phosphate 

reatment in a tube furnace at 350 °C for 2 h. 
3 
The phase chemical composition of catalysts was determined 

y X-ray diffraction (XRD). For CrOOH/NF precursor, the diffraction 

eaks of CrOOH powder are consistent with the standard diffrac- 

ion pattern (JCPDS: 06-0160) [30] , confirming that CrOOH/NF was 

uccessfully synthesized (Fig. S3). After phosphatization, the XRD 

evealed that the CrOOH component had been converted to CrP 

JCPDS: 29-0456) [20] , along with Cr 2 O 3 (JCPDS: 15-0718) ( Fig. 1 b)

31] . A similar situation was also observed in Re 2 P sample. In ad- 

ition to some target diffraction peaks of Re 2 P (JCPDS: 77–1385), 

he diffraction peaks of ReO 2 (JCPDS: 17-0600) were also detected 

 Fig. 1 c) [23] . As shown in Fig. 1 d the diffraction peaks of CrP-

e 2 P/NF align with the CrP (JCPDS: 290,456) and Re 2 P (JCPDS: 17- 

391), indicating the two major crystalline structures are CrP and 

e 2 P. In addition, the XRD patterns of CrP-Re 2 P obtained with dif- 

erent Re loadings are shown in Fig. S4. The inductively coupled 

lasma mass spectrometry (ICP-MS) was used to calculate the fi- 

al composition of the catalyst because EDS and XPS reflect the 

urface compositions, which cannot be used for quantitative analy- 

is. ICP-MS measured different catalysts loading are shown in Table 

2. The chemical formulas of the CrP-Re 2 P/NF catalysts with differ- 

nt Re loadings are summarized in Table S3. 

The surface morphology of the prepared catalysts shows in (Fig. 

5). The CrOOH/NF prepared by the hydrothermal in-situ growth 

ethod has different morphologies upon the reaction times, which 

an be categorized as bulk (10 h), flower-like (12 h), to porous 

tructure (14 h). The surface of NF was covered with a large 

mount of loose and porous sponge-like materials, when the pre- 

ursor of Re was loaded on the CrOOH/NF (12 h) surface and 

ollowed by phosphate treatment ( Fig. 2 a). TEM image of the 

ltrasonically stripped catalyst fragments shows that there are 

niformly distributed nanoparticles on the surface of the flakes 

 Fig. 2 b), and the average size of the particles is about 1.64 nm (in-

et Fig. 2 b). The selected area electron diffraction (SAED) in Fig. 2 c

eveals that the lattice spacing of 0.203 nm and 0.181 nm corre- 

pond to the CrP (210) and Re 2 P (114) crystal planes, confirming 

hat the catalyst is composed of CrP and Re 2 P, which are consistent 

ith the XRD results. The main components of the particles are at- 
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Fig. 2. (a) SEM (inset of high-magnification), (b) TEM (inset of particle size distribution), (c) SAED of CrP-Re 2 P/NF, (d) high-resolution TEM images, (e) HAADF-STEM image 

and corresponding element mappings of CrP-Re 2 P/NF, and (f) EDS spectrum profile (inset of EDS data) of CrP-Re 2 P/NF. 
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ributed to the (114) and (203) crystal planes of Re 2 P species with 

attice spacings of 0.181 and 0.214 nm ( Fig. 2 d). In addition, the

210) crystal plane of the CrP component with a lattice spacing of 

.203 nm was also observed. The high annular dark-field scanning 

EM (HAADF-STEM) image and corresponding elemental mappings 

isplay that Cr, Re and P are uniformly distributed throughout the 

rP-Re 2 P/NF ( Fig. 2 e). Energy-dispersive X-ray spectrometer (EDS) 

nalysis of CrP-Re 2 P/NF catalyst is showed in Fig. 2 f. The Ni peak

s attributed to the nickel foam, and the O peak can be attributed 

o the oxidation of the catalyst surface when exposed to air, which 

s consistent with the XRD results. The Cr, Re , and P come from 

rP-Re 2 P/NF. 

