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Abstract 

Metal borides have received increased attention as potentially robust water splitting electrocatalysts.  Some 

studies have reported synergistic electrocatalytic effects on hydrogen and/or oxygen evolution reactions 

(HER/OER) using mixed metal borides.  This report describes the single-step, solvent-free, and rapid (few 

seconds) synthesis of a series of crystalline Co1-xFexB (x = 0-1) solid solutions in high isolated product 

yields (>80%) from exothermic, self-propagating solid-state metathesis (SSM) reactions between metal 

halides and elemental Mg/B reactants.  Powder X-ray diffraction shows the Co1-xFexB products are single-

phase with crystallite sizes near 60 nm.  SEM/EDS and elemental analysis indicate products contain 

homogeneous Co/Fe distributions and form large micrometer-sized particle aggregates.  The 

electrocatalytic HER with these well-structured crystalline Co1-xFexB materials in 1 M KOH shows 

increased HER activity at lower applied potentials as cobalt content increases.  The OER activity of Co1-

xFexB also generally shows improvement with increased cobalt content.  Crystalline Co1-xFexB catalysts 

exhibit good long-term 24 h HER and OER stability in 1 M KOH.  Post-electrochemistry Co1-xFexB 

analyses confirm the retention of product crystallinity after long term electrocatalysis. 

 

 

Keywords:  crystalline metal borides, solid-state metathesis, exothermic, thermochemistry, cobalt boride, 

iron boride, metal boride solid-solutions, hydrogen evolution electrocatalysis, oxygen evolution 

electrocatalysis 

   



2 
 

Introduction 

Providing sustainable energy alternatives to fossil fuels using renewable, low-cost, and environmentally 

friendly energy sources is a daunting challenge because global energy demand is expected to double or 

triple in the next few decades.1, 2  Hydrogen (H2) is a major contender as a future fuel due to its high 

gravimetric energy density, renewable potential, and environmentally friendly use, and many countries have 

begun to examine hydrogen-fueled energy applications.1, 2  Several significant barriers exist for large-scale 

and sustained H2 consumption including development of efficient, low-cost, and environmentally benign 

H2 production methods and design of gravimetrically useful H2 storage containment.  Three methods used 

for large scale H2 production today are natural gas reforming, coal gasification, and water electrolysis.  

While water electrolysis only accounts for a few percent of global hydrogen production, it is potentially the 

most sustainable, lowest greenhouse gas emission H2 production process.  Water electrolysis (H2O  H2 + 

½O2) consists of two chemical reactions:  the hydrogen evolution reaction (HER) and the oxygen evolution 

reaction (OER).  A major issue with water electrolysis is that currently useful electrocatalysts for HER and 

OER are very expensive and rare (e.g., Pt, Pd, IrO2, and RuO2).  Extensive research is being conducted to 

identify robust electrocatalysts for water electrolysis that use more earth abundant and less expensive 

transition-metals, particularly those from the 3d series (e.g., Cr to Cu).  

 

Cobalt and iron compounds have been widely studied as HER and OER electrocatalysts.  Some iron and/or 

cobalt transition metal phosphides,3, 4 oxide/hydroxides,5, 6 sulphides,7, 8 nitrides,9, 10 and borides11, 12 show 

moderate to good electrocatalytic activity for water electrolysis.  Metal borides are an intriguing class of 

electrocatalyst materials because of their properties such as high electrical conductivity, thermal and 

corrosion resistance, high melting temperatures (>1000 °C), and chemical stability.13-21  Several metal 

borides in crystalline or amorphous structures (e.g., CoBx,22 NiBx,23 MoBx,24 VB2,25 WBx
26) have been 

studied as electrocatalysts for HER and/or OER.  Some boride studies have focused on improving the 

electrocatalytic activity of metal borides via control of particle morphology (e.g., nanoparticles, nanosheets 

or amorphous structures), synthesis of more complex mixed metal borides and composites, and use of 

catalyst support (e.g., Ni mesh, carbon cloth).27-31   

 

Metal borides can form a range of structures from metal-rich to boron-rich compositions that contain metal-

metal interactions, boron-boron covalent bonds, and metal-boron bonds leading to diverse physical and 

chemical properties.32  Typical metal boride syntheses either produce poorly crystalline products or require 

high temperature synthesis or post-reaction annealing to obtain crystalline products.  Metal boride syntheses 

use traditional high-temperature elemental reactions and lower temperature precursor approaches, including 

arc melting,33, 34 reactive sintering,35 solution-phase synthesis,36-38 mechanochemical methods,39 metal flux 
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synthesis,40, 41 electrodeposition,42 electroless deposition,43 molten salt synthesis,26, 44 and hydrothermal 

reactions.45  Several of these reactions use relatively inert elemental boron (mp ~2000 °C) as a reactant in 

metal boride synthesis.  A recent iodide exchange synthetic strategy with BI3 and metal powders produced 

a range of metal-rich and boride-rich metal borides at moderate ~600-800 °C temperatures.46  

 

An alternative to externally heated materials synthesis that uses thermochemical energy provided by chosen 

reactants is known as solid-state metathesis (SSM).47-50  Self-propagating SSM reactions can be initiated by 

brief reactant heating with a heated filament (ignition reaction) and the exothermic energy released is 

sufficient to initiate further reactions from surrounding reactants.  SSM reactions are complete in a few 

seconds and usually yield polycrystalline micrometer-sized particle aggregates.  The exothermicity of SSM 

reactions is often dictated by the formation of a stable byproduct salt (e.g., NaCl or MgCl2) that becomes 

briefly molten during the reaction and can facilitate diffusion and crystallization.48  Ignition SSM reactions 

have been used to synthesize a variety of transition metal compounds including metal phosphides,51, 52 

nitrides,53, 54 oxides,55, 56 sulphides,57 and few ternary mixed metal and non-metal compounds.57-60  Typical 

SSM approaches to metal boride synthesis rely on either ignition or furnace initiated reactions between 

metal halides and MgB2.24, 61  Our recent work showed that a rapid SSM strategy is successful with three 

mixed reactants [metal chloride, magnesium powder, and amorphous boron] to produce crystalline FeB, 

CoB, and NiB.62  Several of these metal borides show moderate activity in HER and OER electrocatalysis.  

 

Some recent studies have measured HER or OER electrocatalytic enhancements for mixed metal borides 

over their binary boride parent structures that are ascribed to synergistic effects from both metals being 

present on the boride surface.  The mixed metal borides’ increased catalytic activity has also been linked to 

the formation of specific morphologies63, 64 or favorable alterations in electronic structure or conductivity.11, 

12, 65  Co-Fe-B structures have been produced as crystalline or amorphous phases via liquid phase synthesis 

methods (chemical reduction, hydrothermal reactions, and molten-salt assisted borothermal reduction), but 

post-reaction calcination is often required to obtain crystalline metal borides.11, 12, 63-67  Some prior studies 

used amorphous or poorly crystalline mixed-metal borides, making it difficult to clearly compare catalytic 

metal boride activities from different studies.   

 

Since Co and Fe are two relatively earth-abundant metals, a clear comparison of well-structured Co-Fe-B 

solid-solution effects on HER and OER electrocatalysis is highly desirable.  Our prior SSM work showed 

reaction success using mixed Mg/B reactants for metal boride synthesis.62  In this study we describe the 

rapid SSM synthesis of a wide range of crystalline Co1-xFexB solid solutions (x = 0-1) between mixtures of 

FeCl2/CoCl2 and Mg/B powders.  This work demonstrates that a surprising level of atomic mixing is 
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possible in rapid (few seconds) SSM reactions using four reactants with five different elements, to produce 

crystalline Co1-xFexB and byproduct MgCl2.  Powder X-ray diffraction, SEM/EDS, XRF, and bulk 

elemental analysis support solid-solution formation with compositions that closely reflect the ratios of 

elements in the reaction mixture.  The Co1-xFexB materials were examined in HER and OER electrocatalysis 

in KOH electrolyte to identify trends in activity versus composition.  

 

Experimental Procedures 

Starting materials and reagents.  Anhydrous commercial reagents were stored in an inert atmosphere 

glove box and utilized as purchased: CoCl2 (Alfa-Aesar, 99.7%), FeCl2 (Aldrich Chemicals, 98%), Mg 

(Sigma-Aldrich, 99.5%, powder, -325 mesh), and amorphous B (Alfa-Aesar, 95-97%, powder (APS < 1 

micron)).  0.1 M HCl (Fisher Scientific, 12.4 M diluted with DI H2O) was used for the product washing.  

ICP calibration standards were prepared by diluting Co (Thermo Fisher Scientific 999 ± 5 μg mL-1), Fe 

(Thermo Fisher Scientific 1003 ± 6 μg mL-1), B (Alfa Aesar 1000 μg mL-1), Mg (Thermo Fisher Scientific 

999 ± 5 μg mL-1) in 5 vol% HNO3 (from Sigma-Aldrich, 14 M and 18 MΩ ultrapure water).  Materials used 

for electrochemical studies:  synthetic graphite powder (<20 μm, Sigma-Aldrich), paraffin wax (mp ≥ 65 

°C, Sigma-Aldrich), 1.0 M KOH (Sigma-Aldrich, KOH pellets dissolved with 18 MΩ ultra-pure water), 

10% Pt on Vulcan XC-72 carbon (C1- 10 fuel cell grade, E-Tek), and RuO2 (Alfa-Aesar, 99.9%).  

