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a b s t r a c t 

In this work, P and Mo dual-doped CoNiS (PMo-CoNiS) nanosheet arrays were successfully constructed 

through a common solvothermal treatment. The precise doping of P and Mo species into the CoNiS can 

regulate the microstructures and meanwhile endow with PMo-CoNiS abundant amorphous/crystalline 

heterointerfaces, which can adjust the electronic structure, thus enhancing the intrinsic activity of hydro- 

gen evolution reaction (HER) and oxygen evolution reaction (OER). As a result, ultra-low overpotentials of 

merely 156 and 58 mV are required to deliver a current density of 10 mA cm−2 for OER and HER, respec- 

tively, and the electrocatalysts PMo-CoNiS also exhibit low Tafel slopes and maintain robust stability for 

48 h in alkaline media at a high current density of 50 mA cm−2 . In addition, in an assembled electrolyte 

cell for overall water splitting, a voltage as low as 1.48 V is sufficient to yield a current density of 10 mA 

cm−2 . Density functional theory (DFT) calculations further confirmed that the enhanced OER and HER 

result from the optimized OH∗ and H∗ adsorption energy of PMo-CoNiS due to P, Mo dual doping and 

generated interfacial effect. This work may offer an avenue for designing low-cost bifunctional catalysts 

with superior catalytic activity and provide a new application strategy for broader applications in various 

electrocatalytic fields. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Electrochemical water splitting is widely considered an eco- 

omically viable and environmentally friendly technique to gener- 

te hydrogen energy for addressing issues related to environmen- 

al pollution and the fossil energy crisis [ 1 , 2 ]. It involves two half-

eactions: the hydrogen evolution reaction (HER) at the cathode 

nd the oxygen evolution reaction (OER) at the anode [ 3 , 4 ]. Never-

heless, the utilization of state-of-the-art Pt-based and Ir/Ru-based 

ommercialized catalysts for HER and OER is severely hindered by 

imitations such as high cost, scarcity, and poor stability. Addition- 

lly, using identical anode and cathode materials in a single water- 

plitting apparatus has been suggested to enhance efficiency due 

o improved compatibility [5] . Therefore, developing efficient, low- 

ost, and stable bifunctional electrocatalysts for water splitting has 

merged as a focal point of research to promote large-scale indus- 

rial applications for water splitting. 

Within this context, due to features of low cost and earth abun- 

ance, various transition metal-based materials, including carbides 
∗ Corresponding author. 

E-mail address: zhanglvh@tju.edu.cn (L. Zhang) . 
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 6 , 7 ], phosphides [ 8 , 9 ], sulfides [ 10 , 11 ], and hydroxides [ 12 , 13 ],

ave been served as OER, and HER bifunctional electrocatalysts in 

lkaline media for a long time. Among these, transition metal sul- 

des (TMSs), such as Ni2 S3 [ 14 , 15 ], Co3 S4 [ 16 , 17 ], and MoS2 [ 18 , 19 ],

re widely used as non-noble metal alternatives due to their fas- 

inating electrochemical properties. However, limitations concern- 

ng deficient active sites and low conductivity greatly restrict the 

ctivity of TMSs for water splitting. Fortunately, interface engineer- 

ng and heteroatom doping engineering have been identified as vi- 

ble strategies for obtaining fine-tuning electronic structures and 

mproving unsatisfactory catalytic performance [ 11 , 20 ]. Specifically, 

ngineering multiphase compounds can rearrange the electron on 

he heterogeneous interfaces and expose additional active sites, 

hereby outperforming single-component catalysts [ 21 , 22 ]. In these 

ybrid amorphous/crystalline nanostructures, the advantages of su- 

erior conductivity from the crystalline phase and sufficient ac- 

ive sites from the amorphous phase are synergistically integrated, 

hus efficiently optimizing the electronic structure and commend- 

bly realizing the goal of good activity and stability towards 

oth OER and HER [23] . The routine fabricated techniques include 

he electrochemical method [24] , chemical etching [25] , pyrolysis 

ethod [26] , etc. For example, Xu and co-workers [27] reported 

he amorphous/crystalline heterostructure (CoMP/CoM LDH) with 
Materials Science & Technology. 
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ncreased catalytic active sites and more optimal intermediate ad- 

orption/dissociation capability through a thermal pyrolysis route. 

ikewise, a two-step ion exchange and spontaneous redox reaction 

pproach was implemented by our group to develop crystalline Ag 

anoparticles on amorphous quaternary LDHs (Ag/QLDHs), demon- 

trating enhanced catalytic activity and stability for OER [28] . 

Notably, the doping strategy is also critically recognized for its 

bility to tune the d-band center and enhance the performance of 

lectrocatalysts. The subtle lattice distortion and vacancy caused by 

he incorporation of a single heteroatom into the lattice can mod- 

late the electronic structure at the atomic level [ 29 , 30 ]. For in-

tance, Xu and co-workers [31] developed a P-doping strategy to 

ynthesize phosphorus-doped monoclinic β-CoMoO4 (P-CoMoO4 ) 

icroarrays with enhanced HER and OER performance due to cre- 

ting more active sites. Furthermore, simultaneous doping of two 

inds of two foreign atoms is an effective strategy to strengthen 

he regulation of the electronic structure. For example, Peng et al. 

32] reported a Fe- and Ni-codoped CoS2 , which demonstrated sig- 

ificantly improved OER activity and robust stability in an alkaline 

edium due to the synergistic effects of Fe and Ni atoms. How- 

ver, to the best of our knowledge, the dual-heteroatom doping 

trategy is rarely reported to construct amorphous/crystalline het- 

rostructures, which can become the “one stone, two birds” design 

o coordinatively regulate the electronic interaction, and is greatly 

xpected to improve overall water-splitting activity and stability. 

