Synergistic effect in bi-metallic phospho-boride electrocatalyst for alkaline water oxidation 
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Abstract
[bookmark: _Hlk50058491]New oxygen evolution reaction (OER) electrocatalysts based on low-cost elements, which set new benchmark levels of activity, are vital if water electrolysis is to be applied on a global scale. Herein, we report a low-cost bi-metallic phospho-boride catalyst that shows outstanding OER activity of ~195 mV to achieve 10 mA/cm2, in alkaline water electrolysis, with a minimal catalyst loading of 0.3 mg/cm2. The contrasting electron transfer property of the metal borides and phosphides when combined in phospho-boride modulates the electron density of the Co atom, yielding highly active CoOOH species at lower potentials. The addition of Mo at low levels further enhances the activity by increasing the surface area and by formation of nano-crystalline domains. The combined contributions from each of the components results in new benchmark mass activity of 666 A/g at 300 mV overpotential. This work presents a new avenue towards fabricating electrode materials with exceptional performances.









Hydrogen (H2) produced from electrochemical water-splitting, through intermittent renewables (solar and wind), possesses all the essential features as a storage medium. However, the sluggish half-reaction of the oxygen evolution reaction (OER), involving 4 electrons, remains one of the bottlenecks in achieving higher operating efficiencies for water electrolyzers. In search for noble-metal free OER electrocatalysts, pronounced progress has been accomplished in the last few years by engaging more abundant and low-cost first-row transition metals.[1,2] In the form of oxides/hydroxides/oxy-hydroxides, metals such as Ni, Co and Fe have shown satisfactory performances in alkaline electrolytes.[3–7] Layered double hydroxides (LDHs) of these transition metals have even surpassed the most active and stable IrO2 and RuO2 catalysts, largely due to their higher surface areas, but in turn suffer from poor conductivity.[8,9] In addition to these, compounds of transition-metals in the form of phosphides,[10,11] sulphides,[12,13] borides,[14,15] selenides,[16,17] nitrides,[18,19] and carbides[20,21] have emerged as promising low-cost alternatives. In majority of the cases, these compounds are proposed to act as pre-catalysts that transform into reactive oxy-hydroxy (*OOH) species on the surface during OER, while still providing conducting pathways through the core.[22,23] 
	Despite *OOH formation being the crucial step in OER, the activity and quantity of these species depend on the initial features of the pre-catalyst such as: the composition, primary interactions, and positioning of the constituent elements; the pre-catalyst morphology; and the structure and defects present.[22,23] Among several strategies implemented to tune these features, the promoting effect of multi-metallic compounds comprising of two or more transition-metals is reported,[24,25] but multi-component compounds with two metals and two non-metals (or metalloids) have rarely been explored.[26,27] Recently, metal compounds containing P and B together, herein termed as phospho-boride (PB), showed improved electrocatalytic rates, owing to their unique properties which are different from either borides or phosphides.[28–30] For instance, in metal borides, B donates electrons to Co while in metal phosphides, Co donates electrons to P. This opposing electron transfer mechanisms in metal borides and phosphides, when combined in a PB, generates metal sites with an optimal electronic density for interaction with reactants and products.[29–31] Although this characteristic of a single-metal PB is established, the synergistic effect created by presence of multi-metals in PBs has been seldom investigated. 
Herein, we report for the first time, a bi-metallic phospho-boride catalyst (Co-Mo-PB), synthesized by a simple chemical reduction technique. We show that by tuning the composition of B and P, it is possible to facilitate the formation of active CoOOH species at low overpotentials. It is proposed that this is achieved through balancing the differing electron transfer characteristics (from B to Co and Co to P) in Co-Mo-PB to produce an optimum electron density over Co sites.  At the same time, Mo is included to increase the surface area and produce nano-crystalline domains containing under-coordinated sites. The specific role played by each element in creating a synergistic effect and producing an outstanding OER activity is investigated.    