XPS measurement was used to elucidate the surface composi- 

ion and chemical state of CrP-Re 2 P/NF. The XPS indicated the sur- 

ace compositions of Cr, Re and P elements in CrP-Re 2 P/NF (Fig. 

6a). The peak of Ni is attributed to nickel foam (NF). First, the 

igh-resolution C 1 s spectrum is deconvoluted into three peaks, 

ncluding C–C (284.8 eV), C–O (286.0 eV) and C = O (288.8 eV) 

nd used as standards for correction (Fig. S6b) [ 32 , 33 ]. The high-

esolution XPS spectra of Cr 2 p of CrP-Re 2 P/NF and CrP/NF are de-

icted in Fig. 3 a. The Cr 2 p region of CrP-Re 2 P/NF presents three

ajor groups, in which the deconvoluted peaks at 575.3 (Cr 2 p 3/2 ) 

nd 584.6 (Cr 2 p 1/2 ) eV are attributed to Cr-P, the binding ener-

ies at 578.0 and 587.2 eV are assigned to Cr-O species, and the 

wo peaks at 580.9 eV and 590.3 eV are ascribed to higher valence 

r oxides [ 20 , 34 ]. Deconvolution of high-resolution spectra in the 

e 4 f region shows the presence of the doublet Re 4 f 7/2 (41.6 eV)

nd 4 f 5/2 (43.4 eV) for CrP-Re 2 P/NF ( Fig. 3 b) [ 24 , 25 ]. Besides, the

ther two sets of additional doublets Re 4 f 7/2 (44.0 & 48.8 eV) and

 f 5/2 (46.2 & 48.5 eV) can be ascribed to various Re oxides [ 35 , 36 ].

oreover, the high resolution XPS spectra of the P 2 p core levels 

re displayed in Fig. 3 c. The P 2 p of CrP-Re 2 P/NF mainly includes

 2 p 3/2 (129.6 eV) and P 2 p 1/2 (130.5 eV), which is obviously dif-

erent from CrP/NF (129.1 eV for 2 p 3/2 ) and Re 2 P/NF (128.7 eV for

 p 3/2 ) [ 37 , 38 ]. The binding energy of Cr 2 p in CrP/NF at 576.21 eV

w

4 
hows a positive shift compared to that of Cr metal (from 573.8 to 

74.6 eV). Similarly, compared with Re metal (from 40.1 to 41.0 eV), 

he binding energy of Re 4 f of Re 2 P/NF at 41.1 eV also shows a posi-

ive shift. Besides, the P 2 p 3/2 binding energies of CrP/NF (129.2 eV) 

nd Re 2 P/NF (128.6 eV) show an obvious negative shift compared 

ith element P (130.2 eV). This result shows that the elements Cr 

nd Re in the single metal phosphides CrP/NF and Re 2 P/NF have 

artial positive charges. In contrast, phosphorus has partial neg- 

tive charges to transfer electrons from the metals Cr and Re to 

 [39] . Interestingly, the CrP 2 p 3/2 of CrP-Re 2 P/NF has a negative

hift of approximately 0.91 eV relative to that of CrP/NF. Notably, 

he peak position of Re 4 f in CrP-Re 2 P/NF showing a positive shift

pproximately 0.50 eV as compared to that of Re 2 P/NF. The XPS 

eak intensity differences between the Cr (3 p ) and Re (4 f ) in CrP-

e 2 P compared to those of CrP and Re 2 P are the results of dilu-

ion of the single components and the indication of the substan- 

ial charge transfer between the CrP and Re 2 P.The significant bind- 

ng energy shifts CrP and Re 2 P in CrP-Re 2 P/NF suggesting possible 

lectrons transfer between the two species resulted synergetic ef- 

ect [ 40 , 41 ],which is responsible for the enhanced the catalytic ac- 

ivity of HER/OER discussed below [42] . 