Recently, introducing the non-3d high-valence metals (Mo, W, 

tc.) into 3d metals has been identified as a highly efficient doping 

eans in optimized Gibbs free energy of reaction intermediates 

 33 , 34 ]. Taking the above as inspiration, a universal method was

mployed to design and construct Mo-doped CoNiS heterostruc- 

ures with trace P modifications, yielding a novel bifunctional elec- 

rocatalyst of water splitting (PMo-CoNiS). The generated amor- 

hous/crystalline heterostructures, regulated by dual-doped P, Mo, 

acilitated exposing active sites and optimizing adsorption energies, 

hereby boosting the catalytic activity towards both HER and OER. 

s expected, the fabricated PMo-CoNiS exhibits an ultralow over- 

otential of 156 mV for OER and 58 mV for HER at 10 mA cm−2 .

esides, the water-splitting cell only needs a low voltage of 1.48 V 

o deliver a current density of 10 mA cm−2 . In addition, the cata- 

yst also demonstrated robust long-term durability, maintaining its 

ctivity for 48 h under 50 mA cm−2 in a 1 M KOH solution. Density

unctional theory (DFT) calculations attested that the P, Mo dual 

oping effectively modulates the charge transfer, optimizes the ad- 

orption/desorption behavior of the electrocatalyst for H∗ and OH∗, 

nd consequently lowers the Gibbs free energy. This work provides 

 universal dual-doping strategy for constructing heterogeneous 

morphous/crystalline nanostructures toward water-splitting, offer- 

ng a promising route for further research in this and other related 

elds. 

. Experimental section 

.1. Chemicals 

2-Methylimidazole (C4 H6 N2 , AR) was purchased from Shang- 

ai Macklin Biochemical Co., Ltd. (Shanghai, China). Thioacetamide 

CH3 CSNH2 , AR), nickel sulfate heptahydrate (NiSO4 ·7H2 O, 99%), 

hosphotungstic acid (H3 [P(W3 O10 )4 ] ·x H2 O, AR), and phospho- 

olybdic acid (H3 [P(Mo3 O10 )4 ] ·x H2 O, AR) were purchased from 

ianjin Heowns Biochem LLC (Tianjin, China). Cobaltous nitrate 

exahydrate (Co(NO3 )2 ·6H2 O) was supplied by Shanghai Aladdin 

io-Chem Technology Co., Ltd. (Shanghai, China). The nickel foam 

N.F., thickness: 1.6 mm) was obtained from the Tenterhook Elec- 

ronic Technology Co., Ltd. (Kunshan, China). Deionized water 

 > 18.2 M �) was used in all experiments. All chemicals were used 

ithout further purification. 
19
.2. Synthesis of catalysts 

.2.1. Preparation of Co ZIF 

First, Ni foam was purified by sonicated in HCl (1 M), deionized 

ater, and ethanol for 15 min to remove the surface impurities 

nd then dried out overnight at 60 °C. After that, Co(NO3 )2 ·6H2 O 

0.58 g) and 2-methylimidazole (1.34 g) were dissolved in 40 mL 

ater, separately, and stirred for 10 min. These solutions were 

ombined and stirred for an additional 30 min. Then, the treated 

F was immersed and kept for 4 h. The as-prepared foam was 

ashed with water and ethanol several times to remove the resid- 

al 2-Methylimidazole on its surface. 

.2.2. Preparation of CoNi LDH 

Typically, a piece of as-prepared Co zeolitic imidazolate frame- 

orks (ZIF) was immersed into the 15 mL water solution with 

.05 g NiSO4 ·7H2 O and 0.05 g Co(NO3 )2 ·6H2 O in a 20 mL glass 

ottle and then placed in an oven and maintained at 70 °C for 1 h.

ubsequently, the bottle was taken out and cooled down to room 

emperature, and the CoNi nanosheets were obtained through mul- 

iple washings with deionized water and ethanol, followed by 

vernight drying at 60 °C. 

.2.3. Preparation of CoNiS, Mo-CoNiS, PMo-CoNiS, and PW-CoNiS 

We chose a solvothermal method to fabricate a series of sul- 

des. Specifically, 5 mmol of thioacetamide (TAA) was dissolved in 

0 mL ethanol and stirred for 15 min by a magnetic stirrer to form 

 homogeneous solution. The obtained solution was then trans- 

erred into a 50 mL Teflon-lined stainless-steel autoclave contain- 

ng a piece of processed CoNi LDH and maintained at 120 °C for 

 h. After the reaction, the resulting CoNiS product was washed 

ith deionized water and ethanol before drying overnight at 60 °C. 

n addition, the synthesis of Mo-CoNiS, PMo-CoNiS, and PW-CoNiS 

as kept under the same conditions, with the exception that spec- 

fied amounts of Na2 MoO4 , phosphomolybdic acid (PMo), or phos- 

hotungstic acid (PW) were added. 

.2.4. Preparation of commercial RuO2 /NF and Pt/C/NF 

30.0 μL Nafion solution (5 wt.%), 900.0 μL absolute ethanol, and 

0.0 mg commercial RuO2 or Pt/C powder were sonicated for 2 h 

o prepare the RuO2 ink solution. Then the proper amount of ink 

as transferred onto the NF to fabricate RuO2 supported on the NF 

lectrode (RuO2 or Pt/C). 

.3. Materials characterization 

The fabricated electrocatalysts were characterized by scanning 

lectron microscopy (SEM, S-4800, Hitachi) and high-resolution 

ransmission electron microscopy (HRTEM, JEM-F200, Hitachi) 

quipped with energy dispersive spectroscopy (EDS). X-ray diffrac- 

ion (XRD) patterns were recorded by a powder X-ray diffractome- 

er (D8-Focus, Bruker) with Cu K α radiation ( λ = 1.5406 Å) at a 

can rate of 6 °/min. X-ray photoelectron spectroscopy (XPS) anal- 

sis was conducted on a Thermo Fisher Scientific to analyze the 

lemental composition and chemical environments. 