 

Safety considerations.  SSM reactions are highly exothermic (and potentially explosive) reactions that, 

according to theoretical calculations, can release >300 kJ/mol energy into the surrounding environment, 

achieving reaction temperatures of over 1000 °C in a matter of seconds.  Before and during any SSM 

reaction, the following precautions should be taken:  understand its reaction exothermicity and adiabatic 

(maximum) temperature, use a protective shield (outer closed container) around the reaction vessel, and run 

new reactions on a small scale (<1 gram of reactants) until the energetic hazards are better understood. 

 

Rapid SSM synthesis of CoB, FeB, and Co1-xFexB solid solutions.  CoB and FeB were synthesized using 

three-component displacement and redox reactions between CoCl2 or FeCl2 with Mg/B mixtures as we 

previously reported.62  The total mass of the reactants used was approximately one gram.  Typical reactant 

amounts used for CoB and FeB formation were 6 mmol MCl2 (CoCl2 or FeCl2) with 6 mmol Mg and 12 

mmol B.  In the case of Co1-xFexB solid solution synthesis, four-component displacement and redox 

reactions between CoCl2/FeCl2 and Mg/B mixtures were performed.  The reaction stoichiometries were 

chosen to produce a 1:1:1 molar ratio of Co1-xFexB, B, and MgCl2 salt byproduct.  The typical reactant 

amounts used in these SSM reactions were 5 mmol MCl2 (1-x CoCl2 + x FeCl2 for x = 0.2, 0.4, 0.5, 0.6, 

and 0.8) with 5 mmol Mg and 10 mmol B.  Because rapid SSM reactions are complete in seconds and 3 or 
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4 reactants are involved in the reaction, an intimate mixing of reactants was performed to promote complete 

and homogeneous reactions.  In an argon-filled glove box, CoCl2, FeCl2, Mg, and B powders were added 

sequentially to an agate mortar and ground together for 30-40 seconds after each reactant addition to obtain 

a homogeneous powder mixture.  The reactant mixture was transferred to a cone-shaped quartz crucible 

(top OD = 3.6 cm, bottom OD = 1.3 cm, height = 4.9 cm), which was placed in a cylindrical stainless-steel 

reactor (ID = 3.8 cm, OD = 5.0 cm, height = 6.2 cm) with a loose screwcap lid.62  A coiled nichrome wire 

with five loops was connected to two electrical feedthroughs on the lid to increase contact with the reactant 

powder mixture.  The closed reactor was moved from the glove box to a fume hood.  A Variac transformer 

set to 15.5 V was connected to the nichrome filament and turned on for about 6-8 seconds to resistively 

heat the filament.  Within ~3 s, resistive heating raises the temperature of the nichrome wire to 750 – 800 

°C.  Wisps of white “smoke” emerging from the reactor lid indicated reaction initiation/propagation.  After 

the SSM reactions were cooled to near room temperature, the reactor was opened and its contents, a dark 

product and white salt byproduct, were ground to a fine powder.  Unreacted starting materials and byproduct 

MgCl2 were removed by washing with 50 mL of stirred 0.1 M HCl for 30 min, followed by washing with 

100 mL distilled water for 30 min.  After each washing step, the product powders were isolated by 

centrifugation.  The products were oven-dried for 20 minutes in air at 130 °C and mass yields were 

calculated using the recovered product mass and theoretical masses of metal boride products. 

 

Sample characterization.  Powder X-ray diffraction (XRD) was performed to characterize the structure 

and crystallinity of mixed metal boride products using a Bruker D8 DaVinci diffractometer with nickel-

filtered Cu Kα X-ray irradiation (40 kV, 40 mA) from 5-80 degrees 2θ (0.05° step size).  Ground metal 

boride powders were placed on a vacuum greased glass slide.  Reference XRD patterns and crystal structure 

representations were generated using CrystalMaker software (http://www.crystalmaker.com/index.html) 

and literature data for orthorhombic FeB, CoB, and Co0.5Fe0.5B.68-70  CrystalDiffract software was used to 

match experimental data to simulated ternary Co1-xFexB diffraction patterns based on a Co0.5Fe0.5B crystal 

reference pattern (PDF 01-079-2846) (http://www.crystaldiffract.com/index.html).  The morphologies and 

particle sizes of the products were identified using a Hitachi S-4800 field emission scanning electron 

microscopy (SEM) at 2-3 kV and Hitachi S-7800 transmission electron microscopy (TEM) with an 

accelerating voltage of 80 kV.  Ground samples were affixed to carbon tape on aluminum stubs for SEM 

analysis or sonicated in methanol and drop cast on carbon coated Ni mesh grids for TEM analysis.  Energy 

dispersive spectroscopy (EDS) with SEM was used to perform semiquantitative analysis of Co/Fe ratios 

and qualitative element specific mapping on bulk powders by metal borides affixed to carbon wax electrode 

tips.  X-ray fluorescence spectroscopy (XRF) was used to further evaluate the quantitative elemental 

analysis of mixed metal borides (Rigaku ZSX Primus IV dispersive X-ray fluorescence spectrometer).  
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Metal boride powders are compressed to 10,000 psi in a hydraulic press to form compact pellets for XRF 

analysis.  A Quantachrome Nova 1200 nitrogen surface area analyzer was used to quantify surface areas 

for vacuum dried samples (120 °C for more than 3 hours).  Inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) measurements for bulk elemental analysis were performed using PerkinElmer 

Optima 7000 DV ICP-OES spectrometer.  The metal boride samples were dissolved in heated 5 mL 

concentrated HNO3 and diluted to 100 mL with 18 MΩ ultrapure water.  Linear elemental calibration curves 

were produced from commercial ICP standards (Fe, Co, B, and Mg) diluted in 5% (v/v) HNO3. 

 

Working electrode preparation.  Working carbon wax (Cwax) electrodes for electrocatalytic measurements 

were prepared using a graphite/paraffin wax mixture (50% graphite : 50% wax) inside PTFE tubes as 

previously reported by our group.3, 62, 71  These Cwax electrodes allow direct electrocatalyst-electrolyte 

contact without the need for binders or conducting coatings.  Working electrode tips were 1.4 cm long with 

a 3.2 mm ID, and 6.4 mm OD, and a 0.080 cm2 geometrical surface area.  A brass current collector rod was 

embedded into the blank Cwax electrode tip and submerged in a pre-heated water bath (55 °C) for 20 minutes 

prior to catalyst loading.  Brief sonication of ~10mg of the catalyst powder with 100 μL of methanol was 

used to make a homogeneous catalyst suspension, and ~20-30 μL aliquots were placed in an aluminum 

weigh boat to air dry.  The air-dried catalyst-containing aluminum weigh boat was tared in a microbalance 

before being placed in a preheated hot plate (55 °C).  The softened Cwax blank electrode tips were gently 

pressed onto the catalyst, and excess catalyst powder on the PTFE tip was carefully removed and returned 

to the aluminum weigh boat.  The electrode tip was pressed several times in a clear space in the weigh boat 

to ensure that the sample powders were firmly embedded on the wax.  Following catalyst loading, the 

aluminum weigh boat was weighed on the previously tared microbalance, and the mass of the loaded 

catalyst was recorded.  Sample mass loadings on the electrode typically ranged from ~0.5–2.0 mg.  The 

open end of the brass connecting rod was connected to the potentiostat (Figure S1). 

 

Electrochemical measurements. Electrochemical measurements were performed in a 1.0 M KOH 

electrolyte solution using a three-electrode cell with a Cwax working electrode, Hg/HgO reference electrode 

(20% KOH), and a graphite rod counter electrode (Alfa Aesar, 6.2 mm diam., SPK grade, 99.9995%).  The 

Hg/HgO electrode potential values were converted to standard hydrogen electrode potentials using the ERHE 

= EHg/HgO + 0.059pH + E0 Hg/HgO, with pH = 14 and E0 Hg/HgO = 0.098 V.  1.0 M KOH electrolyte pH values 

were measured with a pH meter.  All potentials are referenced to RHE values unless indicated.  Reported 

current densities are scaled relative to the geometric area of the Cwax electrode (0.080 cm2).  The electrodes 

were attached to a PINE WaveDriver 200 bipotentiostat and placed in a single compartment cell, which 

consists of a Pyrex beaker and a PTFE lid similar to our prior work.3, 62  A magnetic stir bar was placed ~6 
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mm away from the working electrode and spun at ~500 RPM throughout the electrochemical tests to remove 

gas bubbles (H2 or O2) that formed on the electrode surface. The electrolyte solutions were purged with O2 

or H2 gases that were pre-humidified by passing them through a water bubbler.  The gas purging started 30 

minutes before the electrochemical measurements and lasted the duration of the experiment. The activity 

and stability of metal boride HER and OER were assessed using 50 linear sweep voltammograms (LSVs) 

in H2 (ultra-high purity 99.999%, Praxair) purged electrolyte for HER or O2 (99.5% purity, Praxair) purged 

electrolyte for OER.  The LSV data were collected without iR compensation and later manually corrected 

for 85% iR compensation.  The measured cell resistances for catalysts on Cwax electrodes in 1.0 M KOH 

were ~15-30 Ω.  Data for standard 10% Pt/C HER and RuO2 OER catalysts on Cwax electrodes were obtained 

for comparison. 