Co-Mo-PB catalysts were synthesized using a chemical reduction method by varying the molar ratios of Mo and B/P. Amongst all the permutations (Table S2),  and B/P molar ratios, with 2% and 1, respectively, displayed the outstanding OER activity (overpotential below 200 mV for 10 mA/cm2). Thus, all the physical characterizations were limited to this optimized Co-Mo-PB catalyst, along with the control samples. Although, SEM (Fig. S1) and STEM (Fig. S2 and Fig. 1a, 1b and 1c) micrographs obtained from all the four catalyst powders showed similar particle morphology, the catalysts containing Mo (Co-Mo-B and Co-Mo-PB) exhibit smaller particle size (~10-20 nm) in comparison to Co-B and Co-PB (~30-50 nm). Another distinct feature observed with inclusion of Mo is the formation of nano-crystalline domains within the particles (Fig. 1b, 1c and Fig. S2g and h), with lattice fringes (0.18 nm and 0.21 nm) corresponding to Co and Co2B phases.[32] As completely amorphous morphology is detected in Co-PB and Co-B catalysts, the key role of Mo in the formation of such a short-range order separated by the grain boundaries is highlighted: a feature beneficial for catalysis.[33–35] However, XRD reveals that there exists no overall crystallinity (long-range ordering) in all the catalyst powders (Fig. S3).[36–38] Elemental mapping (Fig.1d) shows the uniform distribution of Co, Mo, P, B and O in the catalyst powder with predominant concentration of Co and oxygen. BET surface area measurements (Fig. S4), showed that the catalysts with Mo displayed higher surface areas, with Co-Mo-PB recording the highest value (63.5 m2/g) followed by Co-Mo-B, whereas that of Co-B and Co-PB are lower. BET surface area values are in good agreement with STEM results which displayed smaller particle size for Mo-based catalyst powders. Thus, it becomes clear that Mo acts as a barrier to avoid the growth and agglomeration of the particles during the synthesis,[39] achieving higher surface areas.  
The deconvoluted Co 2p3/2 peak obtained from the XPS spectra (Fig. 1e) shows two prominent peaks positioned at 778.0 eV and 780.9 eV corresponding to metallic Co and Co2+ (Co(OH)2) states, respectively. The deconvoluted peaks (Fig. 1f) of Mo 3d5/2 represent the oxides of Mo (Mo4+ and Mo6+). B1s state (Fig. 1g) comprises of two peaks centered at 187.7 eV and 191.1 eV attributed to elemental and oxidized forms of boron, respectively, with a positive shift (0.6 eV) in the elemental boron peak position as compared to pure B (187.1 eV). This indicates an electron density shift towards Co from boron in Co-B bond: a phenomenon quite common in case of amorphous metal borides.[14] The P 2p level (Fig. 1h) is composed of metallic phosphorous (129.3 eV) and oxy-phosphorous (133.1 and 135.9 eV), with a noticeable negative shift (0.9 eV) in metallic peak compared to pure P (130.2 eV). This shift represents the electron transfer towards P in Co-Mo-PB, a consequence of the ensemble effect,[40] as also noticed in Co-P and Co-PB.[29] This interplay of electrons (from B to Co and Co to P) is an important phenomenon responsible for modulating the electron density over Co sites, facilitating the OER process.[29] Based on the surface atomic concentration (Table S1) obtained from XPS, Co-Mo-PB can be chemically expressed as Co0.62Mo0.02P0.07B0.29. The surface atomic concentrations (Table S1) indicate that the percentage of Co present on the surface increases after involvement of P, evident from the distinct enhancement observed in Co-PB and a marginal enhancement in Co-Mo-PB catalyst, suggesting that P enhances the migration of Co atoms on the surface but that Mo does not.[41,42] Thus B and P play crucial roles in modulating the electron density over Co sites while P also assists in populating the surface with Co atoms. In contrast, it was previously reported for Co-Mo-B that the introduction of Mo into the OER does not modify the nature of the catalytic/surface sites or change the local kinetics of electron transfer.[32] 
[bookmark: _Hlk38903970]From anodic linear sweep voltammetry (LSV) curves (Fig. S6) in 1M KOH, the overpotential value (Table S2) required to achieve the standard current density of 10 mA/cm2 (η10) is depicted for three sets of samples, with varying percentage ofand molar ratios of B/P (Fig. 2a). Amongst these, Co-Mo-PB with  and B/P molar ratio of 2% and 1, respectively, operated with an extremely low overpotential η10 ≈ 195 mV. The overpotentials required to record 10 mA/cm2 from Co-Mo-PB, Co-B, Co-PB, Co-Mo-B, and RuO2 are 195 mV, 343 mV, 290 mV, 281 mV and 360 mV respectively (Fig. 2b), with corresponding Tafel slope (Fig. S7) values reported in Table S3. In control samples, when Mo or P is incorporated with B (Co-Mo-B and Co-PB), the OER performance improves to a certain extent. However, only after inclusion of both these elements together with B, the synergic effect is created in Co-Mo-PB to substantially reduce the overpotentials by 165 mV than that recorded for the commercially used RuO2 catalyst, at the same loading.