.4. Electrochemical measurements 

The electrochemical performances were conducted by a typical 

hree-electrode configuration using an electrochemical workstation 

CHI 760, Shanghai). Specifically, the fabricated catalysts were used 

s the working electrode, while the Hg/HgO electrode and graphite 

od were employed as the reference and counter electrode, respec- 

ively. Linear sweep voltammetry (LSV) tests were conducted at 

he scan rate of 5 mV s−1 in a 1.0 M KOH solution with a 90%
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R compensation. Electrochemical surface areas (ECSA) were deter- 

ined based on the electrochemical double capacitance ( Cdl ) us- 

ng a CV method in a non-Faradaic potential range at various scan 

ates (20–120 mV s−1 ). Electrochemical impedance spectroscopy 

EIS) assessments were performed on the same three electrodes in 

 1 M KOH electrolyte, with a frequency range of 0.01–105 Hz and 

n amplitude of 10 mV. Stability measurements were performed 

y i –t test. According to the Nernst equation, all the potentials 

eported here were referenced to a reversible hydrogen electrode 

 ERHE = EHg/HgO + 0.059 pH + 0.197). 

. Results and discussion 

.1. Material synthesis and characterization 

The synthetic route of the PMo-CoNiS is schematically illus- 

rated in Fig. 1 . Firstly, Co ZIF nanoarrays were vertically grown on 

he Ni foam substrate according to a wet chemical method at room 

emperature. Subsequently, the ion-exchange reaction occurred af- 

er Co ZIF was immersed in the mixed solution of NiSO4 ·7H2 O 

nd Co(NO3 )3 ·6H2 O. In this process, the ZIF arrays served as a 

elf-sacrificial template to generate the Co LDH nanosheets on 

ts skeleton, in which the organic ligand 2-methylimidazole, orig- 

nally on the surface of ZIF precursor, was removed, and Co2 + 

ons were replaced by encountered Ni2 + ions in the solution. Af- 

erward, the final PMo-CoNiS products were obtained through a 

olvothermal method conducted at 120 °C. TAA and PMo served 

s sources for S, Mo, and trace P, respectively. Consequently, this 

rocess can achieve the dual-doping heterostructures PMo-CoNiS. 

he morphology and microstructures of samples were character- 

zed by scanning electron microscope (SEM) and transmission elec- 

ron microscope (TEM). SEM images (Fig. S1 in the Supplementary 

aterial) reveal that the Co ZIF precursors synthesized uniform- 

ized arrays with smooth surfaces on the Ni foam substrate. Sub- 

equently, after introducing the Co2 + and Ni2 + sources, an ideal 

anosheet array structure was formed on the ZIF surface (Fig. S2). 

owever, the solvothermal sulfurization reaction partly changed 

he morphology, in which the surface became rough, and some 

arge nanoparticles were generated on their surface when a cer- 

ain amount of PMo was added, as exhibited in Fig. 2 (b). Notably, 

his unique structure is markedly different from the morphology of 

ure CoNiS as shown in Fig. 2 (a). The TEM images in Figs. 2 (c) and

ig. S3 further confirmed the internal structure evolution. In the 

RTEM images presented in Fig. S3, the subtle lattice fringes be- 

onging to LDH could be observed. After the sulfurization reaction 

ith PMo, the morphology greatly changed, as shown in Fig. 2 (c). 

he corresponding HRTEM and inverse fast Fourier transform (IFFT) 
Fig. 1. Schematic illustration of the synth

20
eveal that the interplanar distances of 0.283 nm are consistent 

ith the (311) planes of Co3 S4 , and the lattice spacing of 0.182 nm 

orresponds to the (211) plane of Ni3 S2 , indicating the coexistence 

f both in the nanostructures. Moreover, the EDS element map- 

ing images ( Fig. 2 (d–i)) evidenced the homogeneous distribution 

f Ni, Co, S, Mo, and P elements throughout the nanosheet struc- 

ure. The concentrations of P, Mo, Co, Ni, and S in the PMo-CoNiS 

ere determined by inductively coupled plasma-atomic emission 

pectrometry (ICP-AES). It shows the atom ratio of them is 0.08, 

,64, 44.87, 35.16, and 12.25, respectively, which has a similar re- 

ult to XPS (Table S1). 

To explore the evolution process of nanostructures and compo- 

itions in P, Mo doped-CoNiS, a series of PMo-CoNiSs were synthe- 

ized by simply changing the concentration of added PMo ranging 

rom 20 to 160 mg. These variations were denoted as PMo1-CoNiS 

20 mg), PMo2-CoNiS (40 mg), PMo-CoNiS (80 mg), and PMo4- 

oNiS (160 mg), respectively. As exhibited in Fig. 3 (a–d), the mor- 

hology of PMo evolved with different doping levels. With the ad- 

ition of a low amount of PMo, the PMo1-CoNiS still displayed 

he same nanostructure with plentiful nanosheets on the surface, 

losely resembling that of the undoped CoNiS sample ( Figs. 3 (a1 , 

2 ) and S4). Upon the addition of 40 mg of PMo, we observed 

he formation of small nanospheres, each with a diameter of about 

50 nm, attaching to the surface of the nanosheets, as depicted 

n Fig. 3 (b1 , b2 ) (PMo2-CoNiS). Increasing the amount of PMo to 

0 mg, large nanospheres of various sizes emerged ( Fig. 3 (c1 , c2 ), 

Mo-CoNiS). When PMo was added to 160 mg, the number of 

anospheres with large sizes on the micron sheets further in- 

reased ( Fig. 3 (d1 , d2 ), PMo4-CoNiS). Such a morphology change 

as not been reported yet and warrants further investigation via 

EM to investigate the evolution process further. From the TEM 

mages of PMo1-CoNiS (Fig. 3(a3 , a4 )), the morphology is identi- 

al to the undoped CoNiS. Meanwhile, regularly long-range order 

toms can be observed on the PMo1-CoNiS nanosheets, and the in- 

erplanar spacing of 0.283 and 0.182 nm corresponds to the (311) 

nd (211) planes of CoNiS, respectively. As more PMo are added, 

he PMo2-CoNiS maintained its primary morphology unchanged 

ut with some tiny nanospheres. Moreover, the amorphous region 

nd defects emerged, as shown in the high-resolution TEM image, 

ndicating the formation of amorphous/crystalline heterogeneous 

anostructures (Fig. 3(b4 )). The catalyst PMo2-CoNiS shows a more 

morphous region as compared with the PMo1-CoNiS, indicating 

hat increased PMo could generate a more disordered crystal struc- 

ure [35] . Fig. 2 (c3 , c4 ) shows that when the Mo content was added

o 80 mg, the PMo-CoNiS was almost turned into amorphous struc- 

ures, retaining only minor crystalline regions. What is more, with 

urther PMo doping, the nanoparticles on the thicker nanosheets 
esis of PMo-CoNiS on the Ni foam. 