 

The long-term activity of the metal borides as HER and OER catalysts was investigated using 24-hour time 

base chronoamperometry studies (CA) at constant potentials in 1.0 M KOH with selected applied potentials 

targeting a current density of ~10 mA cm-2.  The electrochemical surface areas (ECSA) of each metal boride 

were determined by measuring the double-layer capacitance (Cdl) in the non-Faradaic region (-100 to 300 

mV vs RHE) with H2 gas purging before HER CA measurements.  ECSA analysis was performed using 

cyclic voltammetry (CV) data at scan rates of 10, 25, 50, 75, and 100 mV s-1.  Calculated capacitance values 

were converted to approximate areas using a 35 μF/cm2 relationship.72   

 

Post-electrochemistry analysis of metal boride catalyst particles on Cwax electrodes.  The crystallinity 

of CoB, FeB, and Co1-xFexB catalysts on Cwax electrode tips after 24 h CA experiments was examined using 

powder XRD (27-60° 2θ, 0.02° step size).  XRD samples were prepared from post-electrochemical 

electrodes by cutting ~1 mm slices from the end of the Cwax electrode with a thin surface coating of 

embedded metal boride powders and placing them in the well of an XRD sample holder for XRD analysis.  

SEM imaging and EDS mapping were also obtained for the catalysts embedded on Cwax after CA 

experiments.  XRD and EDS mapping for metal boride powders embedded on Cwax electrode tips prior to 

electrochemical use were also collected for comparison. 

 

Results and Discussion 

Solid-solution Co1-xFexB metal boride synthesis via SSM reactions.  Previous studies have shown that 

solvent-free rapid ignition SSM reactions are effective for the synthesis of several binary transition-metal 

borides (Table S1).  The formation of a highly stable (ΔHf = -644 kJ/mol) MgCl2 salt in addition to the 

metal boride product drives these SSM reactions.  Most reported SSM reactions for MBx synthesis use an 

MgB2 reactant and furnace heating to overcome reaction activation energies and promote atom diffusion 
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and boride crystallization.  Some challenges with rapid ignition SSM reactions are the potential for 

heterogeneous mixing in the rapidly cooled product and non-propagation for stable reactants with high 

activation energies or for low exothermicity reactions.  In select cases, local ignition heating can lead to 

successful self-propagating SSM metal boride reactions, such as in our prior work with MCl2 reacting with 

either MgB2 or Mg/2B mixtures to form FeB, NiB, and CoB.62  The Mg/2B reactions are more exothermic 

than corresponding MgB2 reactions and result in high yields of crystalline metal borides.  In this study, we 

demonstrate the successful use of exothermic ignition SSM reactions between well-mixed MCl2/Mg/B 

reactants for the rapid formation of crystalline Co1-xFexB solid solution borides.  The SSM reactions 

targeting CoB, FeB, and Co1-xFexB solid solutions are salt-balanced to form MgCl2 (Equation 1).  

 (1-x) CoCl2(s) + x FeCl2(s) + Mg(s) + 2B(s)    Co1-xFexB(s) + B(s) + MgCl2(s)  (1) 

       (x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1) 

Consistent with our prior rapid SSM metal boride work, these rapid SSM reactions were performed with 

excess amorphous boron reactant as it is necessary to produce single-phase CoB and FeB from rapid 

MCl2/Mg/2B reactions and avoid metal-rich phases (e.g., Fe2B).62  Most of the excess boron in the product 

remains as inert amorphous boron rather than being converted to soluble forms of boron such as B2O3 or 

BCl3.62  The exothermic reactions between mixed metal reactants shown in Equation 1 should achieve a 

molten salt intermediate state allowing for rapid reaction, heating, and crystallization of metal borides as 

shown schematically in Figure 1.  A range of elemental or ionic intermediates may be present in the hot 

wavefront.  

 

 

Figure 1.  Illustration of hot wire initiation of mixtures of cobalt and iron dichlorides with magnesium 
reductant and amorphous boron in a rapidly self-propagating and exothermic SSM reaction.  
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The wide compositional range of SSM reactions described by Equation 1 all rapidly initiate and enter  a 

self-propagating state, yielding a dark product and a white MgCl2 transport (Figure 2A, B).  A series of 

black to brown products were isolated after 0.1 M HCl and DI water washing (Figure 2C).  A wide range 

of crystalline Co1-xFexB materials (x = 0.2, 0.4, 0.5, 0.6, 0.8) were rapidly synthesized in high yields (>80%) 

using varying ratios of CoCl2 and FeCl2 with Mg/2B balanced SSM reactions according to Equation 1. 

 

 

Figure 2.  (A) After SSM reaction completion, some metal boride product particles are fused to the 
nichrome ignition wire.  (B) Black metal boride particles are at the bottom of the reaction vessel with white 
MgCl2 deposits.  (C) Images of black to brown Co1-xFexB products ranging from CoB (far left) to FeB (far 
right) with solid solutions in between these end members.  

 

The single metal (x=0 or 1) Mg/2B reactions produce CoB (PDF 04-003-2122) and FeB (PDF 04-013-

1637), which both crystallize in similar orthorhombic structures but with different space groups (CoB-

Pbnm, FeB-Pnma, Table S2), leading to different lattice orientations and (hkl) designations for some peaks 

(Figure 3).  One useful feature of the CoB and FeB powder X-ray diffraction (XRD) patterns that can help 

identify the transition of CoB to FeB to solid-solution metal borides is that overlapped (111) and (120) 

XRD peaks at 41.3° in CoB systematically separate into two (111) and (201) peaks with the incorporation 

of iron into the Co1-xFexB structure.   

 

Powder XRD shows the Co1-xFexB products each appear as single-phase structures with expected peak 

shifts for solid-solution mixing (Figure 3).  XRD peak positions of synthesized Co1-xFexB solid solution 

products shift from CoB and FeB peak positions with increasing iron in the reactant mixture, but overall 

XRD patterns are comparable to CoB and FeB end members.  A literature reference pattern for Co0.5Fe0.5B 

(PDF 01-079-2846) is a very good match to SSM synthesized Co0.5Fe0.5B (Table S2 and Figure S2) and 
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this structure was used as the basis for determining the lattice parameters from XRD peak positions of the 

other Co1-xFexB products (Tables S2 and S3).  The systematic shifting of XRD peak positions and lattice 

parameters with changes in ideal x value in Co1-xFexB is shown graphically in Figure 4, where two lattice 

parameters decrease and one increases with increases in cobalt content, leading to a net decrease in unit cell 

volume (and as expected from atomic radii Fe > Co).  A plot of unit cell parameters versus ideal Co content 

shows a linear correlation (Figure 4) and a Vegard’s Law like composition/lattice parameter dependence 

that supports the successful formation of a full range of Co1-xFexB solid solutions from these rapid SSM 

reactions. To our knowledge, this is the first study that demonstrates crystalline solid-solution metal boride 

formation from rapid ignition SSM reactions. 

 

 

 

 
Figure 3.  Powder XRD stack plot of orthorhombic CoB, FeB, and Co1-xFexB solid solutions.  Miller indices 
(hkl) are listed for FeB and CoB end members.  
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Figure 4.  Ideal percent Co in Co1-xFexB versus (A) unit cell volume, (B) unit cell parameters (a, b, c).  
Linear regression lines for each data set are shown as dashed lines.  
 

A summary of SSM reactant molar ratios, isolated yields, surface areas, crystallite sizes, and bulk Co1-xFexB 

chemical composition by ICP-OES analysis is shown in Table 1.  Bulk elemental analysis shows that total 

metal (Co+Fe) versus B atomic ratios are close to expected ratios based on SSM production formation 

(MB+B or M:B = 33:67).  There is lower than ideal excess boron in some cases, perhaps due to loss during 

the wash process if MgBx side products were formed.  The Co/Fe ratios of different Co1-xFexB products 

closely agree with the SSM reactant Co/Fe ratios.  XRF and EDS composition metals analysis of Co and 

Fe similarly show product metal ratios are close to the SSM reactant ratios (Table S4).  Plots of ICP and 

EDS compositions versus unit cell volume resulted in similar linear correlations to those shown above for 

the ideal solid-solution concentrations (Figure S3).   
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Table 1.  Characterization results for Co1-xFexB formed from CoCl2/FeCl2/Mg/B SSM reactions. 