The results were repeated and replicated at least 5 times and the final overpotential value (η10 = 194.8 ± 14.1 mV) reported here is the average of all these trials (Fig. S8a). After validating the obtained results, the OER activity of Co-Mo-PB was compared with the best non-noble transition metal-based catalysts from the literature (Table S4). As commercial electrolyzers target minimal catalyst loadings (<0.5 mg/cm2),[43] thus comparison of only those catalysts are made here that reported a loading below 0.5 mg/cm2 in alkaline electrolytes and without using any substrates (to eliminate the effect of substrates such as metal foams, porous carbon, carbon nanotubes, graphene, etc.). From Fig. 2c, it becomes distinctly clear that Co-Mo-PB displays the highest OER activity with a benchmark overpotential value (η10~195 mV), while 100 mA/cm2 is attained at just ~280 mV. Indeed, the OER performance even surpasses the commercially preferred NiFe LDH catalyst (η10= 270 mV).[9] In literature, there are indeed a few electrocatalysts (Table S5) that report overpotential values lower than that reported for Co-Mo-PB, but all these catalysts employ a large amount of catalyst loading (5-10 mg/cm2) and hence do not offer a fair comparison. To eliminate the effect of loading amount, mass activity is reported for these catalysts and is compared with that of Co-Mo-PB, at 220 mV of overpotential, in Fig. 2d. The mass activity of Co-Mo-PB is ~2.4 times higher than the best catalyst (NixFe1-xS2) in the list,[44] establishing its excellent OER activity even amongst the electrocatalysts from literature that report the lowest overpotentials to date. Zhang et al. compared the mass activity of a number of low-cost OER catalysts at overpotentials of 300 mV, where 3DNG-CoAl shows the highest mass activity of ~60 A/g.[6] In comparison, Co-Mo-PB exhibited an extremely high mass activity of 666 A/g (at 300 mV overpotential), which is an order of magnitude higher than the ones reported by Zhang et al., ascertaining its benchmark activity.[6] 
To understand the reasons for this significant activity, different electrochemical parameters such as charge transfer resistance (Rct), electrochemical surface area (ECSA), pre-oxidation behavior, and turnover frequency (TOF) were investigated and the results are summarized in Table S3. Rct value was determined by fitting the Nyquist plot (Fig. 3a) from EIS with an equivalent circuit (inset of Fig. 3a). Co-PB depicts the lowest Rct value of 5.63 Ω owing to higher metallicity of the surface created by Co atom enrichment in presence of P (seen from Table S1). On the contrary, the presence of Mo oxides, acting as a barrier to reduce the agglomeration of particle also inhibits the conduction of charges, resulting in highest Rct of 20.16 Ω for Co-Mo-B. A balance of both these phenomena is observed in Co-Mo-PB catalyst to record a Rct value of 9.63 Ω. Following the trend in BET surface area, an enhancement in ECSA (Fig. 3b) was also observed in Co-Mo-PB, as compared to other control catalysts, thus indicating large number of active sites on the surface. The plots of BET normalized (IBET) and CDL normalized current density (ICDL) against the applied potential (Fig. S10) shows that Co-Mo-PB remains the best catalyst by not only providing greater number of active sites but the activity of each site is superior to its counterparts. TOF values, at 1.50 V (vs RHE), suggest that involvement of either Mo or P in Co-B increases the activity per site by 1.9 or 4.6 times, respectively, while combination of these two elements in Co-Mo-PB produces the highest enhancement of 14.5 times in OER activity per site. 