X. Yang, H. Shen, X. Xiao et al. Journal of Materials Science & Technology 204 (2025) 18–28

Fig. 2. SEM images of (a) CoNiS, (b) PMo-CoNiS, and (c) TEM, HRTEM images, and IFFT of PMo-CoNiS. (d–i) The elemental color mappings of PMo-CoNiS. 
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ere entirely composed of pure amorphous nanostructures (Fig. 

(d3 , d4 )). Notably, the generated nanoparticles on the nanosheets 

ere always amorphous. 

The phase compositions of different as-prepared samples were 

nalyzed by XRD. For the NiCo LDH samples, several small peaks 

re indexed as the typical LDH structure (JCPDS NO.51-0463) [36] , 

onfirming the successful synthesis of NiCo LDH on the Ni foam 

Fig. S5). However, the peaks of LDH disappear after the solvother- 

al reaction, as shown in Fig. 4 (a) for the CoNiS sample. It ex- 

ibits typical characteristic peaks of Ni3 S2 (JCPDS NO.44-1418), 

o3 S4 (JCPDS No. 47-0138), and Ni foam. The positions of the two 

rominent peaks at 50.1 ° and 55.3 ° match well with the (211) and 

300) crystal planes of Ni3 S2 , respectively [ 37 , 38 ]. Furthermore, the 

iffraction peaks at 31.5 ° can be ascribed to (311) crystal planes 

f Co3 S4 [ 39 , 40 ]. The above results imply that the LDH was trans-

ormed entirely to Co3 S4 and Ni3 S2 on the foam surface. When the 

Mo were added, no extra peaks appeared except the presence of 

eaks belonging to Co3 S4 , Ni3 S2 , and Ni foam, and results indicate 

he doping of P and Mo species into the lattice of Co3 S4 /Ni3 S2 . 

RD patterns of various P, Mo-doped CoNiS were also conducted 

o observe the composition changes through the doping effect. As 

hown in Fig. 4(a), a mixed phase of Co3 S4 /Ni3 S2 was observed in 

he case of undoped P, Mo. After adding PMo, the typical diffrac- 

ion peaks of Co3 S4 /Ni3 S2 gradually decreased, yet no new diffrac- 

ion peaks appeared. However, when the PMo was added to 80 mg 

PMo-CoNiS), almost all the typical peaks of Co3 S4 /Ni3 S2 disap- 

eared, leaving only a residual peak at 31.5 °. Except for the typical 

eaks of Ni foam, the PMo4-CoNiS shows a completely amorphous 

hase according to the XRD analysis, which is consistent with the 

EM results. The broadened diffraction peaks and TEM images (Fig. 

6) manifest the declined crystallinity of Co3 S4 /Ni3 S2 , indicating 

he presence of defects in the structures of Co3 S4 /Ni3 S2 , which 

ould provide more active sites and facilitate the OER and HER 

41] . By this universal method of manipulating the added amount 

f PMo with precision, we can fine-tune the extent of conversion, 

hus adjusting the microstructure and chemical composition of the 

atalysts. Besides, a series of PW-CoNiS (from PW1-CoNiS to PW3- 

oNiS) was also synthesized. XRD, SEM, and TEM analyses (Figs. 

7–S10) confirmed that these samples transform akin to those ob- 

erved in PMo-CoNiS. 

XPS measurements were carried out to explore the surface 

omposition and chemical valence states of the constituent ele- 

ents. As shown in Fig. 4 , the XPS spectrum exhibits that the 

ain elements of PMo-CoNiS are Co, Ni, Mo, P, and S, respectively, 

hich follow the EDS mapping results. In the high-resolution Co 

p spectrum (Fig. 4(b)), both the 2p1/2 and 2p3/2 were deconvo- 

uted into three peaks. Peaks located at 797.9 and 781.6 eV are as- 

igned to Co2 + , while those at 793.1 and 777.4 eV are assigned to 
O

21
o-S. It can be observed that Co 2p shifted toward the higher bind- 

ng energy as compared to that of CoNiS, which indicates the elec- 

ronic structure of Co centers is well modified through P, Mo dop- 

ng. As for the high-resolution Ni 2p spectrum, the six separated 

eaks, as displayed in Fig. 4(c), of which the peaks located at 856.2 

nd 874.1 eV belong to Ni2 + , while those centered at 853.2 and 

69.7 eV match Ni0 . Significantly, the Ni 2p peaks of PMo-CoNiS 

xhibit a positive shift of approximately 0.15 eV compared to the 

eaks of the undoped CoNiS, suggesting the strong electronic in- 

eractions by adding PMo. The high-resolution spectrum of the S 

p spectrum in PMo-CoNiS (Fig. 4(d)) can be divided into three 

eaks. The two apparent peaks of S 2p3/2 and S 2p1/2 binding en- 

rgies are separately divided into two peaks of 161.4 and 162.2 eV, 

s well as 163.1 and 164.3 eV, indicating the coexistence of S2−

nd S2 −
2 

. Besides, the peaks at ∼168.6 eV manifest the presence of 

xidized sulfur ( SO 

2 −
4 ) on the surface of PMo-CoNiS in the open 

ir [42] . Compared with CoNiS, the S 2p peaks for PMo-CoNiS ex- 

ibited a negative shift, suggesting the valence state change of S 

n the surface due to the P, Mo dopant. In the Mo 3d spectrum, 

s seen in Fig. 4(e), the binding energies at ∼229.1 and ∼232.3 eV 

re characteristic of Mo4 + 3d3/2 and Mo4 + 3d5/2 , which suggests 

he successful Mo4 + doping in the PMo-CoNiS. An additional peak 

t 235.4 eV can be ascribed to Mo6 + [37] . The presence of an S 

 s peak near the Mo 3d region at 226.2 eV suggests the forma- 

ion of M-S bonds (M = Co, Ni). In Fig. 4 (f), the high-resolution

 2p spectrum shows the two weak peaks, of which binding en- 

rgies at 128.9 and 130.2 eV are assigned to P 2p3/2 and P 2p1/2 

espectively, and the peaks located at 133.3 eV match with the P- 

 bond, demonstrating the existence of trace P in PMo-CoNiS [43] . 

