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Abstract 

Amorphous transition-metal-phospho-borides (TMPBs) are emerging as a new class of 

hybrid bifunctional catalysts for water-splitting. The present work reports the discovery of 

CoWPB as a new promising material that adds to the smaller family of TMPBs. The 

optimized compositions, namely Co4WPB5 and Co2WPB1 could achieve 10 mA/cm2 at 

just 72 mV and 262 mV of overpotentials for hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER), respectively, in 1M KOH. Furthermore, the catalyst showed good 

performance in a 2-electrode assembly (1.59 V for 10 mA/cm2) with considerable stability 

(70 h stability, 10000 operating cycles). Detailed morphological and electrochemical 

characterizations unveiled insights into the role of all elements in catalyst's improved 

performance. The presence of W was found to be crucial in improving the electronic 

conductivity and charge redistribution, making CoWPB suitable for both HER and OER. In 

computational simulation analysis, two configurations with different atomic environments, 

namely, CoWPBH and CoWPBO were found to have the lowest calculated overpotentials for 

HER and OER, respectively. It was found that the surface P-sites in CoWPBH were HER-

active while the Co-sites in CoWPBO were OER-active sites. The study presents new 

knowledge about active sites in such multi-component catalysts that will foster more 

advancement in the area of water electrolysis.  
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1. Introduction  

To fulfill the increasing energy demands caused by the meteoric rise in the global 

population, green energy sources such as hydrogen (H2) must be included in the energy mix.1 

H2 has been accepted as an ideal energy carrier owing to its high energy density and the 

possibility of being a zero-carbon entity.2 H2 is also a crucial feedstock for steel, chemical, 

cement and similar other industries, adding to its significance.3–5 There are several methods 

to produce H2 but the cleanest one with practically zero carbon emission, producing the so-

called ‘green H2’ is electrocatalytic water-splitting.6 Electrolysis of water is over a 100-year-

old industrial technique but the recent unprecedented demand of H2 has created the need for 

improved methods. Amongst the current commercial technologies, anion exchange 

membrane water electrolyzers (AEMWEs) hold an edge over the incumbent alkaline and 

acidic water electrolyzers, owing to their compact design and non-reliance on platinum 

group metal (PGM) based electrodes.7 Moreover, they offer the promise of scaling up to the 

Terawatt scale, needed to power large communities and industries. However, one of the key 

challenges with AEMWEs is the unavailability of electrode materials that simultaneously 

show good efficiency and long-term stability, suitable for implementation in commercial 

stacks. 

As the alkaline conditions in an AEMWE allow the use of non-noble metals, 

electrocatalysts belonging to the transition metal categories are promising candidates for 

making electrodes. Transition-metal-based nitrides, chalcogenides, phosphides, and borides 

are amongst the commonly used alkaline-stable electrocatalysts for hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER),8–10 with each of them offering certain 

pros and cons. For instance transition-metal based electrocatalysts such as 

La0.6Sr0.4Co0.9Fe0.1O3‑δ perovskite,11 Fe-CoP cage,12 and Co-MnO2
13

 showed better OER 

activity while Co-Mo-P@C,14 NG@Co@Zn,15 MoNiS@NiS/CC16 displayed better HER 
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activity. In the past few years, transition-metal phospho-borides (TMPBs) have been 

developed as a hybrid catalyst that combines the properties of transition-metal borides and 

phosphides. For instance, amorphous cobalt phospho-boride (CoPB) has been reported for 

HER and OER in alkaline electrolytes by various groups.8–10 CoPB shows unique electronic 

behavior due to the re-distribution of electron density between Co, P, and B, leading to a 

HER mechanism different from that observed in pure borides or phosphides. It has been 

demonstrated theorotically17 as well as experimentally18–21  that amorphous 

electrocatalysts exhibit superior electrochemical activity in comparison to their crystalline 

counterparts. The enhanced electrochemical activity of amorphous structures is attributed to 

the presence of a large number of highly active uncoordinated multicatalytic sites and unique 

electronic behavior inherent in the amorphous nature.8,22,23 Owing to their improved 

catalytic rates, other configurations of phospho-borides, such as NiPB, FePB, etc.10 have 

also been reported. In the past, our group reported a bi-metallic phospho-boride catalyst in 

the form of CoMoPB23 that exhibited ultra-low OER overpotential, making it one of the 

most active non-noble OER catalysts. After the initial report on bi-metallic phospho-borides, 

subsequent studies have unveiled a handful of other electrocatalysts (W,P-FeB24, Co-Fe-B-

P25, P-doped Co3O4-δ
26, B-doped Ni2P

27, Fe-Ni-P-B-O Nanocages28, NiVFe-B-P 

LDHs@NF29) that have demonstrated noteworthy performance for either HER or OER. 

Notably, recent research has also highlighted similar bimetallic TMPBs which exhibit 

bifunctionality for overall water splitting (Co-Fe-B-P30, Co-Mo-B-P/CF31, Ni-2Fe-BP32, Ni-

Fe-PB33, CoPB/rGO10). While these electrocatalysts have yielded promising outcomes, it is 

worth noting that the underlying factors contributing to their exceptional performance have 

rarely been explored in these reports. Hence, there is a pressing need to recognize the role 

of each element and catalytic sites within these multi-component compounds, allowing for 

further refinement to achieve activity levels comparable to those observed in PGMs. In the 
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present study, an attempt has been made to get a deeper understanding of bi-metallic 

phospho-borides by employing a combination of computational simulation studies, 

alongside the customary electrochemical and morphological characterizations to pinpoint 

the exact active sites. 

 With a goal to design new materials that can go beyond the current state-of-the-art in 

metal phospho-borides and gain a fundamental understanding of this new class of hybrid 

electrocatalysts, we report the results obtained for new amorphous CoWPB electrocatalysts. 

W was chosen as the second metal due to its ability to enhance the conductivity of the 

material22,34 and it also acts as an atomic barrier that helps in avoiding the agglomeration of 

the  catalyst to improve the BET surface area.22,35,36 These bimetallic phospho-boride were 

optimized and evaluated as a bifunctional electrocatalyst for HER and OER, in alkaline 

electrolytes. Different compositions of CoWPB showed remarkable performance for HER 

and OER, suggesting separate active sites for each reaction. A better understanding of the 

active sites in the complex amorphous structure of CoWPB and the specific role of each 

element was obtained through computational investigations. The discovery of this new 

member catalyst in the phospho-boride family and the new insights gained in this work will 

add to the missing knowledge about these materials and serve as exemplary in the future. 