SSM reaction molar ratios 
Ideal Product 

(% yield) 

ICP (at%) 
Co/Fe/B/Mg 

Co1-xFexB + B1 

BET 
(m2g-1) 

Crystallite 
Size (nm) 

CoCl2/Mg/2B 
CoB + B 

(85) 
35/0/64/1 

CoB + 0.83B 
2 48 

0.8CoCl2/0.2FeCl2/Mg/2B 
Co0.8Fe0.2B + B 

(81) 
34/8/56/2 

Co0.81Fe0.19B + 0.33B 
3 50 

0.6CoCl2/0.4FeCl2/Mg/2B 
Co0.6Fe0.4B + B 

(81) 
19/14/65/1 

Co0.58Fe0.42B + 0.91B 
11 60 

0.5CoCl2/0.5FeCl2/Mg/2B 
Co0.5Fe0.5B + B 

(80) 
16/17/66/1 

Co0.48Fe0.52B + 1.0B 
11 70 

0.4CoCl2/0.6FeCl2/Mg/2B 
Co0.4Fe0.6B + B 

(83) 
13/22/64/1 

Co0.37Fe0.63B + 0.83B 
17 60 

0.2CoCl2/0.8FeCl2/Mg/2B 
Co0.2Fe0.8B + B 

(86) 
6/29/64/1 

Co0.17Fe0.83B + 0.83B 
8 65 

FeCl2/Mg/2B 
FeB + B 

(104) 
0/37/63/0 

FeB + 0.70B 
9 65 

1) product formulas calculated assuming monoboride (MB) formation with excess boron.   

 

 

The distribution of Co, Fe, and B was examined using SEM-EDS elemental mapping and confirmed that a 

relatively uniform distribution of metals and boron exists in these Co1-xFexB products (Figure 5).  These 

EDS elemental maps qualitatively show a decrease in Co with increasing Fe as x increases in Co1-xFexB 

products.  There are regions where boron is abundant and the metal content is low, which could be excess 

amorphous boron present in these washed products. 
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Figure 5.  EDS elemental mapping images of Co1-xFexB solid-solutions showing the transition from cobalt-
rich to iron-rich products (left to right).  The white scale bar in the SEM images is 40 μm for Co0.6Fe0.4B 
and 50 μm for other solid-solutions.  
 

 

SEM imaging was used to investigate the morphology and particle size distribution of the different metal 

borides from these rapid SSM reactions that theoretically reach temperatures near 1400 °C and grow from 

molten MgCl2.  As shown in Figures 6, S4, and S5, FeB and iron-rich borides are primarily composed of 

round and relatively smooth particles with some that have well-defined-edges, and these particles form 

large 5-50 µm aggregates.  The CoB and cobalt-rich solid-solution products show large (~25-50 µm) 

monolithic blocky aggregates with some smaller (~3-5 µm) particles forming sheet-like aggregates 

(Figures 6, S4, and S5).  While moving from Fe-rich to Co-rich appears to alter the larger particle 

morphologies from round particles to faceted blocks, all products have small particle sheet-like aggregates 

(Figure S4). These sheets often have holes in them that may be a consequence of metal boride growth in 

molten MgCl2, and holes represent areas where MgCl2 was removed during washing.   
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Figure 6.  Comparison of SEM particle morphologies for CoB, FeB and Co1-xFexB solid-solutions.  Scale 
bar lengths are:  (A) 2 μm, (B) 2 μm, (C) 5 μm, (D) 3 μm, (E) 5 μm, (F) 5 μm, (G) 4 μm. 
 

 

The bulk gas adsorption BET surface areas for these SSM synthesized Co1-xFexB are all relatively low (< 

20 m2/g) and consistent with the aggregated SEM images (Table 1).  There appears to be a slight increase 

in surface area for the middle of the solid-solution series, with iron-rich samples showing relatively higher 

BET values.  Since the amount of amorphous boron (BET SA = 12 m2g-1) is similar in these different 

products, it is likely that the observed differences are related to the aggregation of the boride particles.  

 

As shown in Table 1 (and Table S5), the metal boride XRD average crystallite sizes are in the range of 

~50 to 70 nm, which is much smaller than the particulate sizes observed by SEM.  TEM images from 

alcohol suspensions of smaller particles in several products show that FeB particles are nearly spherical 

with ~100 to 200 nm diameters, while CoB and other solid-solution particles are irregular agglomerated 

nanoparticles in the 100 nm range (Figures S6 and S7).  There is a wide range of aggregated particle sizes 

(~50-400 nm), as well as semi-transparent and irregular wrinkled layer-like regions that are similar to 
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amorphous boron (Figure S7).  Excess boron in metal boride products is likely physically distributed 

throughout the sample.  

 

Thermochemical exothermicity and temperature predictions for metal borides.  Reaction 

thermochemistry plays a vital role in SSM reactions because the reaction enthalpy (ΔHrxn) must be 

significantly large and negative for the reaction to efficiently self-propagate and self-heat.  A 

thermochemical analysis of reaction intermediate steps can provide information on favored intermediates 

and predict an ideal maximum reaction temperature assuming adiabatic conditions (Tad).  The enthalpy 

values and predicted temperatures (ΔHrxn, Tad) for metal boride formation from MCl2/Mg/2B were 

calculated using Hess’s law and product heat capacities/phase changes, assuming complete reaction and 

that reaction enthalpy released is used to heat the products (MB, B, and MgCl2).  Thermochemical values 

for Co1-xFexB solid-solutions were estimated using end member data in ratios of (1-x) CoB and x FeB.  A 

sample ΔHrxn graph and Tad calculation are shown in Figure S8 (and associated text).  All Co1-xFexB 

formation reactions are predicted to reach the MgCl2 boiling point (1412 °C) and have sufficient additional 

enthalpy to evaporate much of the MgCl2 salt (Table 2).73-76  

 

Stable MgCl2 formation (ΔHf = -644 kJ/mol) drives highly exothermic and self-sustaining metal boride 

SSM reactions.  The byproduct MgCl2 salt (mp/bp = 707/1412 °C) undergoes two energy absorbing melting 

and boiling phase transitions that moderate reaction temperatures.  A majority of the released enthalpy is 

absorbed during MgCl2 melting and vaporization (Figure S8).  The molten MgCl2 salt also functions as a 

short-lived flux that can assist in metal boride growth by providing a medium for facile diffusion of 

reactants to form small boride particles that can aggregate and are later encased in a solidified salt matrix. 

 

Table 2. Thermochemical data on the formation of Co1-xFexB solid solutions from CoCl2/FeCl2/Mg/B 
reactions.   

Reaction Targeted Product 
∆Hrxn  

(kJ mol-1 MB)  
Tad 
(°C) 

% MgCl2 
vaporized 

CoCl2+Mg+2B CoB + B + MgCl2 -425.8 1412 100 
0.8CoCl2+0.2FeCl2+Mg+2B Co0.8Fe0.2B + B + MgCl2 -415.7 1412 94 
0.6CoCl2+0.4FeCl2+Mg+2B Co0.6Fe0.4B + B + MgCl2 -405.6 1412 89 
0.5CoCl2+0.5FeCl2+Mg+2B Co0.5Fe0.5B + B + MgCl2 -400.6 1412 86 
0.4CoCl2+0.6FeCl2+Mg+2B Co0.4Fe0.6B + B + MgCl2 -395.6 1412 83 
0.2CoCl2+0.8FeCl2+Mg+2B Co0.2Fe0.8B + B + MgCl2 -385.5 1412 77 
FeCl2+Mg+2B FeB + B + MgCl2 -375.4 1412 72 
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Evaluation of metal boride SSM reaction intermediates.  Previous SSM studies have proposed that SSM 

reactions progress through the formation of transient elemental intermediates via ionic exchange 

reactions.47, 48  SSM reactions appear to progress through at least two formation energy barriers, the first 

being byproduct salt formation (Ea1), followed by product formation (Ea2).48, 61  The rapid self-propagation 

nature of SSM reactions makes a direct study of reaction mechanisms and reaction intermediates 

challenging.48, 52  We previously demonstrated in FeB, CoB, and NiB formation from rapid SSM reactions 

that the salt byproduct formation reaction (MCl2+MgM+MgCl2) is sufficient to overcome the Ea1 

activation barrier, whereas the product formation (M+BMB) requires high temperature heating to 

proceed.62  In the Co-Fe-B mixed metal boride reactions, three intermediate metal salt reduction reactions 

were examined (Equation 2).  All these three reduction reactions are highly exothermic (>300 kJ/mol) 

(Table S6).  

  (1-x)CoCl2(s) + xFeCl2(s) + Mg(s)    Co1-xFex(s) + MgCl2(s)   (2) 

       (x = 0.2, 0.5, 0.8) 

Hot filament SSM reactions were successfully initiated and self-propagated to form elemental Co and Fe, 

though some XRD peak shifts and peak shoulders indicate that some metal mixing occurs in the products 

(Figure S9).  XRD shows no Co peak in the 20% Co reaction, but EDS elemental mapping and semi-

quantitative elemental analysis confirm the presence of Co near the targeted ratio (Figure S10).  SEM 

analysis shows that an 80% Co sample consists of monolithic blocks (20-200 µm) and aggregates of small 

nanometer-sized particles, while Fe-rich particle morphologies are mainly aggregated particles (5-50 µm) 

(Figure S11).  These results support the idea that exothermic metal reduction and salt formation are 

thermochemically favored as initial steps in these rapid SSM reactions.  