ompared with CoNiS, the PMo-CoNiS sample exhibited a positive 

hift in the binding energies of Co 2p3/2 and Ni 2p3/2 and a neg- 

tive shift in S 2p. The binding energies of Co 2p3/2 , and Ni 2p3/2 

xhibit positive shifts, while the S 2p negatively shift, suggesting 

he strong electronic interactions existed in CoNiS after P and Mo 

oping resulted in a more positive charge of Co species, Ni species, 

nd negative charge of S species after P and Mo doping [44] . Addi-

ionally, the XPS result further proves that P and Mo species have 

een successfully doped into Ni3 S2 and Co3 S4 , which can redis- 

ribute the electrons at the heterogeneous amorphous/crystalline 

nterfaces, thus enhancing the electrocatalytic performance. 

.2. Electrochemical performances 

.2.1. OER performance 

The LSV curves of different samples of PMo-CoNiS for OER were 

ystematically evaluated in a 1.0 M KOH solution using a standard 

hree-electrode system. Remarkably, the PMo-CoNiS shows better 

ER activity than PMo1-CoNiS, PMo2-CoNiS, and PMo4-CoNiS (Fig. 
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Fig. 3. The structural evolution process from PMo1-CoNiS to PMo4-CoNiS. (a, b) The SEM images and (c, d) TEM images with different magnifications for PMo1-CoNiS, 

PMo2-CoNiS, PMo-CoNiS, and PMo4-CoNiS. 
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11). The data reveal that the electrocatalytic activity of PMo-CoNiS 

s positively correlated with the amount of PMo within a specific 

ange due to the appropriate ratio of the amorphous/crystalline re- 

ion, and unique structures. Moreover, the reference samples, in- 

luding CoNi LDH, CoNiS, Mo-CoNiS, and PW-CoNiS, were also in- 

estigated under the same conditions for comparison. As shown 

n Fig. 5 (a), the LSV curves of the PMo-CoNiS exhibit the optimal 

atalytic activity with the lowest OER overpotentials of 156 and 

18 mV to deliver the current densities of 10 and 100 mA cm−2 , 

espectively. While for the CoNi LDH, CoNiS, Mo-CoNiS, and PW- 

oNiS catalysts, the overpotentials of 306 (375), 254 (347), 200 

278), and 194 (269) mV are required (Fig. 5(b)). The overpoten- 

ials of CoNiS and Mo-CoNiS are larger than those of PMo-CoNiS 

lectrocatalysts, which demonstrates that the synergistic enhance- 
22
ent in OER performance is mediated by P, Mo co-doping. The 

afel slopes of all the electrocatalysts are exhibited in Fig. 5(c), of 

hich PMo-CoNiS has the smallest value of 43.42 mV dec−1 , which 

utperforms that of CoNiS (72.55 mV dec−1 ), Mo-CoNiS (70.47 mV 

ec−1 ), PW-CoNiS (68.75 mV dec−1 ), and CoNi LDH (74.59 mV 

ec−1 ). The lowest overpotential and the smallest Tafel slope man- 

fest that the PMo-CoNiS has excellent electrocatalytic performance 

nd fast kinetics towards OER in the alkaline medium. The en- 

anced OER activity of PMo-CoNiS could be attributed to the op- 

imal chemical composition and exposure to more active sites by 

, Mo dual doping. In addition, the outstanding activity of electro- 

atalytic PMo-CoNiS is superior to that of most recently reported 

ulfide-based OER electrocatalysts (Table S2). The fast reaction ki- 

etics can be further revealed by EIS at the constant potential, as 
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Fig. 4. (a) XRD patterns of CoNiS, PMo1-CoNiS, PMo2-CoNiS, PMo-CoNiS, and PMo4-CoNiS. XPS spectra of (b) Co 2p and (c) Ni 2p, (d) S 2p for PMo-CoNiS. (e) Mo 3d and 

(f) P 2p spectra for PMo-CoNiS. 
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hown in Fig. 5(e). The Rct value of PMo-CoNiS is superior to the 

atalysts of CoNi LDH, CoNiS, Mo-CoNiS, and PW-CoNiS, and even 

urpassed that of commercial RuO2 /NF, which implies the fastest 

lectron transfer between the interface of electrode and electrolyte. 

he CV of CoNi LDH, CoNiS, and Mo-CoNiS with different scan rates 

re shown in Fig. S12. For the samples of CoNiS and Mo-CoNiS, the 

alue surpasses that of NiCo LDH (5.38 mF cm−2 ), implying the 

nhanced number of active sites for OER by solvothermal reaction 

Fig. 5(d)). Moreover, the measured Cdl of PMo-CoNiS has the high- 

st value with 11.47 mF cm−2 as compared with other catalysts, 

uggesting the highest ECSA related to the more exposed active 

ites due to the amorphous/crystalline hybrid nanostructures cre- 

ted by P and Mo dual doping, and thereby remarkably improved 

lectrocatalytic OER performance. 

The long-term chronoamperometry ( i –t ) method was conducted 

o assess the OER durability of PMo-CoNiS in a 1 M KOH so- 

ution. It can be seen that after the 48-h test, the catalyst ex- 

ibited a mere 7.3% decline in current density, demonstrating its 

xcellent OER stability (Fig. 5(f)). To garner deeper insights into 

he long-term durability of OER, various characterizations such as 

EM, HRTEM, and XPS were conducted for post-PMo-CoNiS elec- 

rocatalysts. As shown in Fig. S13, the SEM image shows that the 

anosheet morphology of P, Mo-CoNiS is almost unchanged after 

he OER stability test (48 h i –t ). In the HRTEM image of post-

Mo-CoNiS, there are lattice stripes with a characteristic spacing 

f 0. 283 nm assigned to the (311) plane of Co3 S4 and abun- 

ant amorphous phase. Moreover, the generated thin amorphous 

hase with a thickness of 1–2 nm on the surface of the catalyst 

an be described as metal (oxy)hydroxides layer (Fig. S14), indi- 

ating that PMo-CoNiS has undergone the surface oxidation and 

lectrochemical reconstruction during the continuous OER process. 