.2. Electrocatalytic performance 

The electrocatalytic water splitting performance of CrP-Re 2 P/NF 

ogether with CrP/NF, Re 2 P/NF, Pt/C/NF, and RuO 2 /NF in 1.0 M KOH 

olution were discussed below. Initially, the HER electrocatalytic 

erformance of CrP-Re 2 P/NF was optimized by changing the hy- 

rothermal treatment time during the catalyst preparation process. 

he result illustrated that the catalyst with a hydrothermal reac- 

ion time of 12 h has the optimal HER activity and the smallest 

afel slope (Fig. S7). Secondly, the influence of NH 4 ReO 4 precur- 

ors with different molar contents on the catalytic performance 

as also analyzed (Fig. S8), and found that the catalyst has the 

est performance when the Re loading was 0.15 mmol. Finally, 

e compared Cr and Re phosphides with the corresponding ox- 
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Fig. 3. (a) High-resolution XPS spectra of (a) Cr 2 p of CrP-Re 2 P/NF and CrP/NF, (b) Re 4 f of CrP-Re 2 P/NF and Re 2 P/NF, and (c) P 2 p of all samples. 

Fig. 4. HER performance of CrP-Re 2 P/NF, CrP, Re 2 P/NF and Pt/C in 1.0 M KOH. (a) LSV polarization curves, (b) corresponding Tafel slopes, (c) exchange current density, (d) 

double layer capacitance ( C dl ), (e) turnover frequency (TOF) value, and (f) comparison with the overpotentials of recently reported catalysts for HER activity at 10 mA cm 

−2 . 
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des. The results showed that the oxides have a minor influence 

n electrocatalytic performance under the same conditions, indi- 

ating the phosphatization step’s importance (Fig. S9), even though 

he oxides account for about 50% CrP for about 25% on the sur- 

ace (XPS). Fig. 4 a displays the HER linear LSV polarization curve 

f various electrodes in 1.0 M KOH. CrP-Re 2 P/NF demonstrates un- 

recedented performance for HER, it requires relatively low over- 

otential of 148 mV to reach the current density of 100 mA cm 

−2 ,

hich is close to commercial Pt/C/NF (60 mV), while significantly 

uperior as compare to CrP/NF (300 mV) and Re 2 P/NF (218 mV). 

he catalyst showed a significant advantage in terms of mass cur- 

ent density. For example, at an overpotential of 100 mV, the mass 

urrent density of CrP-Re 2 P/NF is approximately 5.4- and 9.3-fold 

hat of Re 2 P/NF and CrP/NF (Fig. S10a), respectively. The Tafel slope 

s commonly used to evaluate the reaction kinetics and rate deter- 

ination steps in the HER process [43] . As shown in Fig. 4 b, the

afel slope of CrP-Re 2 P/NF, CrP/NF, Re 2 P/NF and Pt/C were calcu- 

ated to be 70, 89, 79 and 35 mV dec −1 , respectively. Notably, the

afel slope of CrP-Re 2 P/NF is smaller than those of all control cat- 

lysts suggesting that the catalytic HER process obeys the Volmer- 
5 
ayrovsky mechanism, and the electrochemical desorption is the 

ate-determining step [44] . 

Moreover, the exchange current density ( j 0 ) can reflect the in- 

rinsic activity of the catalyst as well as the intrinsic electron trans- 

er rate between the catalyst and the electrolyte [44] . As evidenced 

n Fig. 4 c, the j 0 of CrP-Re 2 P/NF is 1.61 mA cm 

−2 , which is larger

han that of CrP/NF (0.20 mA cm 

−2 ), Re 2 P/NF (0.49 mA cm 

−2 ) and

t/C/NF (1.2 mA cm 

−2 ), implying that CrP-Re 2 P/NF has the best 

ntrinsic catalytic activity. In general, the electrochemical double 

ayer capacity ( C dl ) is directly proportional to the ECSA of the cat- 

lyst [45] . The cyclic voltammetry (CV) curve can be used to cal- 

ulate the C dl of the non-faradaic potential range (Figs. S11–12). As 

hown in Fig. 4 d, the C dl value of CrP-Re 2 P/NF is 119.0 mF cm 

−2 ,

hich is higher than those of CrP/NF (15.2 mF cm 

−2 ), Re 2 P/NF 

40.4 mF cm 

−2 ), and close to commercial Pt/C/NF (131.7 mF cm 

−2 ), 

ndicating that CrP-Re 2 P/NF has exposed more available active site. 