 

Examination of electrocatalytic water splitting with Co-Fe-B mixed metal borides 

Hydrogen evolution reaction (HER) electrocatalysis with metal borides.  Several metal borides have 

been examined as HER electrocatalysts, but many prior studies use products that are nanostructured, 

supported, or poorly crystalline or amorphous (see Table S7 for literature summary of HER electrocatalysis 

using Fe/Co borides and other element crystalline borides).  Some Co-Fe-B mixed-metal boride 

nanoparticles show enhanced HER activity versus either CoB or FeB that are described as synergistic 

effects of both Co and Fe in the structure and on the surface.11  We examined the HER activities of 

crystalline Co1-xFexB from SSM reactions in H2 saturated 1.0 M KOH and compared their activities to the 

FeB and CoB end members.  Representative linear sweep voltammetry (LSV) plots show that the HER 

activity of SSM synthesized CoB and FeB is comparable to our previous report showing that these 

crystalline 3d metal borides are HER active (Figure 7).62  The crystalline CoB powder exhibits similar 
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electrocatalytic activity to other reported crystalline and amorphous cobalt borides (Table S7).  There is no 

HER activity from amorphous boron alone, which is useful to see as each metal boride product contains 

~50 mol% boron based on reaction balance and elemental analysis.   

 

 

Figure 7.  Representative HER LSV results of CoB, FeB, and Co1-xFexB solid-solutions.  Plots for the 
Cwax and amorphous B are shown for comparison.  Data was obtained using 1.0 M KOH in a three-
electrode cell at 5 mV/s scan rate with Hg/HgO reference and graphite rod counter electrodes.  Current 
densities are scaled using the geometric electrode area (0.08 cm2). 

 

 

The HER activities of Co1-xFexB materials show a systematic trend of increasing HER activity at lower 

applied potentials as more cobalt is substituted into FeB, with groupings of Co-rich (60-80% Co) and Co-

poor samples (20-50% Co) (Figures 7 and S12).  The crystalline Co1-xFexB materials show comparable 

HER activity to previously reported crystalline or amorphous ternary metal borides containing Co and/or 

Fe (Table S8).  The overall HER activity to achieve 10 mA cm-2 (ƞ10) current density is ordered as FeB < 

Co0.2Fe0.8B ~ Co0.4Fe0.6B ~ Co0.5Fe0.5B < Co0.6Fe0.4B ~ Co0.8Fe0.2B < CoB with applied potentials ranging 

from -223 mV to -395 mV.  The average HER activities over multiple LSV scans are summarized in Table 

3.  At high current densities, the HER activity of the highest cobalt content Co1-xFexB solid solutions are 

comparable to the benchmark 10% Pt/C.  Graphical representations of applied potentials for several current 

densities (10, 20, 50 mA cm-2) as a function of run number are shown in Figure S13.  The LSV data shown 

in Figure 7 is not iR compensated as this may obscure differences in catalyst activity due to surface charge 

transfer interactions.77, 78  LSV overlay results for 85% iR compensated data are shown in Figure S14 and 
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reported in Table 3, with ~10-15 mV lower applied potentials to achieve 10 mA cm-2 current densities 

versus uncompensated results.  The electrochemical surface area (ECSA) trend for these metal borides is 

similar to physical BET surface areas (Table 1) with the solid solutions having higher ECSA than CoB.  

The geometric electrode area normalized LSV and the ECSA normalized data for Co1-xFexB show the same 

trend of increasing HER activity as Fe is replaced by Co (Figure S15).   

 

Table 3.  Summary of HER electrocatalysis using SSM synthesized Co-Fe-B metal borides.   

Sample (ƞ10) (mV)1 (ƞ20) (mV)1 Tafel (mV/dec) ECSA (cm2) 

CoB 
-223 ± 4 

(-211 ± 4) 
-265 ± 4 

(-240 ± 4) 
-105 
(-90) 

22 

Co0.8Fe0.2B 
-262 ± 10 

(-249 ± 10) 
-304 ± 11 

(-278 ± 10) 
-136 

(-103) 
31 

Co0.6Fe0.4B 
-260 ± 6 

(-250 ± 7) 
-294 ± 6 

(-274 ± 6) 
-103 
(-82) 

52 

Co0.5Fe0.5B 
-289 ± 10 

(-274 ± 10) 
-333 ± 11 

(-303 ± 11) 
-150 

(-117) 
49 

Co0.4Fe0.6B 
-289 ± 11 

(-275 ± 11) 
-338 ± 11 

(-310 ± 11) 
-160 

(-131) 
56 

Co0.2Fe0.8B 
-297 ± 4 

(-286 ± 4) 
-350 ± 3 

(-327 ± 3) 
-177 

(-150) 
52 

FeB 
-395 ± 3 

(-382 ± 3) 
-444 ± 3 

(-418 ± 3) 
-136 

(-120) 
43 

B n/a n/a - 3 

10% Pt/C 
-83 ±24 

(-62 ± 24) 
-163 ± 34 

(-120 ± 34) 
-89 

(-83) 
34 

1) applied potentials reported versus RHE in 1.0 M KOH and current densities normalized to geometric 
electrode area of 0.08 cm2 (85% manual iR compensation results in parentheses).  Deviations are for 50 
LSV runs with no iR compensation and with 85% manual iR compensation.  n/a means not achieved. 
 

 

These HER electrocatalysis results for crystalline Co1-xFexB solid-solutions demonstrate that Co-Fe mixing 

leads to a trend that more closely follows a compositional linear trend rather than a synergistic enhancement 

effect of both Fe and Co metals in the solid-solution boride.  After normalizing for differences in surface 

area and resistance, our HER results in acidic electrolyte indicates that the cobalt content of the Co1-xFexB 

solid solution catalyst particles is the more relevant determining factor for increased HER activity at lower 

applied potentials.  To investigate the effect of Co-Fe mixing on electrocatalytic activity, physical mixtures 

of CoB and FeB were made that mirror the chemical compositions of the Co1-xFexB solid solutions.  The 

HER electrocatalytic activities of these physically mixed (1-x)CoB/xFeB materials were between the FeB 

and CoB activities and they had lower ECSA values than the chemically mixed Co1-xFexB materials (Table 

S9 and Figure S16).  In the solid-solution and physical mixture experiments, CoB is more active despite 

its lower ECSA or surface area, suggesting that a major factor in HER activity is the cobalt content. 
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The initial LSV (Tafel) slopes can provide insight on the H2 formation process that occurs on the catalyst 

surface.  Three HER reactions at low coverage are a Volmer step – proton adsorption-reduction (120 mV 

dec-1), a Heyrovsky step – hydride/proton interaction with reduction and H2 desorption (40 mV dec-1), and 

a Tafel step – hydride migration and H2 desorption (30 mV dec-1) in water and hydronium-ion reduction 

reactions.79  At higher proton surface coverage, the Heyrovsky step may reach 120 mV dec-1.  The metal 

borides examined here have Tafel slopes around or above 120 mV dec-1 (105 to 177 mV dec-1), indicating 

that initial proton adsorption and reduction processes on the boride surfaces may be rate limiting (Table 3 

and Figure S17).  The lowest Tafel slope is found for the most active CoB material and so initial proton 

adsorption to surface cobalt sites is likely a key reaction step in basic electrolyte.  These solid-solution 

metal boride HER electrocatalysis results provide useful comparative data for theoretical studies on the 

energetics of surface hydrogen evolution reactions.   

 

The extended electrocatalytic HER stability of Co1-xFexB materials was examined in 1.0 M KOH at a 

constant potential to maintain ∼10 mA cm-2 current density for a 24-hour period.  These 

chronoamperometry (CA) studies show that the cobalt-rich Co1-xFexB solid solutions show relatively 

constant activity similar to CoB (Figure S18).  The iron-rich Co1-xFexB and FeB show a small increase in 

activity over the 24-hour period that is also evident in LSVs taken after the CA experiments (Table S10).  

SEM particle morphologies of FeB after CA experiments show smoother particles with fewer edges than 

prior to electrochemistry (Figure S19), indicating that some surface chemical and physical changes occur 

on iron-rich boride surfaces.  The bulk crystallinity of the post-CA samples on electrode tips was examined 

by XRD and all Co1-xFexB samples showed key XRD peaks for their original metal boride structures, 

indicating the bulk structure survives extended HER reactions in 1 M KOH (Figure S20).  EDS elemental 

maps of metal borides on Cwax electrodes after extended HER electrochemistry experiments show that metal 

and boron are still present and distributed uniformly on the electrode surface (Figures S21 and S22).  While 

it is difficult to get quantitative compositional data from the small amount of metal boride on these electrode 

tip samples, EDS analysis suggests that some samples may lose cobalt relative to iron after extended 24-

hour cycling (Table S11), even when bulk XRD structures remain intact.  

 

OER electrocatalysis using metal borides. The literature evidence suggests that Fe is important in Co-

Fe-solid solution OER electrocatalysts, but the precise function of Fe is not well understood.  Post-

electrochemistry XPS results confirm that Fe compounds readily form OOH-like species that may increase 

the catalytic activity of Cox-Fe-B.65  Active surface oxygen species thought to play an important role in 

OER catalysis include Co(O)OH, Fe(O)OH, and FeCo(O)OH.11, 65, 66  The OER activities of crystalline Co1-
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xFexB solid-solutions were examined in this study to investigate the influence of Fe mixing with Co in 

borides on OER electrocatalytic activity as compared to activities of the CoB and FeB end members.  