[bookmark: _Hlk31288022][bookmark: _Hlk31606718]All four catalysts exhibit a pre-oxidation peak in the potential range of 1.05 - 1.20 V (Fig. 3c) attributed to the formation of CoOOH species.[45,46] The intensity of this oxidation peak and the corresponding peak area are the indicators of the number of CoOOH species, suggesting that Co-Mo-PB prevails over the control samples in formation of these active species. Amongst the control samples, both ternary compounds (Co-Mo-B and Co-PB) produce a greater number of CoOOH species than mono-metallic Co-B. Another important feature is the shifting of peak position to lower potentials in the catalysts containing P (Co-PBO and Co-Mo-PB), thus indicating the pivotal role of P in facilitating the formation of CoOOH species. It is well-known that *OOH species are the vital intermediates in enhancing the OER activity, even if the formation of these species is a kinetically challenging step, as suggested by DFT calculations.[47,48] The effect of electronic modulation on the OER/HER rates is well-reported in literature and here the electronic modulation of Co sites, induced by the unique interplay of electrons, facilitates the formation of CoOOH species.[49–51] In the case of Co-Mo-PB, the simultaneous inclusion of Mo, P and B creates a synergistic effect to generate the maximum number of active CoOOH species at lower potential, leading to highest OER activity. The stability of Co-Mo-PB towards OER was established by recycling (500 cycles) and chronoamperometry (10 h) tests (Figure S12), depicting fair robustness of the catalyst, with minimal degradation. Faradaic efficiency tests were performed to confirm that the observed current is due to water oxidation alone and the reaction product is pure oxygen. Fig. 3d shows a good agreement with the theoretical and observed values of O2, yielding a Faradaic efficiency of 100 ± 4%.
To investigate the physical and chemical changes in the catalyst after OER, STEM images obtained from post-OER tests of Co-Mo-PB (Fig 4a) indicate a complete transformation from a 3D particle-like morphology to 2D graphene-like thin sheets. In addition, hexagonal particles wrapped with these thin sheets were also detected. HR-STEM images of the hexagonal structures reveal (Fig 4b, c) the lattice fringes, endorsing an ordered crystal structure with an interplanar spacing of 0.22 nm, consistent with (003) planes of CoOOH.[29] Elemental maps (Fig 4d) confirm that hexagonal crystallite structure is composed primarily of Co and O, while B, P and Mo is distributed throughout the sample, mainly expected in the sheets surrounding the crystalline structure. In post-OER XPS spectra, deconvolution of Co 2p level (Fig 4e) presents only oxidized phases with peaks centered at 781.4 eV and 779.8 eV attributed to CoOOH species.[52] On comparing the peak positions with pure γ-CoOOH (781.6 & 780.4 eV) and Co-PB (781.8 & 780.2 eV),[52] CoOOH species in Co-Mo-PB are found to be in a reduced state. Such electron-rich CoOOH species are being reported as more active for OER.[52] Thus, post-OER STEM and XPS results of Co-Mo-PB confirm that formation of surface CoOOH species is the dominating factor facilitating OER. ICP-AES analysis (Table S6) of electrolyte post OER test reveals a small amount of B leaching into the electrolyte, which is assigned to a consequence of the morphological evolution. 
Upon correlating the results obtained from physical characterization and the measured electrochemical parameters, the role of each element in enhancing the catalytic performance of Co-Mo-PB is defined here. Co serves as the active center whose activity is enhanced by contributing effects from the other elements. In amorphous Co-based borides, owing to the well-established phenomenon of reverse electron transfer, boron plays the role of donating electrons to Co sites and avoids their complete oxidation. These partially reduced Co atoms are kinetically preferred pre-catalysts to form active CoOOH species during OER. Incorporation of B and P together modulates the electron density of Co sites, optimizing the interaction with reactants, as established from DFT calculations in our previous work.[29] The advantage of this phenomenon is experimentally evident from the fact that a lower potential is required to form CoOOH species and also higher activity per site is obtained, as suggested from the TOF value. We have experimental evidence that the addition of low levels of Mo in form of oxide inhibits agglomeration and growth of particles during synthesis, likely by acting as an atomic barrier, to enhance physical surface area and in turn ECSA. Although the nature of this barrier is not fully understood, it might create stress-induced effects during synthesis to partially crystallize the particles and form nano-sized domains.[53] Under-coordinated atoms present in the grain boundaries of these nano-crystalline domains, produces more active CoOOH sites (from XPS) for OER to establish high TOF value. Thus, the promoting features of all the elements in Co-Mo-PB combine synergistically to offer an exceptionally lower overpotential. 