he turnover frequency (TOF) was calculated using ICP-MS results 

o further determine the intrinsic catalytic activity [46] . As shown 

n Fig. 4 e, the TOF value of CrP-Re 2 P/NF increased faster than that 

f CrP/NF and Re 2 P/NF when the applied potential increases, sug- 
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Fig. 5. OER performance of the different catalysts in 1.0 M KOH. (a) LSV curves obtained at a scan rate of 0.2 mV s −1 , (b) corresponding Tafel slopes, (c) electrochemical 

impedance spectroscopy (EIS), and (d) comparison with the overpotentials of recently reported catalysts for OER activity at 20 mA cm 

−2 . 
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esting a synergy between Cr and Re , which is the inherent reason 

or the excellent performance. 

At the same time, CrP-Re 2 P/NF also shows the lowest charge 

ransfer impedance ( R ct ) indicating that the CrP-Re 2 P/NF composite 

as higher conductivity to promote charge transfer thereof better 

ER performance (Fig. S13) [47] . Remarkably, the CrP-Re 2 P/NF is 

lso dramatically outperformed most nonprecious metal catalysts 

eported recently ( Fig. 4 f and Table S4). Studies show that the su-

erior HER performance of the catalyst at high current densities is 

losely related to the self-supporting nanostructures [48] . 

Meanwhile, the CrP-Re 2 P/NF catalyst also demonstrated an ex- 

ellent OER activity under alkaline conditions. Fig. 5 a shows that 

rP-Re 2 P/NF afforded a current density of 20 mA cm 

−2 with an 

verpotential of 255 mV, which is much lower than those of 

rP/NF (285 mV), Re 2 P/NF (312 mV), and RuO 2 /NF (232 mV) in 

.0 M KOH. Moreover, compared with CrP/NF and Re 2 P/NF, CrP- 

e 2 P/NF also showed better OER mass activity at an overpotential 

f 300 mV (Fig. S10b). Fig. 5 b displays the Tafel slope of the cata-

ysts. The Tafel slope of CrP-Re 2 P/NF is 110 mV dec −1 is comparable 

ith RuO 2 (91 mV dec −1 ) and lower than those of CrP/NF (130 mV

ec −1 ) and Re 2 P/NF (123 mV dec −1 ) evidencing that CrP-Re 2 P/NF 

as a fast reaction kinetic [ 49 , 50 ]. The EIS in Fig. 5 c also illustrates

hat the CrP-Re 2 P/NF has better conductivity than all the control 

atalysts to promote faster electron transfer [51] . Fig. 5 d and Ta- 

le S5 summarize the state-of-the-art OER performance of electro- 

atalysts in 1.0 M KOH, where the overpotential of CrP-Re 2 P/NF is 

ower than that of most transition metal catalysts. 