Representative metal boride LSVs are shown in Figure 8 and illustrate CoB and Co-rich Co1-xFexB solid-

solutions possess higher OER activity as compared to FeB and Fe-rich Co0.2Fe0.8B samples (Figure S23).  

Very similar OER activity is seen for CoB and Co1-xFexB solid-solutions up to ~ 40 at% Co with only a ~14 

mV potential difference at 10 mA/cm2 current density.   

 

 

Figure 8.  Representative OER LSV results of CoB, FeB, and Co1-xFexB solid-solutions.  Plots for the 
Cwax and boron are shown for comparison.  Data was obtained in O2 purged 1.0 M KOH in a three-
electrode cell at 5 mV s-1 scan rate with Hg/HgO reference and graphite rod counter electrodes.  Current 
densities are scaled using the geometric electrode area (0.08 cm2).  Amorphous boron and Cwax data are at 
baseline levels.  
 

Initial LSV scans for several samples show Co2+ to Co3+oxidation peaks, likely creating CoOOH surface 

species.80  Six LSVs were performed as conditioning runs to achieve reproducible, overlapping LSVs 

(Figure S24).  This Co2+ oxidation peak shifts to higher potentials with Fe incorporation and decreases in 

magnitude (Figure S25), which could indicate some redox interactions between Co and Fe in Co1-xFexB.65  

The average applied potentials to achieve 10 and 20 mA/cm-2 current densities are reported in Table 4 and 

show similar OER activities for CoB and the Co1-xFexB solid solutions with x ≥ 0.4 with relatively stable 

OER over multiple LSV runs with and without iR compensation (Figures S26 and S27).  Based on the 

LSVs results, there is no evidence for a synergistic Fe-Co enhancement of OER activity with these 

crystalline solid solutions versus a more systematic trend of higher Co content leading to higher OER 



21 
 

activity.  As shown in Figure 8, once the solid-solution material reaches ~50 mol% Co content, the OER 

activity is similar to the activity of the CoB end member.  

 

 

Table 4.  Summary of OER electrocatalysis of SSM synthesized metal borides.  

Sample 
Applied potential @ 
10 mA cm-2 (mV)1 

Applied potential @ 
20 mA cm-2 (mV)1 

Tafel (mV dec-1) 

CoB 
1575 ± 12 

(1562 ± 12) 
1608 ± 1 

(1581 ± 1) 
95 

(55) 

Co0.8Fe0.2B 
1581 ± 5 

(1568 ± 5) 
1609 ± 6 

(1583 ± 6) 
66 

(44) 
Co0.6Fe0.4B 1570 ± 2 

(1553 ± 2) 
1603 ± 3 

(1569 ± 3) 
79 

(49) 
Co0.5Fe0.5B 1568 ± 17 

(1553 ± 17) 
1607 ± 6 

(1578 ± 6) 
103 
(68) 

Co0.4Fe0.6B 1583 ± 7 
(1568 ± 7) 

1618 ± 9 
(1590 ± 9) 

87 
(63) 

Co0.2Fe0.8B 1633 ± 10 
(1616 ± 10) 

1675 ± 13 
(1640 ± 13) 

78 
(67) 

FeB 1686 ± 4 
(1673 ± 4) 

1735 ± 6 
(1707 ± 6) 

52 
(51) 

RuO2 
1484 ± 3 

(1469 ± 3) 
1520 ± 3 

(1489 ± 3) 
99 

(68) 
B n/a n/a 3 

1) Applied potentials reported versus RHE in 1.0 M KOH and current densities normalized to geometric 
electrode area of 0.08 cm2 (85% manually calculated iR compensation results in parentheses).  Deviations 
are for 50 LSV runs with and without iR compensation, after 6 conditioning runs.  n/a means current density 
not achieved.   
 

 

The extended 24-hour OER activities of CoB, FeB, and Co1-xFexB solid-solutions were examined in 1.0 M 

KOH using CA experiments with a set potential to maintain ∼10 mA cm-2 current density.  While the 

cobalt-containing metal borides display very good overall extended OER stability, the less active FeB 

exhibits some improved OER electrocatalytic activity over time (Figure S28 and Table S12).  The post-

CA analysis of catalyst particles on electrode tips shows that the bulk crystallinity of the metal borides is 

retained after extended oxidizing electrocatalysis (Figure S20).  EDS elemental maps show that a relatively 

uniform distribution of metal and B on the catalyst surface remains after extended CA experiments, with 

higher surface oxygen as expected (Figure S29).  The Co/Fe metal ratio of Co1-xFexB solid-solutions is 

similar to those of the starting boride catalyst, indicating these boride solid solution materials are fairly 

robust even if some surface oxyhydroxide formation occurs (Table S11). 
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Conclusions  

In this study, we demonstrated that the solvent-free, rapid and exothermic SSM reactions produce 

crystalline Co1-xFexB solid-solution metal borides with compositions that reflect the stoichiometric ratios 

of CoCl2, FeCl2, Mg, and B reactants.  This work highlights the successful atomic level mixing and reaction 

of four reactants in a hot filament initiated rapid (few seconds) SSM reactions leading to metal boride 

crystal growth in molten MgCl2 where reaction temperatures may transiently reach ~1400 °C.  This four-

component SSM reaction successfully produced crystalline Co1-xFexB compositions with a wide range of x 

values (x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1).  The changes in unit cell parameters follow a nearly linear 

relationship with compositional changes in Co1-xFexB.  An examination of reaction intermediates indicates 

that exothermic MCl2/Mg reduction reactions form metal alloys that can react with amorphous boron in the 

molten salt.  The HER and OER activities of this series of mixed metal borides were examined in 1.0 M 

KOH and both show higher activity for the more cobalt-rich phases.  The cobalt containing borides showed 

very good extended electrocatalytic stability and bulk crystallinity of Co1-xFexB on carbon wax electrodes 

is retained after electrocatalysis.  The observed HER activity trend correlates well with cobalt composition, 

indicating that these crystalline microparticulate metal boride catalysts show a systematic rather than 

synergistic impact of iron additions to CoB.  This work also provides new support for the utility of a 

magnesium reduction strategy for rapid SSM reactions that allows facile tuning of reaction products and 

mixed metal boride structures.  
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TOC Entry (graphical abstract) 
 

Rapid solid-state metathesis (SSM) reactions between four reactants form crystalline solid-solution cobalt 
iron monoborides.  These mixed metal borides show improved HER activity that primarily correlates with 
higher cobalt content.  
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Figure S1. Images of electrochemical cell and electrode tip. (A) bare Cwax electrode tip (B) Cwax electrode 
tip with MB powder on it, (C) Three electrode electrochemical cell (working electrode-Cwax, counter 
electrode-graphite rod, reference electrode- Hg/HgO (20% KOH), bubbler, and cross stir bar, (D) assembled 
Cwax electrode tip+brass rod connector. 
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Table S1. Literature table for metal compounds synthesized from SSM reactions.  
RT = room temperature; Filament initiation (ignition SSM) reactions can initiate at room temperature by 
passing a current through nichrome/ cu wire, however locally nichrome wire temperature rises to <=850 °C 
when passing the current and initiate the reaction. * Can be named as magnesiothermic reduction reaction 
as well. # Not a single-phase product. 
 

 

 

  

Year Material 
Starting 

Materials 
Initiation 

Reaction 
Initiation 

Temp 
(°C) 

Time Ref. 

1995 
TiB2, ZrB2, HfB2 

MClx+MgB2 
Ampoule 850 18 h 

1 VB2, NbB2, TaB2, 
FeB, CrB2

#, MoB2
# 

Filament RT 
in 
sec 

2002 UB4 UCl4+MgB2 Ampoule 850 1 day 2 

2012 MB6 (M=Ca, Ba, Sr) MCl2+MgB2 quartz tube 
850-900 

(10-3 Torr) 
12 hr 3 

2013 
CeB6, NdB6, SmB6, 
EuB6, GdB6, YbB6 

MCl3.6H2O+MgB2 

Reactants in an 
Alsint boat covered 
by a silicon wafer 

and then inserted in 
a Quartz tube 

650 1 hr 4 

2017 MoB2 MoCl5+MgB2 

Quartz tube 

650 24 hr 5 

2019 

CrB2
#, MnB4, FeB, 

CoB 
MCl2+MgB2 850 10 hr 

6 

TiB2, ZrB2, HfB2 MCl4+MgB2 850 10 hr 
VB2 VCl3+MgB2 850 10 hr 

NbB2, TaB2, MoB2 MCl5+MgB2 850 10 hr 
WBx WCl6+MgB2 850 10 hr 
ReB2 K2ReCl6+MgB2 850 10 hr 
OsB2

# K2OsCl6+MgB2 1100 10 hr 
RuB2 K2RuCl5+MgB2 950 3 hr 

2020 
MB 

(M=V,Cr,Nb,Mo,Ru,
Ta,W) 

MClx+MgB2+Mg* Quartz tube 800-950 
5-9 
hr 

7 

2020 
Ru7B3, RuB 

K2RuCl5+MgB2+
Mg* Quartz tube 700-950 

3-10 
hr 

8 
Ru2B3, RuB2 K2RuCl5 +MgB2 

2022 
FeB, CoB, NiB# MClx+MgB2 

Filament RT 
In 
sec 

9 FeB, CoB, NiB MClx+Mg+(x/2)B
* 
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Table S2. Unit cell parameters of CoB, FeB, and Co1-xFexB crystalline systems.  