eanwhile, the EDX element mapping image in Fig. S15 shows 

hat Co, Ni, S, and Mo elements are uniformly distributed in the 

ost-PMo-CoNiS after OER stability testing. The elemental analysis 

hows that the Co, Ni, S, and Mo element contents of the PMo- 

oNiS after the OER stability test are 51.64 at%, 47.03 at%, 0.92 
e

23
t%, and 0.51 at%, respectively, indicating the partial leaching of S 

nd Mo. The P element cannot be detected due to trace doping. 

urthermore, the XPS spectra of post-PMo-CoNiS are also charac- 

erized. Notably, as observed from the Co 2p and Ni 2p spectra 

n Fig. S16, the peaks at 781.0 eV and 855.5 eV emerged. It in- 

icates the formation of high-valence states Co3 + and Ni3 + caused 

y the surface reconstruction of the Co3 S4 /Ni3 S2 hybrid, which is 

ttributed to NiOOH and CoOOH, respectively. These surface metal 

oxy)hydroxide groups may function as active sites during the OER 

rocess [45] . In the high-resolution spectrum of the S 2p spectrum, 

he intensity of XPS peaks turns to weaken in comparison with the 

riginal one, indicating the lasting dissolution of S into electrolyte 

uring OER. Meanwhile, the reduced intensity of Mo 3d peaks sug- 

ests the loss of Mo elements in PMo-CoNiS. This result agrees 

ell with the reported sulfide/molybdenum-based OER electrocat- 

lysts under alkaline conditions [46] . Besides, the small amount of 

 resided in PMo-CoNiS also disappeared for its leaching. In sum- 

ary, the superior OER performance of PMo-CoNiS can be ascribed 

o its adjustable P and Mo doping, judiciously engineered amor- 

hous/crystalline nanostructures, and unique hierarchical morphol- 

gy. 

.2.2. HER performance and overall water splitting 

Similarly, in the case of HER, PMo-CoNiS exhibits outstanding 

ctivity with the smallest overpotentials, which is superior to other 

amples of PMox -CoNiS (Fig. S17). Moreover, comparative evalua- 

ion using LSV PMo-CoNiS reveals that the PMo-CoNiS electrode 

lso outperforms alternative electrodes such as CoNi LDH, CoNiS, 

o-CoNiS, and PW-CoNiS in HER activities ( Fig. 6 (a)). In detail, 

Mo-CoNiS achieves an overpotential of just 58 mV to deliver the 

urrent density of 10 mA cm−2 . In contrast, the CoNi LDH, CoNiS, 

o-CoNiS, and commercial Pt/C (20 wt%) catalyst possess overpo- 

entials of 264, 196, 173, 154, and 38 mV, respectively, demonstrat- 

ng that the synergistic effect of P and Mo species play an essen- 

ial role in the enhanced HER activity. Moreover, the PMo-CoNiS 

lectrode also shows better HER activity than PW-CoNiS. The over- 
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Fig. 5. Electrocatalytic OER performance. (a) The LSV polarization curves with iR compensation, (b) comparison of the current densities at 10, 100 mA cm−2 among different 

catalysts in 1 M KOH. (c) The corresponding Tafel slopes, (d) electrochemical double-layer capacitance, and (e) Nyquist plots of CoNi LDH, CoNiS, Mo-CoNiS, PW-CoNiS, and 

PMo-CoNiS catalysts in 1.0 M KOH. (f) The electrolyte chronopotentiometry curve of PMo-CoNiS recorded at the current density of 50 mA cm−2 . 

Fig. 6. Electrocatalytic HER performance. (a) The LSV polarization curves with iR compensation, (b) comparison of the current densities at 10, 100 mA cm−2 among different 

catalysts in 1 M KOH. (c) The corresponding Tafel slopes, (d) electrochemical double-layer capacitance, and (e) Nyquist plots of CoNi LDH, CoNiS, Mo-CoNiS, PW-CoNiS, and 

PMo-CoNiS catalysts in 1.0 M KOH. (f) The electrolyte chronopotentiometry curve of PMo-CoNiS recorded at the current density of 50 mA cm−2 . 
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otential of PMo-CoNiS (202 mV) is exceptionally superior to that 

f other as-fabricated catalysts when the current density achieves 

00 mA cm−2 (Fig. 6(b)), further displaying the excellent HER ac- 

ivity of the PMo-CoNiS at a large current density. In addition, 

he outstanding activity of electrocatalytic PMo-CoNiS is superior 

o that of most recently reported sulfide-based HER electrocata- 

ysts (Table S3). The Tafel slope was fitted to investigate the kinetic 

eatures of catalysts. PMo-CoNiS (56.33 mV dec−1 ) has a smaller 

alue than CoNi LDH (175.06 mV dec−1 ), CoNiS (129.77 mV dec−1 ), 

o-CoNiS (102.62 mV dec−1 ), and PW-CoNiS (98.44 mV dec−1 ) 

s shown in Fig. 6(c), and its HER follows the Volmer–Heyrovsky 

echanism in the alkaline solution [ 47 , 48 ]. The better electrocat- 

lytic activity and faster HER kinetics can be attributed to the con- 

tructed amorphous/crystalline heterostructures by rational doped 

, Mo species. Moreover, the activity of the electrocatalyst is partly 

etermined by the number of active sites. It can be seen that the 

dl value increased significantly after the sulfurization treatment, 

uggesting the enhanced number of active sites. In addition, the 

dl value of PMo-CoNiS is higher than that of PW-CoNiS, Mo-CoNiS, 

nd CoNiS (Figs. 6(d) and S18). EIS measurements were employed 

o investigate the charge transfer kinetic characters to gain further 

nsight into the HER process of these electrodes. It can be observed 

hat PMo-CoNiS has a minor semicircle diameter among the tested 

lectrodes, as shown in Fig. 6(e), which is lower than those of CoNi 

DH, CoNiS, and Mo-CoNiS, implying that PMo-CoNiS undergoes 

he fastest charge transfer process during HER. Besides the superior 

lectrocatalytic performance, long-term stability is another target 

o ensure that electrocatalysts can be employed in practical appli- 

ations. The long-term chronoamperometry ( i –t ) method was con- 

ucted to assess the durability of PMo-CoNiS in a 1 M KOH so- 

ution. The current density of samples only slightly declined under 
ig. 7. (a) Schematic diagram of the electrolyzer using PMo-CoNiS as the cathode and an

ell with a voltage of 1.7 V. (c) Summary of the electrocatalytic performance of PMo-CoN

nd cell voltage for water splitting at 10 mA cm−2 ). (d) Polarization curves conducted o

hronoamperometric curve of PMo-CoNiS||PMo-CoNiS devices at 20 mA cm−2 for 48 h. 