This work will also showcase that easy to synthesize bi-metallic phospho-borides have the 

potential to achieve new benchmarks in electrocatalytic water-splitting, making them 

suitable for incorporation and upscaling in AEMWEs. 

 

2. Material and methods 

2.1. Experimental Sections 

2.1.1. Materials: 
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Cobalt chloride hexahydrate (CoCl2.6H2O, 99%, Researchlab), sodium tungstate 

(Na2WO4.2H2O, 98%, Researchlab), sodium hypophosphite (NaH2PO2.H2O, 99%, 

Researchlab), sodium borohydride (NaBH4, 98%, Researchlab), potassium hydroxide 

pellets (KOH, 99%, Researchlab), sodium hydroxide pellets (NaOH, 99%, Researchlab), 

ethanol (C2H5OH, 99%, Researchlab), acetone (C3H6O, 99%, Researchlab), Hydrochloric 

actid (HCl, 98%, Researchlab). Deionized (DI) water was used as the general-purpose 

solvent. Nickel foam was acquired from Dtech solutions, India. 

2.1.2. Synthesis of electrocatalyst: 

CoWPB catalyst powders were synthesized using the well-established chemical reduction 

method. An aqueous mixture of cobalt chloride (CoCl2.6H2O), sodium tungstate (Na2WO4. 

2H2O) and sodium hypophosphite (NaH2PO2.H2O) was prepared in desired molar ratios. To 

this mixture, an appropriate amount of sodium borohydride (NaBH4) was added at once, 

under vigorous stirring. With the addition of NaBH4, the color of the mixture turned black 

and effervescence was seen, which is an indicator of the instantaneous reduction of metal 

salts. Here, NaBH4 plays a dual role, as the main reducing agent and also source of the boron. 

Based on previous reports,8,17 the molar ratio (B+P)/Co (ratio of moles of B and P to metal 

precursors) was kept constant at three to ensure the complete reduction of Co and W. After 

30 min of stirring, the effervescence ceases and the black precipitate was separated by 

centrifugation, followed by washing with deionized water and ethanol. To optimize the 

catalyst composition, the molar percentage of W/(Co+W) and B/P ratio were varied, as listed 

in Table S1. The various catalyst compositions will be represented as CoxWPBy, where x 

denotes the W/(Co+W) molar percentage and y denotes the B/P molar ratio. For instance, 

the catalyst with W/(Co+W) percentage of 4 and B/P ratio of 5 will be denoted as Co4WPB5. 

As a reference, CoxWB and CoPBy samples were also prepared using the same method but 

without the addition of P and W in the mixture, respectively. 
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2.1.3. Structural and morphological characterizations: 

XRD (Rigaku miniflex) equipped with a radiation source of Cu Kα with λ =1.5441 nm was 

used in the θ-2θ configuration to analyze the crystallinity of the materials. The surface 

morphology and size distribution of the catalyst powders were identified using scanning 

electron microscopy (SEM, 7001F, JEOL) and scanning transmission electron microscope 

(STEM, JEOL 2100+). Selective area electron diffraction (SAED) patterns were also 

obtained using the same equipment. Electron dispersive spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS, Versaprobe III, PHI) were used to investigate the bulk 

and surface elemental composition, respectively. Brunauer, Emmett and Teller (BET) 

adsorption-desorption curves were obtained (Micrometric 3-Flex 3500 Gas Sorption 

Analyzer) to determine the specific surface area of the catalyst powders. 

2.1.4.  Fabrication of working electrode: 

For the preparation of the working electrode, 5 mg of catalyst powder was mixed with 1 

ml of ethanol and sonicated for 10 min to form a homogenous catalyst ink. Separately, 20 

μl of Nafion was added in 0.5 ml ethanol and sonicated for 1 min to prepare the binder 

solution. Finally, 10 μl of binder solution was deposited onto the glassy carbon (GC) 

electrode (3 mm diameter, CH instruments), followed by 20 μl of catalyst ink, resulting in a 

loading of ~1.4 mg/cm2. A similar process was used to deposit the catalysts on nickel foam 

(NF) substrate (1 cm X 0.5 cm), achieving a similar catalyst loading. Prior to deposition, NF 

was cleaned by ultrasonication in 1M NaOH, followed by acetone (5 min) to remove the oil, 

grease and other impurities on the surface37–39. After cleaning, the NF surface was activated 

by ultrasonication in 10% HCl solution (5 min). Finally, the activated NF was rinsed with 

DI water and dried in the air. 
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2.1.5. Electrochemical characterizations: 

A conventional 3-electrode system was used to perform all the electrochemical 

characterizations using an electrochemical workstation (CHI6011E). The setup consisted of 

catalyst coated GC as the working electrode, a platinum counter electrode (2mm dia.) and a 

saturated calomel electrode (SCE) as the reference. 1M KOH (pH 14) was used as an 

electrolyte for all the measurements. To eliminate the possibility of Pt contamination and 

ascertain the repeatability of the obtained results, the electrochemical tests were also 

performed using a graphite rod as a counter electrode. The measured potentials were 

converted with respect to the reversible hydrogen electrode (RHE) by adding a value of 

+1.067 V,8 according to the Nernst equation E(RHE) = E(SCE)
0 + 0.059*pH where E(SCE)

0
 = 

0.241 and pH = 14. 

The linear polarization measurements for HER and OER were performed at a scan rate of 

2 mV/s to minimize the background currents. The electrolyte was continuously stirred to 

avoid the accumulation of bubbles over the GC electrode and also minimize the mass 

transfer limitations. Prior to HER measurements, a constant reducing potential was applied 

to the working electrode until the current was stabilized. Likewise, prior to OER, the catalyst 

surface was activated by applying anodic linear potential at a scan rate of 2 mV/s, which 

also yielded the pre-OER oxidation peaks. The HER and OER experiments were repeated 

multiple times to ascertain the obtained data. Electrochemical impedance spectroscopy (EIS) 

was performed upon the activated catalyst to determine the solution (Ru) and charge transfer 

(Rct) resistance. The measured value of Ru was used for iR compensation and the calculated 

values were manually subtracted from the observed potentials. Tafel slopes were calculated 

by linear fitting the graph obtained by plotting the log of current density log (i) against the 

overpotential (ƞ). To determine the double layer capacitance (CDL), cyclic voltammetry (CV) 

scans were recorded at different scan rates (20, 40, 60, 80, 100, 120 mV/s) in the non-
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Faradaic range within ± 100 mV across the open circuit potential (OCP). Based on this 

graph, the difference in cathodic and anodic current densities at OCP (ΔJ) were plotted 

against the corresponding scan rates to determine the value of CDL. Electrochemical active 

surface area (ECSA) was then calculated using equation S1. Turnover frequency (TOF) 

values were estimated using the method reported in previous work.40. Faradaic efficiency 

was obtained using the procedure mentioned in the supporting information. The long-term 

stability of the catalysts was assessed by performing chronoamperometric tests at a constant 

potential for 70 h and the recyclability of the catalyst was tested by recording LSVs for 

10000 cycles at a scan rate of 100 mV/s on GC electrode. 2-electrode measurements were 

performed by directly using the most active CoWPB compositions as cathode and anode 

catalysts. 