To further demonstrate the bifunctional performance of the cat- 

lyst, we also assembled an electrolytic cell for overall water split- 

ing ( Fig. 6 a) [52] . The test was performed using CrP-Re P/NF as a
2 

6 
ifunctional cathode and anode catalysts in a two-electrode system 

n 30% KOH solution ( Fig. 6 b) and 1.0 M KOH (Fig. S14). Note that

0% KOH was chosen because this concentration is commonly used 

n commercial applications [32] . For comparison, we used Pt/C/NF 

nd RuO 2 /NF as the cathode and anode under the same conditions, 

espectively. Obviously, the LSV polarization curve shows that CrP- 

e 2 P/NF cell can reach 500 mA cm 

−2 only with a potential of 

.89 V, in line with the RuO 2 /NF ( + ) || Pt/C/NF ( −) cell. When reach- 

ng 10 0 0 mA cm 

−2 , the required potential is 2.02 V, which is lower

han the RuO 2 /NF ( + ) || Pt/C/NF ( −) cell (2.05 V). The recently re- 

orted high-performance catalysts in a two-electrode system in 

.0 M KOH are summarized in Fig. 6 c and Table S6. It can ob-

erve that the bifunctional CrP-Re 2 P/NF ( + /-) catalyst is similar or 

urpassing most of the catalysts reported at 100 mA cm 

−2 in the 

wo-electrode system. As shown in Fig. 6 d, the stability test was 

erformed in a two-electrode system in 30% KOH. The catalyst also 

xhibits outstanding stability as no degradation was observed for 

00 h of continues operation at 100 mA cm 

−2 current density. 

In addition, the long-term stability test of CrP-Re 2 P/NF was fur- 

her carried out at the constant current density. Fig. S15 illustrates 

hat both overpotentials of HER and OER CrP-Re 2 P/NF show no 

ignificant increase after 100 h at the current density of 100 mA 

m 

−2 , suggesting high HER and OER stabilities. Meanwhile, the po- 

arization curve after 30 0 0 CV cycles is almost the same as at the

eginning, which further confirms the excellent stability of CrP- 

e 2 P/NF (Fig. S16). 

Furthermore, the XRD pattern of CrP-Re 2 P/NF shows the origi- 

al structural composition after 100 h of HER stability. At the same 

ime, only a few distinct peaks are left after OER stability (Fig. S17), 

ndicating the oxidation of phosphides. The SEM images reveal that 
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Fig. 6. (a) The schematic diagram of overall water splitting electrolyzer using CrP-Re 2 P/NF as bifunctional catalyst. (b) Comparison of polarization curves of CrP-Re 2 P/NF ( + /-) 

and the RuO 2 /NF ( + ) ||20 wt%Pt/C/NF ( −) at high currents in 30 wt% KOH. (c) Comparing cell voltages with the newly reported electrolyzers at 100 mA cm 

−2 in 1.0 M KOH. 

(d) Durability test of CrP-Re 2 P/NF ( + /-) at 100 mA cm 

−2 in 30 wt% KOH. 
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he surface show more aggregation after OER but there is no clear 

hange after HER (Fig. S18). XPS analysis exhibits that the original 

lemental composition has remained after HER because the HER is 

he electron-rich reduction process (Fig. S19). On the other hand, 

he phosphide peaks are disappeared, and the metal phosphides 

ecome Cr 2 O 3 /CrOOH and ReO 2 after OER due to the strong oxida- 

ion environment [53] . 

The alkaline Zn-H 2 O cell based on CrP-Re 2 P/NF electrode was 

stablished.As shown in Fig. 7 a, zinc sheet is employed as the an- 

de, 0.6 M KOH and 0.2 M Zn(Ac) 2 solution is served as the elec-

rolyte to assemble the Zn-H 2 O cell to achieve simultaneous hydro- 

en evolution and power generation [54] . When the cell starts to 

ischarge, the HER reaction will proceed on the cathode to produce 

 2 , meanwhile the zinc plate is oxidized on the anode. The Zn-H 2 O

ell based on CrP-Re 2 P/NF provides a high open circuit voltage of 

.04 V as shown in Fig. 7 b. The CrP-Re 2 P/NF-based Zn-H 2 O cell can

each a power density of 8.8 mW cm 

−2 , which is superior to com-

ercial Pt/C-based Zn-H 2 O cell ( Fig. 7 c). Furthermore, two Zn-H 2 O 

ells connected in series can light up a red light-emitting diode 

the power rating of a LED is 30 mW) shows in Fig. 7 d, which re-

eals the potential application prospect of zinc-based energy. The 

rP-Re 2 P/NF-based Zn-H 2 O cell shows a lower discharge voltage 

nd long-term stability of over 180 h at a current density of 10 mA 

m 

−2 , indicating that the CrP-Re 2 P/NF catalyst possesses potential 

pplication in the Zn-H 2 O cell ( Fig. 7 e). It’s worth noting that the

everal voltage leaps in the long-term stability test can be seen in 

ig. 7 e. This is due to a period of stability testing, the surface of

rP-Re 2 P/NF and Zn sheet were covered with ZnO, which seriously 

indered the progress of the reaction. Therefore, the ZnO was re- 
7 
oved from the catalyst surface by rinsing with deionized water 