25
he current density of 50 mA cm−2 after the 48-h test, verifying its 

xcellent long-term stability (Fig. 6(f)). SEM and TEM characteriza- 

ions post-HER testing showed that the hierarchical nanostructures 

f interwoven nanosheets on the micron sheets remained largely 

ntact (Figs. S19–S21). In addition, XPS characterization of sam- 

les post-HER stability testing was conducted. Compared with the 

ristine PMo-CoNiS, very few changes in phase compositions and 

alence states occurred (Fig. S22). All these results indicate that 

he excellent structural stability, mass transfer properties, and me- 

hanical stability of PMo-CoNiS during the HER process can be at- 

ributed to its unique nanostructures, and abundant heterogeneous 

nterfaces. 

Given the promising bifunctional electrocatalytic performance 

owards HER and OER, a typical two-electrode electrolytic system 

as used to further evaluate the overall water-splitting catalytic 

ctivity for accessible applications to water electrolysis, where 

Mo-CoNiS electrode was utilized as both the anode and cath- 

de as illustrated in Fig. 7 (a). The electrolyzer impressively re- 

uired small cell voltages of 1.48 and 1.63 V to achieve the cur- 

ent density of 10 and 100 mA cm−2 , which outperform those of 

o-CoNiS||Mo-CoNiS (1.75, 1.84 V), CoNiS||CoNiS (1.93, 2.03 V) and 

t/C||RuO2 (1.76, 1.88 V) as shown in Fig. 7 (d). Fig. 7 (c) exhibits 

 comprehensive evaluation of PMo-CoNiS activity towards overall 

ater splitting in comparison with CoNiS, demonstrating the supe- 

iority of P, Mo dual doping. Utilizing solar energy as a sustainable 

nd eco-friendly power source, commercial solar cells were inte- 

rated to energize the overall water splitting of PMo-CoNiS||PMo- 

oNiS devices ( Fig. 7 (b)). Video S1 shows that this solar-powered 

2 production system can continuously release O2 and H2 bub- 

les at the voltage of 1.7 V, indicating that non-noble metal-based 

lectrocatalysts fabricated by our strategy are feasible in practical 
ode, respectively. (b) The two-electrode water-splitting device powered by a solar 

iS (Overpotential of OER and HER at 10 mA cm−2 , the Tafel slope of OER and HER, 

n a two-electrode configuration for overall water splitting in 1.0 M KOH. (e) The 
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pplications. Besides, the durability of the PMo-CoNiS||PMo-CoNiS 

as employed to conduct the long-term chronopotentiometry test. 

he PMo-CoNiS||PMo-CoNiS couple experienced a minor decay of 

nly 3.9 % for operations at the current density of 20 mA cm−2 

or 48 h in 1 M KOH, demonstrating its good stability for over- 

ll water splitting ( Fig. 7 (e)). These all indicate that PMo-CoNiS 

eterogeneous nanoarrays have great potential for application in 

ater-splitting systems. Such impressive stability and performance 

f the catalyst PMo-CoNiS can be attributed to three key fac- 

ors: (1) the unique hierarchical nanostructures composed of inter- 

onnected nanosheets facilitated rapid charge transport, promot- 

ng electrolyte penetration and bubble release, and strengthened 

he close contact between the active site and the reactants and 

echanical stability [49] . (2) The abundant amorphous/crystalline 

eterointerfaces originated from dual-doping sulfides expand the 

lectrochemically active surface area, expose more active sites, and 

nhance the conductivity. (3) The intense coupling effects from 

he constructed heterointerfaces between bimetallic sulfides effi- 

iently modulate the electronic structures of electrocatalysts, thus 

ptimizing the equilibrium adsorption of hydrogen (H∗) and oxy- 

en (∗OH) intermediates. Therefore, our work reveals enhanced 

ER, OER, and water-splitting performance and stability of PMo- 

oNiS, which opens up new horizons for designing and fabricating 

urable electrochemical energy conversion devices. 

.3. DFT and catalytic mechanism of PMo-CoNiS 

To gain deep insight into the doping effect on improving the 

atalytic performance of the PMo-CoNiS at the atomic level, DFT 

alculations were carried out with the Vienna Ab Initio Simulation 

ackage (VASP), as described in the Supporting information. The 

heoretical models of PMo-CoNiS are constructed in Fig. 8 (a). Ac- 

ording to the previous report, Co is regarded as the active center 

o explore the catalytic mechanism. It is worth noting that the Mo 

ite is generally not considered the real active center for OER/HER 

n an alkaline solution due to its relatively low electrode potential 

nd dissolution activation energy [ 50 , 51 ]. In theory, the catalytic 

ehavior of the HER is heavily influenced by the Gibbs free energy 
ig. 8. (a) Top and side views of the PMo-CoNiS, (b) The Bader charge density differenc

oNiS, Mo-CoNiS, and PMo-CoNiS. (d) Calculated free energy diagram of H adsorption for