[bookmark: _Hlk50058627]In summary, a bi-metallic phospho-boride catalyst (Co-Mo-PB), synthesized by a facile method, achieves record sub-200 mV overpotential to attain 10 mA/cm2 for OER in alkaline media, with minimal loading (0.3 mg/cm2). The explicit role played by each element (Mo, P and B) in the pre-catalyst significantly elevates the number and activity of active Co species (CoOOH) on the catalyst surface along with the charge conductivity. This leads to extremely high mass activity (666 A/g), setting a benchmark for OER electrocatalysis. The present findings may open a fresh perspective towards tuning the multi-component catalyst system to design electrocatalysts with exceptional activity for renewable energy applications. 
Experimental Section
Synthesis of catalyst powder: 
Co-Mo-PB powder catalysts were synthesized by a chemical reduction method using sodium borohydride (NaBH4) (0.3 M) as a reducing agent as well as precursor for boron. An aqueous mixture of metal ions (0.05 M) was prepared by using cobalt chloride (CoCl2 6H2O) and sodium molybdate (Na2MoO4. 2H2O) salts, and later sodium hypophosphite (NaH2PO2) was added to this mixture and stirred for 15 mins. Later, NaBH4 was added to this mixture and the solution was continuously stirred for another 30 mins. To ensure the complete reduction of metal ions, a general strategy of using three times the molar ratio of reducing agent NaBH4 was used. The obtained black powder was washed thoroughly with distilled water followed by 2-propanol to eliminate all the undesirable impurities and by-products and finally dried under vacuum at room temperature. To acquire different molar ratio of B/P, the molar concentrations of NaBH4 and NaH2PO2 were varied, while concentration of Mo and Co was tuned by adjusting the molar percentage ( = [Mo/(Mo+Co)]) of their respective metal salts. Several samples were synthesized by keeping either  (1, 2, 3 and 4%) or B/P molar ratio (0.5, 1, 3, 5 and 7) constant and varying the other. Amongst these large combinations, we present the three most suitable sets of samples for simplicity. The screening of the powder catalysts was carried out based on their OER performance (overpotential value at 10 mA/cm2 current density). In the first set (SET-1), keeping the percentage of  constant at 3% (selected based on our previous work) B/P molar ratio was varied (0.5, 1, 3, 5 and 7) and for the second set (SET-2), B/P ratio was set as 5 (selected based on our previous work) and  molar concentration was varied (1, 2, 3 and 4%).[29,54] For the thirds et (SET-3) presented here, B/P molar ratio was maintained at 1 (selected based on OER performance of SET-1 and SET-2) while molar concentration of  was varied (1, 2, 3 and 4%). As control samples, Co-B, Co-Mo-B and Co-PB were also synthesized by the same procedure but in the absence of precursor of the eluded element and the molar ratio ( and B/P) was chosen based on the optimized concentration of Co-Mo-PB catalyst.
Preparation of working electrode:
As working electrode, 3mm diameter glassy carbon (GC) electrode coated with the catalyst powder was used. To coat the catalyst powder onto the GC electrode, a homogeneous ink of catalyst was prepared by ultrasonication of 2 mg catalyst powder in 1ml of ethanol. Nafion solution, as a binder, was prepared by ultrasonication of 20 µl Nafion (perfluorinated, 5%) in 0.5 ml of ethanol. At first, 10 µl of Nafion is drop-casted on to the GC electrode, and after drying under IR lamp, 10 µl of catalyst ink is drop-casted and dried. A constant catalyst loading of 0.3 mg/cm2 is ensured for each electrochemical measurement. 