 

 Co % a (Å) b (Å) c (Å) 
Cell volume 

(Å3) 

CoB standard pattern  

(PDF 04-003-2122) 
 3.948 5.243 3.037 62.9 

CoB 100 3.9557 5.2498 3.0417 63.2 

CoB (conv.) 100 5.2498 3.0417 3.9557 63.2 

Co0.8Fe0.2B 80 5.3177 3.0166 3.9793 63.8 

Co0.6Fe0.4B 60 5.3718 2.9949 3.9981 64.3 

Co0.5Fe0.5B 50 5.3984 2.9806 4.012 64.6 

Co0.4Fe0.6B 40 5.424 2.973 4.0276 64.9 

Co0.2Fe0.8B 20 5.4713 2.9563 4.0454 65.4 

FeB 0 5.5006 2.9476 4.0600 65.8 

FeB standard pattern  

(PDF 04-013-1637) 
0 5.504 2.945 4.056 65.7 

Co0.5Fe0.5B standard pattern  

(PDF 01-079-2846) 
50 5.4042 2.9803 4.0072 64.5 

 

CoB, FeB, and Co0.5Fe0.5B (CoFeB2) crystalize in the orthorhombic crystal system.  However, space groups 
of CoB (Pnma) are different from FeB and Co0.5Fe0.5B (Pnma).  The unit cell growth of CoB along a, b, and 
c axis are different from FeB or Co1-xFexB solid-solutions.  The a, b, and c values of CoB swapped to match 
with FeB and Co1-xFexB cell directions are also shown (blue-color values). 
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Figure S2. XRD comparison of experimentally obtained versus reference Co0.5Fe0.5B (PDF 01-079-
2846). 
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Table S3a. 2θ and d-spacing values of crystal planes (hkl) of FeB, Co0.2Fe0.8B, Co0.4Fe0.6B, and 
Co0.5Fe0.5B. Peak alignment was made using an internal Si standard. 
 

 FeB Co0.2Fe0.8B Co0.4Fe0.6B Co0.5Fe0.5B 

hkl d (Å) 2θ d (Å) 2θ d (Å) 2θ d (Å) 2θ 

101 3.26656 27.3008 3.25282 27.4184 3.23360 27.5846 3.22012 27.6785 

200 2.75030 32.5558 2.73565 32.7351 2.71200 33.0287 2.69919 33.1612 

011 2.38526 37.7123 2.38688 37.6858 2.39193 37.6032 2.39258 37.5598 

201 2.27703 39.5777 2.26614 39.7759 2.24955 40.0817 2.23953 40.2335 

111 2.18837 41.2526 2.18775 41.2647 2.18857 41.2487 2.18737 41.2360 

210 2.01089 45.0842 2.00788 45.1557 2.00360 45.2573 2.00071 45.2860 

102 1.90445 47.7559 1.89720 47.9496 1.88788 48.2014 1.88039 48.3621 

211 1.80198 50.6571 1.79853 50.7611 1.79389 50.9017 1.79044 50.9608 

301 1.67103 54.9462 1.66262 55.2479 1.64943 55.7279 1.64188 55.9554 

112 1.59962 57.6228 1.59669 57.7383 1.59371 57.8565 1.59035 57.9368 

020 1.47380 63.0768 1.47815 62.8699 1.48650 62.4769 1.49028 62.2422 

 

 

Table S3b. 2θ and d-spacing values of crystal planes (hkl) of Co0.6Fe0.4B, Co0.8Fe0.2B, and CoB.   
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Co0.6Fe0.4B Co0.8Fe0.2B CoB 

hkl d (Å) 2θ d (Å) 2θ hkl d (Å) 2θ 

101 3.20730 27.8154 3.18604 28.0047 110 3.15925 28.2471 

200 2.68590 33.3590 2.65885 33.7084 020 2.62490 34.1577 

011 2.39699 37.5209 2.40392 37.4086 101 2.41126 37.2905 

201 2.22952 40.4575 2.21077 40.8159 111 2.19119 41.1972 

111 2.18895 41.2411 2.19050 41.2107 120 2.18717 41.2764 

210 1.99907 45.3655 1.98967 45.5919 021 1.98724 45.6509 

102 1.87355 48.5939 1.86350 48.8728 210 1.85085 49.2290 

211 1.78838 51.0698 1.78316 51.2300 121 1.77575 51.4594 

301 1.63419 56.2934 1.61919 56.8622 130 1.60033 57.5946 

112 1.58835 58.0703 1.58539 58.1893 211 1.58114 58.3607 

020 1.49745 61.9693 1.50828 61.4758 002 1.52085 60.9135 
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Table S4. Co/Fe metal ratio comparison from ICP, XRF, and EDS results. 

 

SSM reaction molar ratios 
Final 

Products 

Theoretical 

Co/Fe 

ICP 

Co/Fe  

XRF 

Co/Fe 

EDS 

Co/Fe 

4CoCl2/FeCl2/5Mg/10B Co0.8Fe0.2B+B 80/20 81/19 78/22 78/22 

3CoCl2/2FeCl2/5Mg/10B Co0.6Fe0.4B+B 60/40 58/42 - 55/45 

2.5CoCl2/2.5FeCl2/5Mg/10B Co0.5Fe0.5B+B 50/50 48/52 49/51 45/55 

2CoCl2/3FeCl2/5Mg/10B Co0.4Fe0.6B+B 40/60 38/62 - 33/67 

CoCl2/4FeCl2/5Mg/10B Co0.2Fe0.8B+B 20/80 17/83 21/79 19/81 
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Figure S3. Unit cell volume changes with ICP and EDS measurements obtained %Co values of Co1-

xFexB solid-solutions.  Dashed lines are linear regression results.  
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Figure S4. Additional high-magnification SEM images of FeB, Co1-xFexB solid-solutions, and CoB.  In all 
samples vertically grown plate-like structure morphology can be observed that may receive on metal boride 
surfaces after washing out MgCl2 byproduct from product.  The lengths of the scale bars: FeB, Co0.4Fe0.6B, 
Co0.5Fe0.5B, Co0.6Fe0.4B, and Co0.8Fe0.2B are 3 µm and Co0.2Fe0.8B and CoB are 1 µm. 
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Figure S5. Low-magnification SEM images of FeB, Co1-xFexB solid-solutions, and CoB. Apparent 
morphology transformation from aggregates of small and round-shaped FeB particles to large (µm-sized) 
monolithic blocks + aggregate particles of CoB through Co1-xFexB solid-solutions can be seen from these 
low-magnification images. The lengths of the scale bars: FeB, Co0.4Fe0.6B, and Co0.6Fe0.4B are 10 µm and 
Co0.2Fe0.8B, Co0.5Fe0.5B, Co0.8Fe0.2B, and CoB are 20 µm.  
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Table S5.  The crystallite sizes of Co1-xFexB solid-solutions determined by X-ray line broadening.   
 

Metal boride CoB Co0.8Fe0.2B Co0.6Fe0.4B Co0.5Fe0.5B Co0.4Fe0.6B Co0.2Fe0.8B FeB 

Sample 1 (nm) 

Sample 2 (nm) 

43.9 

52.5 

49.5 

50.9 

60.4 

60.4 

66.0 

73.4 

58.0 

61.4 

69.0 

60.8 

67.5 

62.0 

Average (nm) 48.2 50.2 60.4 69.7 59.7 64.9 64.8 

The (220) XRD peak at 47.3° 2θ of Si powder was used for instrument broadening and the (111) peaks of 
metal borides (41.236°) were used for the calculations.  Two different sample scan results were obtained 
for each metal boride using Scherrer and Warren equations. 
 
 
 

 

Figure S6.  TEM images of FeB, CoB, and Co1-xFexB solid-solutions.  Scale bar length for images:  (A) 2 
µm, (B) 100 nm, (C) 200 nm, (D) 500 nm, (E) 200 nm. 
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Figure S7. Additional TEM images of Co1-xFexB solid-solutions, FeB, CoB, and amorphous B.  Scale bar 
lengths: (A), (B), (C), (E) – 200 nm, (D) – 500 nm, (F) – 100 nm. 
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Figure S8. A plot of calculated adiabatic temperature data for CoB, FeB, and 0.5CoB+0.5FeB (Co0.5Fe0.5B) 
samples. Data points were calculated using the heat of reaction, standard heat capacities, and phase change 
energies. All three samples temperature-enthalpy graphs are very similar except reaction final step, MgCl2 
vaporization, acquired different enthalpies and resulting different % of MgCl2 vaporizations (CoB: 100%, 
FeB: 72%, Co0.5Fe0.5B: 86%). 
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Sample calculations for reaction heat and adiabatic temperature 

All thermochemical data of compounds were obtained from several thermochemical reference sources.10, 11  

 

SSM reactions enthalpy calculations.  An example of a thermochemical ∆Hrxn calculation that was done 

using Hess’s Law for the 4CoCl2/FeCl2/5Mg/10B reaction. Since shortage of thermochemistry data of Co1-

xFexB solid solutions, CoB and FeB formation separately considered for the calculations. 