 

2.2. Computational Studies 

Density functional theory-based QUANTUM ESPRESSO code,41 with Perdew-Burke-

Ernzerhof (PBE) generalized gradient approximation (GGA) 42 as an exchange-correlation 

functional was used for ground state energy calculations. Ultrasoft pseudopotential was used 

along with a plane wave cut-off of 60 Ry and a charge density cut-off of 600 Ry. For 

structural relaxation and electronic properties, a gamma-centered k-mesh grid of 4×4×1 and 

8×8×1, was utilized, respectively. Initially, an amorphous model of Co-B with 64 atoms was 

developed using molecular dynamics (MD) simulation with Car-Parrinello dynamics.43 

Detailed procedure and simulation parameters are provided in our previous work.22 The 

constructed amorphous structures contain forces and stresses as they are equilibrated at 300 

K. In order to minimize the energy of the system, volume and position optimization was 

carried out with a force threshold of 10-3 Ry/Å. To assess catalytic activity, a threefold CoB 

site (TF-2CoB), as discovered in our previous work22 to be the most active site, was exposed 
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by adopting a slab configuration based on the prepared amorphous CoB. This configuration 

included a 15 Å vacuum layer to mimic the slab model, thus eliminating any possible vertical 

interactions arising from periodic images. The incorporation of W atoms at Co sites was 

done according to previously reported optimized sites22 which also served as the starting 

point for constructing CoWPB structures. The two CoWB models that provided the best 

sites for HER and OER labeled as CoWBH (Fig. S1a) and CoWBO (Fig. S1b) were chosen 

for incorporation of P atoms at B sites to obtain the amorphous CoWPB models. The B 

atoms that surround the most active TF-2CoB site (marked with a red star in Fig. S1) are 

substituted by P atoms. Four such B-sites were identified for substitution, as marked with 

red circles in Fig. S1 and the sites are labeled as: (1) P_Co1, (2) P_Co2, (3) P_2Co, and (4) 

P_direct. Two different CoWB and four different possible sites for P incorporation led to 

the generation of 8 different structures of CoWPB. HER and OER were simulated over these 

8 models, by considering Co or P as the active sites. Details regarding the calculation of 

Gibbs free energy and overpotential are provided in the Supporting Information. 

3. Results and discussion  

Owing to the presence of multiple elements in CoWPB, it becomes customary to identify 

the optimum concentration of metals (Co, W) and metalloid/non-metal (B, P) in CoWPB. 

To achieve this optimization, the ratio of elements in CoWPB was varied and the most 

optimum configuration was screened based on the overpotential values at 10 mA/cm2 of 

current density for HER and OER (Fig. S2, Table S1). The sample with a W/(Co+W) molar 

concentration of 4% and B/P ratio of 5 (termed as Co4WPB5) showed the lowest HER 

overpotential while the one with W/(Co+W) molar concentration of 2% and B/P ratio of 1, 

termed as Co2WPB1, showed the lowest OER overpotential (Table S1, Fig. S3). Thus, 
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Co4WPB5 and Co2WPB1 were primarily used for all further characterization and analysis. 

The SEM images show that Co4WPB5 has agglomerated nanoparticle-like morphology 

Figure 1: SEM images of (a) Co4WPB5 and (b) Co2WPB1 samples, TEM 

micrographs for (c) Co4WPB5 and (d) Co2WPB1 along with the 

corresponding diffraction patterns (inset), (e) N2 adsorption-desorption 

isotherms and (f) XRD patterns for Co4WPB5 and Co2WPB1 

electrocatalysts. 

 (Fig. 1a), while Co2WPB1 has nanoflake-like morphology along with small number of 

nanoparticles (Fig. 1b). The calculated size distribution (Fig. S4) shows an average particle 

size of 52.3 ± 5.4 nm for Co4WPB5 and average planar width of 43.4 ± 4.3 nm for 

Co2WPB1. The nanoparticulate and flake-like morphologies of Co4WPB5 and Co2WPB1, 

respectively, were also supported by their TEM micrographs (Fig. 1c,d). HRTEM images 

of Co4WPB5 and Co2WPB1 (Fig. S6a, b) show absence of any lattice fringes. It is 

noteworthy that the sources of B and P, i.e. NaBH4 and NaH2PO2 are both reducing agents 
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but NaBH4 is far stronger than NaH2PO2.
8 When NaBH4 is used for such types of aqueous 

reduction reactions, it is generally observed that the reaction is exothermic and highly 

spontaneous, which leads to the formation of amorphous nanoparticles, as observed in 

several reports.17,40 Here, a similar phenomenon was manifested in all the samples where 

only NaBH4 was used, for instance in Co4WB and Co2WB (Fig. S5a,b and S6c,d). In the 

case of Co4WPB5, the molar ratio of NaBH4 is 5 times higher than that of NaH2PO2 and 

hence the overall reaction rate is dictated by NaBH4, leading to the formation of 

nanoparticles. A similar observation was made for the CoPB5 sample (Fig. S5d and S6e). 