Electrochemical measurements:
For testing the electrochemical activity of the catalyst powders, a potentiostat system from Gamry (Interface 1010E) was used. Three-electrode system with Pt electrode (2 mm) as counter and a Hg/HgO (0.3M KOH) as reference, were used for all the electrochemical tests. The best-performing Co-Mo-PB catalyst was also tested with graphite as a counter electrode to ensure the repeatability of results. 1M KOH (pH 14) solution as an electrolyte was maintained at room temperature for all the testing. In order to prevent accumulation of bubbles over the working electrode, the electrolyte was continuously stirred during each measurement. For OER, the scan rate of 10 mV/s is maintained for all the anodic linear sweep voltammetry (LSV) measurements performed in the range of 0.0 V to 0.9 V (vs Hg/HgO) with a step size of 2 mV. Before acquiring the final LSV curve, the catalyst was subjected to cyclic voltammetry (CV) scans (15 cycles) in the same potential range at 50 mV/s, to stabilize the observed current. The electrolyte was purged with oxygen gas for about 15 min prior to each measurement. Uncompensated resistance (Rs) was determined with the help of electrochemical impedance spectroscopy (EIS) and the same value was used for calculation of overpotential (ƞ) values. For impedance spectroscopy, Nyquist plots were recorded at a potential of 0.6 V (vs Hg/HgO) in the frequency range of 1 MHz to 1 kHz with an input sine wave of amplitude 5 mV. EIS data was fit with an appropriate equivalent circuit to obtain Rct. Tafel slope values were obtained by linear fitting the plot of “log(i) vs ƞ”. Turnover frequency (TOF) values were calculated at the potential of 1.50V (vs RHE) using the procedure mentioned in our previous work.[15] To determine the electrochemical surface area, cyclic voltammetry (CV) was performed at different scan rates (20, 40, 60, 80, 100 mV/sec) in the potential range of -0.35 to -0.15 V (vs Hg/HgO). The electrolyte is purged with argon gas for 15 min before initiating CV measurement. The slope, obtained by linear fitting the plot of Δj [the difference in anodic and cathodic current densities at -0.25V] vs scan rate, is employed to calculate the value of the double layer capacitance (CDL).[55] Slow scan CV with a scan rate of 2 mV/s was performed in the pre-OER region to investigate the oxidation phenomenon on the catalyst surface. Faradaic efficiency (FE) tests were performed by measuring the evolved oxygen gas during a chronoamperometric test, using a bench-top NeoFox fluorometer coupled with a FOSPOR photoluminescence probe and purpose-built electrochemical cell. The probe tip was placed into the headspace of the cell to monitor the O2 concentration before, during and after electrochemistry. The cell was degassed thoroughly for 1 hour with argon to provide an initial O2 concentration of 0%. The Faradaic efficiency was calculated using the total charge passed and the ratio between the final O2 concentration measured and the 100% theoretical O2 yield calculated based on total charge passed. Due to a detection time lag, there is a delay between O2 generated and O2 measured. Each measurement was carried out in duplicate to confirm the obtained results. Our Faradaic efficiency measurements have a standard deviation of ~4%. Stability of the catalyst was established by recycling for 500 cycles and chronoamperometry tests for 10 h.
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Fig. 1: (a) STEM and (b and c) HR-STEM images along with (d) elemental mapping obtained from as-prepared Co-Mo-PB catalyst powder. XPS spectra obtained from (e) Co 2p, (f) Mo 3d, (g) B 1s and (h) P 2p levels of as-prepared Co-Mo-PB catalyst powder.
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Fig. 2: (a) Plot of overpotential value at 10 mA/cm2 current density of the selected sets of Co-Mo-PB catalyst with varying  and B/P molar ratio. (b) LSV (iR-corrected) of Co-Mo-PB along with Co-B, Co-PB, Co-Mo-B, RuO2 and GC, recorded at a scan rate of 10mV/s in 1 M KOH. (c) Comparison of OER performance of low-cost transition metal electrocatalysts from literature, with catalyst loading < 0.5mg/cm2, in alkaline medium (see Table S4 for references). (d) Comparison of mass activity at overpotential of 220 mV for the catalysts reporting overpotential values below 200 mV for a current density of 10 mA/cm2 (see Table S5 for references). 
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Fig. 3: (a) Nyquist curves obtained from EIS, (b) comparison of physical and electrochemical surface area, (c) pre-OER oxidation peaks obtained at scan rate of 2 mV/s for all catalysts; (d) Faradaic efficiency graphs comparing the theoretical and measured values of O2 gas produced.










Fig. 4: (a) STEM image, (b, c) HR-STEM images, and (d) elemental mapping obtained from Co-Mo-PB post OER tests; (e) XPS spectra obtained from Co 2p level of post-OER Co-Mo-PB and Co-PB catalysts.
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The electrocatalytic performance of a novel bi-metallic phospho-boride catalyst for oxygen evolution reaction in alkali electrolyte is investigated. The unique configuration offers electron modulation of active Co sites and an enhanced surface area to achieve a new benchmark mass activity, with a minimal catalyst loading, making it one of the most active OER catalysts to date.
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