nd 0.5 M H 2 SO 4 , respectively, and the washed CrP-Re 2 P/NF con- 

inued to be used as a cathode catalyst to assemble the Zn-H 2 O 

ell and test the stability (Fig. S20). Since its stability is tested af- 

er a few flushes, several voltage leaps occur during the long-term 

tability test [ 54 , 55 ]. 

As discussing above, the excellent electrocatalytic performance 

f CrP-Re 2 P/NF for HER/OER in alkaline electrolytes can be at- 

ributed to the following three aspects:(1) The porous structure 

ith high conductivity can provide a large electrochemically active 

urface area and expose more active sites to improve electrocat- 

lytic activity [ 56 , 57 ]; (2) There is a strong electronic interaction

etween CrP and Re 2 P components, which results in a partial neg- 

tive charge on Re 2 P and a partial positive charge on CrP species 

32] . In alkaline medium for HER, an electron is obtained at the in- 

erface of the two components, which promotes the dissociation of 

 2 O and forms the adsorbed H 

∗ and OH 

∗ intermediates on CrP and 

e 2 P surfaces, respectively. XPS results show a robust electronic 

nteraction between CrP and Re 2 P, and the electron is transferred 

rom Re 2 P to CrP, which made it favorable towards OH 

∗ adsorption 

n Re species and the adsorption of H 

∗ on the CrP surface. Sub- 

equently, the adsorped H 

∗ on CrP surface interacts with another 

 2 O molecule and obtains an electron simultaneously, thus form- 

ng a H 2 molecule and liberating a new active site for the next 

ycle [58] ; (3) According to most of previous works, the transition 

etal phosphide is a pre-catalyst for OER in alkaline medium. A 

hin layer of oxide or oxyhydroxide is formed on the surface of the 

atalysts as the active center in the OER process [ 53 , 59 ]. The re-

ulted hybrid structure can regulate the binding energies of OER 
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Fig. 7. (a) The schematic diagram of Zn-H 2 O cell. (b) Open-circuit plots of Zn-H 2 O cell assembled with CrP-Re 2 P/NF and the photo of the open circuit voltage tested by the 

meter. (c) The polarization curve and power density of CrP-Re 2 P/NF and Pt/C/NF. (d) Digital graph of a single red LED lighted by two series of CrP-Re 2 P/NF-based Zn-H 2 O 

cell. (e) Long-term durability test at a current density of 10 mA cm 

−2 of Zn-H 2 O cell using CrP-Re 2 P/NF as cathode. 
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ntermediates, thereby synergistically enhancing OER catalytic ac- 

ivity [ 60 , 61 ]. 

. Conclusion 

In summary, we have successfully fabricated CrP-Re 2 P/NF elec- 

rocatalyst with rich porous nanostructures, which exhibited im- 

ressive bifunctional activity and super stability in alkaline water 

plitting. More importantly, the CrP-Re 2 P/NF can provide high cur- 

ent densities of 500 and 1000 mA cm 

−2 at 1.89 and 2.02 V in

0% KOH, respectively. In addition, CrP-Re 2 P/NF reveals extraordi- 

ary durability of 100 h at 100 mA cm 

−2 in 30% KOH with negli-

ible degradation in overall water splitting. Moreover, the alkaline 

n-H 2 O cell was fabricated with CrP-Re 2 P/NF as the cathode, which 

an deliver a power density of 8.8 mW cm 

−2 and long-term stabil- 

ty of more than 180 h. The high activity and outstanding stabil- 

ty are attributed to the fast charge transfer and synergistic effect 

etween CrP and Re 2 P components. This work provides innovative 

deas and methods for constructing efficient bifunctional catalysts 

t high current densities in energy conversion applications and in- 

ustrial applications. 
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