Being a mild reducing agent, the reaction precedes slowly in presence of NaH2PO2 leading 

to the formation of flake-like morphology,8 as also observed from the SEM image of CoP 

(Fig. S5c). Moreover, the flake-like morphology was persistently observed where an equal 

molar ratio of NaBH4 and NaH2PO2 was used, such as in CoPB1 (Fig. S5e and S6f), and 

that explains the formation of flake-like morphology in Co2WPB1 (Fig. 1b,d). Though the 

nanoflake morphology is the dominant one, a small number of nanoparticles can also be 

seen that could be an effect of the competing reduction reaction with NaBH4. Irrespective 

of their different morphologies, the specific surface area obtained from N2 adsorption-

desorption isotherms (Fig. 1e) showed similar values for both Co4WPB5 (31.3 m2/g) and 

Co2WPB1 (30.4 m2/g). Furthermore, when comparing the CoWPB catalysts with their 

counterparts (Fig. S7), it becomes evident that both CoWPB and CoWB exhibit significantly 

higher BET surface areas in comparison to CoPB, as well as the previously reported CoB 

catalyst (28.9 m²/g).17 This suggests that the introduction of W into CoPB and CoB has led 

to an increase in specific surface area, which can likely be attributed to a reduction in particle 

agglomeration, as W functions as an atomic barrier between the CoPB particles, similar to 

previously reported for CoWB.22 SAED pattern obtained from TEM reveals diffused rings 

surrounding the central maxima in all the samples (inset in Fig. 1c,d and S6c-f). This 
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characteristic pattern indicates that the catalysts possess an amorphous nature. Such 

disordered structure was further supported by XRD pattern (Fig. 1f and S8) that clearly 

shows a single broad hump centered at 2θ = 45°, typical of amorphous metal borides.8,22,40 

In such amorphous systems, identification of the elemental chemical states becomes even 

more important to predict the chemical properties of the catalyst. TEM-EDS maps for 

Co4WPB5 (Fig. S9a) and Co2WPB1 (Fig. S9b) show the uniform distribution of Co, W 

and P across the sample. 

 Figure 2: High-resolution XPS spectra for (a) Co 2p, (b) W 4f, (c) P 2p, and (d) B 1s 

levels in Co4WPB5 (upper panels) and Co2WPB1 (lower panels). 

Owing to the detection limit of the EDS detector, the distribution of B could not be 

confirmed accurately as its atomic number is low and its signal overlaps predominantly with 

carbon.44 For more precise identification of the surface chemical states, XPS was used and 

the atomic percentages of all elements present on the surface of Co4WPB5 and Co2WPB1 

obtained from XPS are summarized in Table S2. In Co4WPB5, XPS spectra for Co2p3/2 

(Fig. 2a, upper panel) display two peaks at binding energy (BE) of 777.8 eV and 781.0 eV, 

representing the metallic Co0 as well as oxidized Co3+ state, respectively.45 A higher energy 

satellite peak was observed at 785.7 eV. The similar set of peaks corresponding to metallic 

and oxidized Co in the Co 2p1/2 level were also observed.45 Deconvolution of W 4f level 

(Fig. 2b, upper panel) results in two peaks with BEs of 35.1 eV and 37.2 eV, both of which 
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correspond to the oxidized W6+ state.22 For the P 2p level (Fig. 2c, upper panel) the spectra 

depict an elemental P0 peak (129.3 eV) and an oxidized peak (133.0 eV) belonging to 

orthophosphate functional group.8,46 Likewise, the deconvoluted B1s levels (Fig. 2d, upper 

panel) display peaks at 188.0 eV corresponding to elemental B (B0) while the peak at 191.2 

eV corresponds to oxidized B2O3.
8 Moreover, the Co0 and P0 peaks were negatively shifted 

by 0.3 eV and 0.6 eV, respectively, compared to their pure elemental states (778.1 and 129.9 

eV respectively).8 On the other hand, B0 peak was positively shifted by 0.9 eV from that of 

pure B (187.1 eV),17 confirming the interplay of electronic charges between Co, P, and B 

that eventually might modulate the H-adsorption energies at the active sites. This 

characteristic charge transfer can also be observed in CoPB and CoWB electrocatalysts (Fig. 

S10). The CoPB displays a negative shift of 0.6 eV in P0 peak (129.6 eV) of P 2p state and 

a positive shift of 0.9 eV in B0 peak (188.0 eV) of the B 1s state. Similarly, the B 1s state of 

CoWB shows a positive shift of 0.8 eV in B0 peak (187.8 eV). The negative shift in BE of 

Co and P (positive shift in BE of B) represents a gain of electrons (loss of electrons), a 

characteristic phenomenon observed in transition metal borides and phosphides.8,17,22 Such 

modulation of electronic charge may create optimal active sites for HER reaction. The XPS 

spectra of Co2WPB1 show similar features as Co4WPB5 but with a few key exceptions. For 

instance, Co 2P3/2 spectra of Co2WPB1 (Fig. 2a, lower panel) show no evidence of metallic 

Co0 and Co exists only in the oxidized Co3+ state (781.8 eV). In comparison to Co4WPB5, 

the peak attributed to Co3+ state is positively shifted for Co2WPB1 thus suggesting a higher 

degree of oxidation. W 4f spectra (Fig. 2b, lower panel) show BE peaks at 35.5 eV and 37.7 

eV suggesting the existence of W in the oxidized form. For P 2p (Fig. 2c, lower panel) and 

B 1s (Fig. 2d, lower panel) states, again no elemental peaks were present and only those 

corresponding to oxidized states were noticed. The presence of all the elements in their 

oxidized states could potentially be advantageous for the OER, as it involves the 
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transformation of catalyst surfaces into higher oxidation state species. The absence of 

electronic charge modulation in Co2WPB1, in contrast to Co4WPB5, suggests that the 

existence of complementary active sites on the surface of CoWPB are controlled by the B/P 

ratio as well as W/(W+Co) ratio. 

Figure 3: (a) Cathodic polarization curves (inset shows the corresponding Tafel plots), (b) 

Nyquist plots (with the equivalent fitting circuit as an inset) at - 0.15 V vs RHE, 

and (c) Plot of ΔJ (at OCP) vs scan rate for Co4WPB5 along with the reference 

catalysts (Co4WB, and CoPB5) in 1 M KOH.  (d) Anodic polarization curves 

(inset shows the corresponding Tafel plots), (e) Nyquist plots at 1.66 V vs RHE, 

and (f) Plot of ΔJ (at OCP) vs scan rate for Co2WPB1 along with the reference 

catalysts (Co2WB, and CoPB1) in 1 M KOH.  

The electrochemical screening of the different catalyst compositions (Fig. S2a, S3a, and 
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comparison. Fig. 3a shows the LSV scan for the best HER composition (Co4WPB5) along 

with that for the reference electrocatalysts (Co4WB, CoPB5 and Pt). Co4WPB5 shows an 

η10 and η100 values of mere 72 mV and 179 mV which are higher than Pt but are considerably 

lower than Co4WB (104 mV@10, 227mV@100) and CoPB5 (145 mV@10, 235mV@100). 