26
f hydrogen bonding ( �GH∗ ). A | �GH∗ | value close to zero indi- 

ates exceptional activity, signaling an optimal strength for both H 

dsorption and desorption [ 52 , 53 ]. The free energy of intermediate 
∗ adsorption ( �GH∗ ) for CoNiS, Mo-CoNiS, and PMo-CoNiS was 

alculated in Fig. 8 (d), of which the �GH∗ value of PMo-CoNiS is 

.39 eV, significantly lower than those of Mo-CoNiS (0.65 eV) and 

oNiS (1.23 eV), illuminating that the dual doping of P and Mo 

an enhance the binding with H intermediate and substantially in- 

rease the intrinsic HER activity. Moreover, the adsorption energies 

f H2 O molecules ( �EH2O ) on the surfaces of CoNiS, Mo-CoNiS, and 

Mo-CoNiS models were computed, as they play a crucial role in 

n alkaline HER and water splitting (Fig. S23). Notably, neither ex- 

essively high nor low adsorption energy is favorable for the des- 

rption or adsorption of �EH2O , as it results in a higher energy bar- 

ier for the reaction [ 40 , 54 ]. PMo-CoNiS exhibits an optimal �EH2O 

alue of −0.143 eV compared to Mo-CoNiS (−0.146 eV) and CoNiS 

−0.134 eV). This demonstrates an appropriate binding strength of 

2 O molecules on the surface of PMo-CoNiS, facilitating the water 

dsorption process. Consequently, the optimized �GH∗ and more 

avorable H2 O adsorption processes collectively facilitate the high 

erformance for HER, highlighting the advantages of PMo-CoNiS as 

n efficient catalyst. 

Furthermore, DFT calculations were employed to elucidate the 

mproved intrinsic OER activity of PMo-CoNiS through doping. 

ig. 8 (e) displays the OER pathways for both original and doped 

oNiS under an external bias of 0 V, respectively, disclosing the 

ibbs free energy of various oxygen-containing intermediates, in- 

luding ∗OH, ∗O, and ∗OOH. It can be observed that the rate- 

etermining step (RDS) of CoNiS is the third step (∗O→ 

∗OOH), re- 

uiring a high overpotential of 0.857 V, which significantly im- 

edes the OER process. After Mo doping, the overpotential is re- 

uced to 0.832 V, indicating accelerated OER kinetics. Notably, the 

DS shifts to the second step involving the reaction from ∗OH to ∗O 

or dual-doping PMo-CoNiS, and the required overpotential is sub- 

tantially reduced to 0.543 eV. Based on the Gibbs free energy dia- 

rams, the significant overpotentials result from the strong binding 

etween the reaction intermediates and the sites. To explore the 

elationship between the electronic structure and the OER perfor- 
e and electron transference of PMo-CoNiS. (c) The total density of states (DOS) of 

 PMo-CoNiS, (e) Calculated free energy diagram of OER intermediates ( U = 0). 



X. Yang, H. Shen, X. Xiao et al. Journal of Materials Science & Technology 204 (2025) 18–28

m

t

T

a

s

c

b

a

[

w

a

a

C

d

c

c

t

C

f

c

c

t

t

b

s

o

r

e

t

s

s

4

d

t

t

p

t

t

O

a

O

l

a

t

o

T

t

b

fi

D

c

i

A

N

t

S

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

[

[
[

[

[  

[  

[  

 

[  

[  

[

[  

[  

[  

[

[  

[  
ance of the catalyst after P, Mo dual doping, we also calculated 

he density of states (DOS) of CoNiS, Mo-CoNiS, and PMo-CoNiS. 

he d-band center value partly reflects the correlation between 

ctive sites’ catalytic activity and the intermediate species’ bond 

trength. According to the d-band theory, a d-band center value 

lose to the Fermi level usually indicates a strong binding affinity 

etween the active sites and the adsorbed species, facilitating the 

dsorption of water molecules and intermediate reactive species 

43] . Conversely, a d-band center value farther from the Fermi level 

ould lead to a weaker binding affinity, facilitating rapid hydrogen 

nd oxygen desorption. In Fig. 8 (c), the PMo-CoNiS sample exhibits 

n appropriate d-band center value (−1.55 eV), compared to Mo- 

oNiS (−1.53 eV) and CoNiS (−1.59 eV). In addition, we performed 

ifferential char ge density calculations to analyze the electronic re- 

onstruction. As shown in Fig. 8 (b), yellow stands for accumulated 

harge, and blue signifies lost charge. It is evident from the analysis 

hat the electrons lost 0.83 eV in Mo-CoNiS compared to undoped 

oNiS, indicating a high Co charge loss after Mo doping. However, 

or PMo-CoNiS, the Co atoms at the active sites show a smaller 

harge loss of 0.77 eV, and the S sites accumulated 0.013 eV. These 

harge accumulation and depletion create a built-in electric field 

hat promotes the transfer of charges at the interface. Such charge 

ransfer of metal atoms at the interface optimizes the interaction 

etween the metal atoms and the reaction intermediates. The re- 

ult indicates that doping of P and Mo can cause a redistribution 

f the electronic structure, thereby enhancing the electron envi- 

onment for electrocatalytic reactions [49] . Thus, dual-doping het- 

rogeneous CoNiS can efficiently modulate the charge transfer be- 

ween the catalyst and the intermediate, altering the adsorption 

trength and the Gibbs free energy of the reaction, and ultimately 

trengthening both the OER and HER catalytic activity. 

. Conclusions 

In conclusion, we have successfully fabricated novel P and Mo 

ual-doped CoNiS nanosheet arrays through a facile solvothermal 

reatment, demonstrating excellent catalytic activity for overall wa- 

er splitting. The amorphous/crystalline hybrid nanostructures, by 

recise dual doping of P and Mo, can adjust the electronic struc- 

ure and optimize the adsorption/desorption of H∗, OH∗, and wa- 

er molecules, enhancing the intrinsic activity toward HER and 

ER. As a result, ultralow overpotentials of only 156 and 58 mV 

re required to achieve a current density of 10 mA cm−2 for 

ER and HER, and the electrocatalyst PMo-CoNiS also exhibited 

ow Tafel slope and maintained robust stability for 48 h under 

 large current density of 50 mA cm−2 in alkaline media. Fur- 

hermore, the assembled electrolyte cell for overall water splitting 

nly needed 1.48 V to achieve the current density of 10 mA cm−2 . 

his work showcases a low-cost catalyst with excellent intrinsic ac- 

ivity, providing a new approach for designing high-performance 

ifunctional electrodes in a wide range of electrocatalytic 

elds. 
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