The Tafel slope values of Co4WPB5 (64.1 mV/dec), Co4WB (77.1 mV/dec), and CoPB5 

(97.5 mV/dec) indicate Volmer-Heyrovsky mechanism for HER (inset of Fig. 3a).30,47 The 

Nyquist plots (Fig. 3b) obtained from EIS denote a drastic decrease in the Rct for Co4WPB5 

(4.7 Ω) when compared to Co4WB (10.6 Ω) and CoPB5 (10.9 Ω), confirming better 

interfacial charge transfer characteristics in Co4WPB5. Likewise, the calculated CDL values 

(from CV curves in Fig. S12a-c) are much higher for Co4WPB5 (2.3 mF/cm2) as compared 

to Co4WB (1.4 mF/cm2) and CoPB5 (1.8 mF/cm2) (Fig. 3c). On comparing the obtained 

CDL values and that of a perfectly planar Co surface (0.040 mF/cm2),24 the ECSA of 

Co4WPB5 was calculated to be 57.5 cm2 which was noticeably higher than Co4WB (34.5 

cm2) and CoPB5 (45.0 cm2). The highest ECSA value achieved with Co4WPB5 is in 

agreement with that of the maximum BET surface area. These findings suggest that the 

inclusion of W and P in optimized amounts leads to higher specific and electrochemical 

surface area that offers abundant surface-active sites with better interfacial charge transfer 

properties, eventually leading to lower overpotential. 

 Following the HER tests, the catalyst compositions of CoWPB were screened for 

OER (Fig. S2b, S3b, and Table S1) and interestingly Co4WPB5 did not show good OER 

activity but alternately, Co2WPB1 was found to be the best configuration. Co2WPB1 

displayed remarkable OER activity as it could reach 10 mA/cm2 and 100 mA/cm2 at low 

overpotentials of 262 mV and 370 mV, respectively (Fig. 3d). The same current densities 

were achieved at much higher overpotentials with the reference electrocatalysts of Co2WB 

(294 mV@10, 429 mV@100) and CoPB1 (310 mV@10, 454 mV@100). It is noteworthy 
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that the OER activities of Co2WPB1 and both the reference electrocatalysts were 

significantly better than the traditional benchmark RuO2
8 that achieved the same current 

densities at 360 mV@10 and 467 mV@100. Amongst these catalysts, Co2WPB1 portrayed 

the smallest Tafel slope of 85.6 mV/dec (inset of Fig. 3d), which is another indicator of 

improved reaction kinetics.  

OER is a multi-step reaction that proceeds through the formation of oxy-hydroxide 

intermediates on the catalyst surface 48. Some of the first-row transition-metals, such as Co 

and Ni, show redox peaks at potentials lower than the water oxidation potential that indicate 

the surface reconstruction and formation of OER active sites.49,50 Fig. S13 shows the pre-

OER oxidation peaks for Co2WPB1 and the two reference samples. During OER, the Co 

surface is reported to transform from Co2+ to Co3+ state in the oxidation potentials range of 

1.15-1.25 V and from Co3+ to Co4+ state at slightly higher oxidation potentials (1.29- 1.32 

V),51 providing the most active sites. In the case of Co2WPB1, two distinct oxidation peaks 

corresponding to these higher oxidation state transformations are observed, whereas the 

Co2WB and CoPB1 electrocatalysts exhibit a single broad peak (Fig. S13). Upon 

deconvolution of this broad peak, two separate peaks representing these oxidative 

transformations emerged but with a less pronounced higher oxidation peak in contrast to 

Co2WPB1 (Fig. S14 and Table S3). The observed oxidation behavior implies that the 

presence of W and P promotes the formation of active CoOOH species (Co3+) and their 

conversion to Co4+ species on the catalytic surface, facilitating the OER. Co2WPB1 also 

showed the smallest Rct (7.5 Ω) compared to reference Co2WB (13.9 Ω) and CoPB1 (10.8 

Ω) (Fig. 3e). The calculated CDL values (from CV curves in Fig. S12d-f) were 1.5 mF/cm2, 

1.3 mF/cm2 and 1.2 mF/cm2 corresponding to ECSAs of 37.5 cm2, 32.5 cm2, and 30.0 cm2 

for Co2WPB1, CoPB1 and Co2WB, respectively (Fig. 3f). This is a clear manifestation of 

the advantage of simultaneous inclusion of W and P that leads to higher number of 
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electrochemically active surface sites, enhanced charge transfer at interface and generation 

of active CoOOH sites in Co2WPB1, which eventually translates into higher OER activity. 

It must be noted that the HER and OER current densities shown in Fig. 3a and 3d are 

normalized with respect to the geometric surface area of the working electrode, which 

remains the same for all samples. To eliminate the contributions from the higher (specific 

and electrochemical) surface area, all the LSV current values for HER and OER were 

normalized by the BET surface area (Fig. S15a, b) and ECSA (Fig. S15c, d). Here, it 

becomes evident that the HER and OER active catalysts, i.e. Co4WPB5 and Co2WPB1, 

remain the most active configurations, irrespective of their surface area contributions and 

hints at their higher catalytic activity per site. To quantify the intrinsic HER and OER 

activities per catalytic site, turnover frequency (TOF) was calculated for each catalyst,40 as 

presented in Table S4. For HER, Co4WPB5 (0.0793/atom/s) shows a high TOF value that 

is almost 1.2 times higher than CoPB5 (0.0663/atom/s) and 2 times higher than Co4WB 

(0.0403/atom/s). Likewise, for OER, Co2WPB1 (0.0757/atom/s) shows almost 3 times 

higher TOF value than CoPB1 (0.0244/atom/s) and Co2WB (0.0233/atom/s).  

To assess the durability of the optimized HER and OER catalysts, they were subjected to 

multiple recycling and long-term chronoamperometric tests. Remarkably, after undergoing 

rigorous tests involving 10,000 cycles of cathodic and anodic recycling, both Co4WPB5 and 

Co2WPB1 exhibited only marginal declines in their catalytic activities, underscoring their 

robustness for HER and OER (as illustrated in Fig. 4a-b). During the chronoamperometric 

test (inset of Fig. 4a), the HER-active catalyst, Co4WPB5, displayed a slight decrease in 

current density of 100 mA/cm2, maintained over a period of 70 h. For the OER catalyst, 

Co2WPB1 maintained an almost constant current density of 100 mA/cm² throughout the 

entire 70 h test, demonstrating excellent stability for OER (inset of Fig. 4b).  
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Figure 4: Recycling tests depicting the variation in linear polarization curves for (a) HER 

(Co4WPB5) and (b) OER (Co2WPB1) after 10,000 cycles, inset shows the 

steady-state chronoamperometric tests for 70 h; (c) Linear sweep voltammetry in 

2-electrode setup for Co4WPB5||Co2WPB1 deposited on glassy carbon (GC) and 

Ni foam (NF) substrates, along with Pt||RuO2 assembly, inset shows the 

theoretical and experimental H2 yield and the corresponding Faradaic efficiency 

values for Co4WPB5||Co2WPB1; (d) chart comparing the HER and OER activity 

of CoWPB in terms of overpotential with state of the art bifunctional TMPBs; (e) 

10,000 recycling test for Co4WPB5||Co2WPB1 on GC, inset shows the 

chronoamperometric stability test for the same assembly conducted for 70 h at 

1.69 V; (f) Real image of the 2-electrode setup for Co4WPB5||Co2WPB1 on NF, 

powered by AA battery and demonstrating H2 and O2 gases evolving at the 

electrodes. 
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3.1. Overall Water Splitting: 

For commercial relevance, it is often desired to establish the electrocatalytic performance 

of the catalysts in two-electrode assemblies.2 Owing to the bifunctionality of CoWPB, both 

the HER-active and the OER-active configurations were used to construct the cathode and 

anode over GC electrode, respectively, denoted as Co4WPB5||Co2WPB1. As reference data, 

the traditional HER and OER benchmarks of Pt and RuO2 (Pt||RuO2) were also used as 

another set of electrodes. The Co4WPB5||Co2WPB1 assembly required a small potential of 

1.59 V to achieve the current density of 10 mA/cm2 which is 40 mV less than the Pt||RuO2 

assembly (1.63 V) (Fig. 4c). As commercial alkaline water electrolyzers use Ni foam as 

catalyst supports, both the catalysts were coated on Ni foam substrate as well for 

comparison, keeping the catalyst loading constant. The Co4WPB5||Co2WPB1 assembly 

deposited on Ni-foam required a potential of 1.61 V to achieve the current density of 10 

mA/cm2 (Fig. 4c) which shows that the activity of electrocatalysts loaded on GC and NF is 

similar. It is noteworthy that at higher current densities (>40 mA/cm2), 

Co4WPB5||Co2WPB1 assembly outclasses the Pt||RuO2 assembly, establishing its superior 

performance over the noble metal catalysts. To ascertain that the produced current is due to 

hydrogen and oxygen evolution reactions, the gases evolved during the two-electrode 

measurements (for Co4WPB5||Co2WPB1) were quantified and matched with the 

theoretically expected volumes, yielding a Faradaic efficiency ~100% (inset of Fig. 4c). 

Moreover, the observed performance in 2-electrode assembly supersedes the reported 

transition metal phospho-boride electrocatalysts in 1 M KOH, as represented in Fig. 4d as 

well as Table S7. Additionally, the Co4WPB5||Co2WPB1 assembly, designed for overall 

water splitting, exhibited only marginal decline in activity after undergoing 10,000 cycles 

of recycling (Fig. 4e) and a 70 h chronoamperometric test at 100 mA/cm2 (inset of Fig. 4e). 



21 

 

Fig. 4f and Video S1 demonstrates a 2-electrode cell created with Co4WPB5||Co2WPB1 

assembly and powered by a single AA battery (1.5 V). A copious amount of hydrogen and 

oxygen bubbles can be seen on both electrodes, demonstrating the practical relevance of the 

bifunctional CoWPB catalyst.  

Figure 5: (a) SEM and (b) TEM image of Co4WPB5 after HER test; (b) SEM and (d) TEM 

image of Co2WPB1 after OER test, inset images in (b) and (d) are the diffraction 

patterns corresponding to the TEM image; High-resolution XPS spectra for (e) 

Co 2p, (f) W 4f, (g) P 2p and (h) B 1s levels in Co4WPB5 post HER (upper 

panels) and Co2WPB1 post OER (lower panels). 
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coalescence (Fig. 5a, b). On the other hand, Co2WPB1 shows a drastic transformation from 

large flake-like morphology to smaller agglomerated flakes (Fig. 5c, d). In addition to this, 

the amorphous Co2WPB1 structure crystallizes into active CoOOH, as evident from the 

diffraction spots in SAED pattern corresponding to an interplanar spacing of 0.45 nm, 0.24 

nm and 0.15nm of (003),  (012), (110) planes respectively (inset of Fig. 5d).52 The intrinsic 

change in the catalyst surface during the electrochemical activity was examined by 

determining the CDL values (from CV curves in Fig. S16a-d) and hence the ECSA. After 

HER test, a huge increase in CDL can be observed for Co4WPB5, resulting in 5.3 times 

increase in the ECSA from 57.5 cm2 to 307.5 cm2 (Fig. S17a). This drastic increase in the 

ECSA confirms the surface modification conducive for HER by generating surface-active 

sites for H-adsorption. After OER, the CDL value of Co2WPB1 increases marginally (Fig. 

S17b) which can be directly related to the agglomeration of nanoflakes that hinders surface-

to-volume ratio. Despite this setback, the OER activity and stability in Co2WPB1 are 

substantially high owing to the formation of CoOOH active sites.  

To understand the change in the surface chemical states after electrochemical reactions, 

XPS was performed by collecting the electrocatalysts after HER and OER. In Co4WPB5, 

Co2p3/2 spectra (Fig. 5e, upper panel) show the presence of two peaks at BE of 781.0 eV 

and 782.6 eV corresponding to oxidized cobalt. A satellite peak at 786.4 eV was also 

observed, followed by peaks of the Co2p1/2 state. Deconvoluted W 4f spectra (Fig. 5f, upper 

panel) revealed the formation of the metallic peak at 33.1 eV22 along with oxidized forms 

at BE of 34.9 eV and 36.8 eV. P 2p spectra (Fig. 5g, upper panel) showed only oxidized 

phosphorous at BE of 132.8 eV and B1s spectra (Fig. 5h, upper panel) revealed oxidized 

boron at BE of 189.6 eV and 191.8 eV. In Co2WPB1, Co 2p3/2 spectra (Fig. 5e, lower panel) 

depict a peak at BE of 780.4 eV assigned to active CoOOH type species8 along with a 

corresponding satellite peak at 786.9 eV. Similar peaks were observed in the Co2p1/2 spectra. 
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W 4f spectra (Fig. 5f, lower panel) showed metallic (32.9 eV) as well as oxidized tungsten 

(34.6 eV and 36.7 eV). Both P 2p (Fig. 5g, lower panel) and B 1s (Fig. 5h, lower panel) 

spectra exhibit oxidized phosphorous (132.8 eV) and boron (190.3 eV) respectively. This 

suggests that all three elements (Co, P, and B) lose their metallic nature, while W which was 

in an oxidized state initially appears in metallic form after both half-reactions.  

 

4. Computational analysis 

 

Figure 6: Top view of a few layers shown of amorphous Co-WP-B with (a) P_Co2 and (b) 

P_direct [Co, B, W, and P atoms are shown with atoms in blue, green, pink, and 

orange color, respectively] 

To further investigate the reaction mechanism and the specific roles played by each 

element in CoWPB, computational investigation was performed using DFT. For this study, 

CoWB was used as the base model to incorporate P and construct CoWPB cluster. In our 

past study, detailed understanding was developed for enhancement of HER and OER due to 

W incorporation22 in amorphous Co-B, revealing presence of multi-catalytic and selective 

sites.  It was discovered that the W atom interacting with single Co atom (W@Co) and both 
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Co and B atoms (W@Co/B) displayed good OER and HER activity, respectively, which is 

designated as CoWBO and CoWBH in the present study. The four different B atoms around 

these HER and OER active sites of CoWB were selected to insert the P atom resulting in 

eight different models as detailed in the methodology section. Details regarding each 

configuration and its nomenclature are given in Fig. S1 and Table S5. The overpotential 

values calculated for HER and OER over Co and P sites in these eight models are 

summarized in Table S5. Among all eight models, two distinct cases, i.e., P_Co2_Co-WP-

B and P_direct_Co-WP-B exhibit the lowest overpotential values of 0.015V and 0.731V for 

HER and OER respectively. Hereon, both these suitable models of CoWPB for HER and 

OER are termed CoWPBH (Fig. 6a) and CoWPBO (Fig. 6b), respectively, and considered 

for further studies. To analyze the role of W and P in governing the enhancement of catalytic 

activity on simultaneous incorporation, specific configurations containing W and P are 

discussed against their counterparts (CoB, CoWB, and CoPB) containing either W or P only 

with similar nomenclature. 

The reaction free energies were calculated for the two optimal configurations and 

compared with the reference models of CoB, CoPB, and CoWB. The calculated Gibbs free 

energy (ΔG) for HER (Fig. 7a) clearly indicates that CoWPBH has a ΔG value close to zero 

(-0.015 eV), which is representative of the optimal H-bonding strength and explains its 

superior HER kinetics. CoB shows the worst ΔG value, which improves when W or P are 

incorporated individually but the best result is obtained by concomitant inclusion of both W 

and P, as in CoWPBH, which is directly translated into the lowest overpotential (Table 1). 

For OER, the Gibbs free energy diagrams (Fig. 7b-d) denote *O to *OOH formation as the 

rate-limiting step in Co-WP-BO as well as the reference models, at all applied potentials. 

Gibbs free energy of *OH and *OOH follows universal scaling relation with constant 

difference ~ 3.2 ± 0.2 eV,53,54 while enhancement in OER activity requires ideally ∆𝐺𝑂 of 
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about (∆𝐺𝑂𝑂𝐻 + ∆𝐺𝑂𝐻)/2. ∆𝐺𝑂 in CoWPBO shows lowest deviation from its ideal ∆𝐺𝑂 

value resulting in lowest overpotential for OER. The calculated OER overpotentials (Table 

1) confirm that CoWPBO shows the best OER activity, in accordance with the experimental 

results. 

Figure 7: (a) Gibbs free energy for HER at potential U=0 and for OER at potential (b) U = 

0.0, (c) U = 1.23, and (d) U = 1.23 + ηOER for pristine amorphous CoB, CoWB, 

CoPB, and CoWPB cluster (Nomenclature follows Table 1 for respective 

adsorption configurations). 

DOS plot provides information about the orbital interaction along with the activation of 

the atoms in terms of the orbital intensity variation over the surface atoms. DOS, partial 

DOS (PDOS), and orbital DOS (ODOS) are plotted (Fig. 8a and S18) for Co-WP-BH and 

Co-WP-BO, with Fermi energies (EF) of 3.248 and 3.253 eV, respectively. Metallic 

characteristics can be seen for both configurations, although the substitution of P and its 
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interaction with the nearest atom governs the occupation of states around the Fermi level. 

The observed peak shift in PDOS (Fig. 8a) for Co1-3d is due to its orbital overlap with the 

W-atom, while the shoulder intensity variation is a result of Co-3𝑑𝑧2, Co-3𝑑𝑥2−𝑦2 orbital 

interaction with the respective orbitals of W (Fig. S18).  

 

Table 1: Comparative change in Gibbs free energy for rate determining step and 

overpotential for HER and OER over different amorphous systems. 

Model 
HER OER HER/OER 

active site ∆𝑮𝑯∗(eV) 𝜼𝑯𝑬𝑹(V) ∆𝑮(eV) 𝜼𝑶𝑬𝑹(V) 

Co-B 
-0.248 0.248 -- -- Over B 

-- -- 2.1303# 0.900 Over Co1 

Co-W-B 
CoWBH -0.197 0.197 2.5474# 1.317 

Over Co1-

B1 bond 

CoWBO -0.493 0.493 2.0513# 0.821 Over Co1 

Co-P-B 
CoPBH -0.088 0.088 -- -- Over P 

CoPBO -0.452 0.452 2.0803# 0.850 Over Co1 

Co-WP-B 
CoWPBH -0.015 0.015 -- -- Over P 

CoWPBO -- -- 1.9613# 0.731 Over Co1 

† n# is rate determining step ∆𝐺𝑛; 

For OER n#⇒ 1: H2O → OH, 2: OH → O, 3: O → OOH, 4: OOH → O2 
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Here, the interaction of Co3d-W5d orbitals with direct, indirect bonding creates a charge 

conjugation within the system and the charge variation is due to the change in Mulliken 

electronegativity55 of the corresponding atoms. This difference along with the electron 

affinity of the surface atoms may influence an electron to transfer over the catalyst surface 

and contribute towards the redox activity. Electron localization function (ELF) plots were 

obtained by plotting the surface Co, B, and P atoms in their corresponding plane contour 

form to study the electron localization and bonding nature over the surface atoms (Fig. 8 

b,c). 

Figure 8: (a) Total and partial DOS for CoWPBO and CoWPBH, Electron localization 

function for (b) CoWPBH and (c) CoWPBO configuration. 

On the ELF scale, red indicates regions having high electron localization such as covalent 

bonding while blue represents ionic nature and the central green region denotes metallic 

bonding.  In CoWPBH (Fig. 8b), electron localization gradient is seen between Co and B, 

and Co and P atoms suggest metallic bonding between these atoms, whereas P and B atoms 

show covalent-type bonding. The highest charge region is observed around the P atom (red 

region) as a result of its lone pair, which suggests it to be a favorable site for HER. In the 

CoWPBO model (Fig. 8c), the covalent bonding between P and B atoms was missing due to 

their large separation unlike in the previous case. Alternately, the reduced charge gradient 
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between the Co-B atoms showcases charge conjugation over the Co-B bond. The optimized 

electron density over the Co atom would make it more favorable for initiating OER.  

Fig. 9 represents the charge density difference Δρ for HER and OER over the two 

favorable sites, where Δρ  =  ρsystem 
– (ρ

Adsorbent 
+ ρ

Adsorbate). For HER, the H-atom is adsorbed 

over the favorable P-atom, where Δρ over the surface is clearly observed in Fig. 9. Δρ around 

P-H bonding shows depletion region, while e- accumulation is seen between the P-Co 

bonding for neighboring Co-atom. 

Figure 9: Charge density difference for (a) HER (CoWPBH), and (b) OER (CoWPBO), 

where yellow (blue) region denotes accumulation (depletion) of electron. Blue, 

Green, Grey, Plum, and White balls respectively represent Cobalt, Boron, 

Tungsten, Phosphorus, and Hydrogen atom. 

In case of OER, H2O molecule adsorption is seen over the Co-atom, as predicted from 

ELF plots. An e- depletion is observed over the Co-O and O-H bonds while e- accumulation 

takes place over O and Co atoms. For the next OER step, where *OH is formed over the 

surface, e- accumulation over O intensifies with e- depletion is seen over the Co-atom. 
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Similar findings are observed for the third OER step involving *O. At the 4th step, addition 

of another water molecule forms *OOH, where accumulation is seen over O atom while 

depletion over O-H bond and the charge redistribution over the surface atoms enhances the 

surface adsorption. 

Löwdin charge values over each surface atom is represented in Table S56, for CoWPB as 

well as the reference configurations of CoB, CoPB and CoWB for both HER and OER 

models. In CoB, B and Co atoms from TF-2CoB site are active centers for HER and OER, 

respectively. The charges over Co and B atoms in CoB will be taken as reference to 

understand the charge transfer behavior. For HER active site in CoWBH, charges over Co1, 

B1, B2, and B4 atoms decrease, suggesting that the W atom acts as a charge accumulator and 

changes the bonding characteristics of Co1-B1 from metallic to ionic22 enhancing HER 

activity over Co1-B1 bond. In CoPBH, P atom acts as an active site for HER due to charge 

accumulation. When both W and P are present together, as in CoWPBH, there is a 

redistribution of charges across all atoms showing slightly more charge accumulation over 

the P atom and slightly less charge accumulation by the W atom. This synergistic role played 

by W and P creates a delicate charge balance optimizing the binding of adsorbed H over the 

P atom. For OER activity, the Co1 atom remains an active site for all amorphous cases, but 

significant improvement in overpotential is observed after the incorporation of W and P due 

to improvement in the binding of reaction intermediates over the Co1 atom. In OER active 

sites, the P atom shows more charge accumulation than observed in HER active sites. This 

altered charge distribution over the P atom along with the W atom leads to an increment in 

Gibbs free energy of *OH, *O and *OOH reaction intermediates at 0 V as observed in Fig. 

7b along with satisfying scaling relations. In CoWBO, charge transfer occurs from Co and 

B to W atom. Conversely, in CoPBO, P atom leads to charge transfer from interior bulk 

region to surface active site increasing charges over Co1, B and P atoms. Incorporation of 
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both W and P (CoWPBO), shows combined effects of charge redistribution caused by W and 

charge accumulation to surface by P leading to enhanced OER activity. 

Based on the computational analyses, it is now clear that the HER and OER take place 

over two different types of sites, offered by two different configurations of CoWPB, as also 

reflected in the experimental data. The synergistic role played by both W and P leads the 

TF-2CoB site to enhance either HER activity or OER activity in CoWPB by altering the 

binding strength of reactant species. For HER, the P atom acts as the active site in CoWPBH 

while the Co site is found to be the active one for OER. These observations are firmly 

supported by computational data and match well with the experimental observations, 

providing a better insight of such complex multi-component amorphous systems. In 

summary, each element in the catalyst serves a distinct function in enhancing the activity for 

both the HER and the OER. P and Co act as active centers17,22,40,56 for HER and OER, 

particularly in the presence of other elements. On the other hand, tungsten (W) serves to 

prevent agglomeration, thereby increasing the available surface area with a larger number 

of active sites, consequently leading to an expansion in the BET surface area and ECSA. 

 

5. Conclusion 

To conclude, amorphous CoWPB was discovered as a new member of the fast-growing 

phospho-boride family of bifunctional electrocatalysts for overall water-splitting. The 

catalyst was optimized by varying the molar ratio of W/(W+Co) and that of B/P. Co4WPB5 

and Co2WPB1 with B/P ratios of 5 and 1 were the most active for HER (η10 = 72 mV) and 

OER (η10 = 262 mV), respectively, compared to the reference electrocatalysts. Moreover, a 

2-electrode assembly fabricated using Co4WPB5 and Co2WPB1 yielded a much lower cell 

potential (1.59 V at 10 mA/cm2) with good stability (70 h) and excellent recyclability (10000 

cycles). While exploring the role of each element, nanoparticles were observed for 



31 

 

Co4WPB5 with low P concentration, while nanoflakes were evident for Co2WPB1 with 

equal amounts of P and B, implying that the morphology was dictated by the metalloids. 

The presence of W led to enhancement in both physical and electrochemical surface area, 

while electron modulation within the elements was attributed to the cooperative influence 

of B and P. In agreement with experimental results, the computational analyses also depict 

the presence of two distinct types of sites that are conducive for HER and OER, with the 

optimum ΔG obtained with the inclusion of both W and P in the Co-B cluster. The 

distribution of electronic charges across the surface atoms within CoWPB, as well as the 

behavior of charge transfer during both the HER and the OER, revealed that the P-sites 

exhibit the highest activity for HER, while the Co-sites are well-suited for OER. A good 

correlation between the experimental and computational results presented a new 

understanding of the reaction mechanism in such complex amorphous systems. We believe 

that this work will be the starting point of discovering more of such novel multi-component 

amorphous systems and gaining new knowledge that will eventually lead to unprecedented 

material activities. 
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