 

 

Maximum adiabatic reaction temperature (Tad) calculations.  For the Tad calculations, complete reaction 

progress and no heat loss of reactions were assumed.  Even though SSM reactions are very rapid, some heat 

loss from the reactor to the surrounding environment is possible in practice.  As a result, actual maximum 

reaction temperatures may be lower than calculated adiabatic reaction temperatures (Tad).  The standard 

molar heat capacities (298 K and 1 atm) were used for solid compounds and molar heat capacities at melting 

and boiling temperatures were selected as the heat capacity of compounds in liquid and gas phases at 298 

K.10 Molar heat capacities of materials (mostly solids) generally increase with temperature, so the Tad values 

represent upper limits of likely temperatures reached in these SSM reactions.   

 

The Tad calculation of 4CoCl2/FeCl2/5Mg/10B reaction.  

 

 
0.8 

CoCl2 
+ 

0.2 

FeCl2 
+ Mg + 2B → 

0.8 

CoB 
+ 

0.2 

FeB 
+ MgCl2 + B 

∆Hf (kJ/mol) -312.5  -341.6  0  0  -94.1  -72.8  -644.2  0 

∆Hrxn (kJ/mol CoB+FeB) = Σ∆Hf (products) - Σ∆Hf (reactants) = -415.7 
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Table S6. Results for xCoCl2 + (1-x)FeCl2 + Mg rapid SSM reactions.  

Reaction 
% Yield based on 

target metal M 
ΔHf 

(kJ/mol) 
Magnetic 
attraction 

0.8CoCl2 / 0.2FeCl2/ Mg 55 -326 strong 

0.5CoCl2 / 0.5FeCl2/ Mg 49 -317 strong 

0.2CoCl2 / 0.8FeCl2/ Mg 46 -308 strong 

 
All three products are ferromagnetic at room temperature, and they qualitatively show strong attraction to 
a permanent magnet. 
 

 

 

Figure S9. Powder XRD results of the (1-x)CoCl2/xFeCl2/Mg mechanistic study 1st half-reactions. 
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Figure S10. EDS maps of (A) 0.8Co/0.2Fe, (B) 0.5Co/0.5Fe, and (C) 0.2Co/0.8Fe formed from x CoCl2 + 
(1-x) FeCl2+Mg mechanistic study reactions. The length of the scale bars are: (A, B, C) 50 μm. 
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Figure S11. Scanning electron microscopy (SEM) comparison of particle morphologies obtained from 
SSM reactions of xCoCl2 + (1-x)FeCl2+Mg producing (A and B) 0.8Co/0.2Fe, (C and D) 0.5Co/0.5Fe, and 
(E and F) 0.2Co/0.8Fe (left column and right column are two representative SEM images of the same 
sample).  Insets show a high magnification view of the highlighted white boxes in the low magnification 
images. The lengths of the scale bars are (main image, inset): (A) 100 μm and 2 μm, (B) 20 μm and 3 μm, 
(C) 20 μm and 2 μm, (D) 10 μm and 2 μm, (E) 20 μm and 2 μm, (F) 20 μm and 1 μm.   
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Table S7. Literature comparison table for crystalline and amorphous binary metal boride OER and HER 
activity in different electrolytes. All current densities are normalized for the geometric electrode area. The 
ƞ10 overpotentials are calculated versus the ideal equilibrium 0 V and 1.23 V potentials for HER and OER 
water splitting. 
 

MB  
(M= Fe, Co, Ni) 

Electrode 
OER 

(ƞ10 mV) 
HER  

(ƞ10 mV) 

Tafel slope 
(mV/dec) 

OER/HER 
Electrolyte Ref. 

Crystalline metal borides (Co and Fe) 

CoB (CoCl2/Mg/2B) 50% Cwax 345 -223 95/105 1.0 M KOH this study 
FeB (FeCl2/Mg/2B) 50% Cwax 456 -395 52/136 1.0 M KOH this study 
FeB (FeCl3/1.5MgB2) 45% Cwax 418 -368 78/157 1.0 M KOH 9 
FeB (FeCl3/1.5Mg/B) 45% Cwax 480 -361 116/155 1.0 M KOH 9 
CoB (CoCl2/MgB2) 45% Cwax 373 -293 54/109 1.0 M KOH 9 
CoB (CoCl2/Mg/2B) 45% Cwax 382 -279 69/100 1.0 M KOH 9 
FeB2 GC 296 -61 52/88 1.0 M KOH 12 
Co3B CP 312  53 1.0 M KOH 13 
Co2B GC 410  63 1.0 M KOH 14 
Co2B  380  45 0.1 M KOH 15 
Co2B GC  -328 136, 177 1.0 M KOH 15 
Co2B CP 287  51 1.0 M KOH 13 
CoB CP 340  63 1.0 M KOH 13 
       

Crystalline metal borides (Other)  

NiB (NiCl2/MgB2) 45% Cwax 380 -312 72*/112 1.0 M KOH 9 
NiB (NiCl2/Mg/2B) 45% Cwax 346 -307 67*/111 1.0 M KOH 9 
Ni3B -  -79 85 0.5 M H2SO4 16 
NiB GC 350  60 1.0 M KOH 17 
Nano VB2 CS  -192 68 0.5 M H2SO4 18 
Bulk VB2 CS  -348 126 0.5 M H2SO4 18 
TiB2 GC  -1070 196 0.5 M H2SO4 19 
TiB2 FTO 560   1.0 M HClO4 20 
TiB2 GC  ~-1100  0.5 M H2SO4 21 
TiB2-NaNAFT GC  ~-1000 146 0.5 M H2SO4 21 
TiB2-BuLi GC  ~-1000 158 0.5 M H2SO4 21 
ZrB2 GC  -970 173 0.5 M H2SO4 19 
MoB/g-C3N4 GC  -152 (ƞ20) 46 1.0 M KOH 22 
MoB2 CS  -154 49 0.5 M H2SO4 5 
Mo2B5 GC  -740 118 0.5 M H2SO4 23 
Mo2B5-BP treated GC  -540 101 0.5 M H2SO4 23 
RuB2 GC  -28 29 1.0 M KOH 6 
RuB2 GC  -18 39 0.5 M H2SO4 6 
RuB2 GC  -35 28 0.5 M H2SO4 24 
HfB2 GC  -1050 194 0.5 M H2SO4 19 
WB2 GC  -203 65 0.5 M H2SO4 24 
W2B5 GC  -680 115 0.5 M H2SO4 23 
W2B5-BP treated GC  -210 62 0.5 M H2SO4 23 
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Amorphous metal borides 

FeB GC 392 (ƞ20)  72 1.0 M KOH 25 
Co3B GC 350 (ƞ20)   1.0 M KOH 26 
CoB pellet -  -251 75 0.5 M KPi 27 
CoB GC  -203 79 0.5 M KPi 28 
CoB GC 344 (ƞ20)  72 1.0 M KOH 25 
CoB/C GC 320  75 1.0 M KOH 29 
CoB nanosheets NF 265 (ƞ20)  56 1.0 M KOH 30 
CoB/NCNT  370  - 0.1 M KOH 31 
CoB Ni 140 -70 89/68 1.0 M KOH 31 
Co-B@Co-Bi GC 291  105 1.0 M KOH 32 
CoB GC 348  111 1.0 M KOH 32 
Ni3B-rGO films CFP 290  88 1.0 M KOH 33 
Ni3B CFP 340  81 1.0 M KOH 33 
Ni2B GC 350  58 1.0 M KOH 34 
NiB GC  -132 (ƞ20) 53, 112 1.0 M HClO4 35 
NiB GC  -194 (ƞ20)  1.0 M KOH 35 
NiB GC  -309 186 0.5 M KPi 28 
Ni2B/g-C3N4 GC  -707 221 1.0 M KOH 36 
Ni-B@Ni-Bi GC 310  150 1.0 M KOH 32 
NiB GC 365  100 1.0 M KOH 32 
NiB GC 331 (ƞ20)  52 1.0 M KOH 25 
 
50% Cwax = 50% graphite/50% paraffine wax, 45% Cwax = 45% graphite/55% paraffin wax, GC = glassy 
carbon, CP = carbon paper, CS = carbon sheet, FTO = fluorinated tin oxide glass, CFP = carbon fiber paper, 
NF = nickel foam *Approximate values due to pre-oxidation peaks having overlap with OER onset. 
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Figure S12. Graph of HER overpotentials at 10 mA cm‐2 and 20 mA cm‐2 current densities versus % Co 
(theoretical, ICP, and EDS). 
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Table S8. Literature comparison table for crystalline and amorphous ternary metal boride OER and HER 
activity in different electrolytes. All current densities are normalized for the geometric electrode area. The 
ƞ10 overpotentials are calculated versus the ideal equilibrium 0 V and 1.23 V potentials for HER and OER 
water splitting.  
 

MB 
 

Crystalline/ 
amorphous 

Electrode 
OER 

(ƞ10 mV) 
HER 

(ƞ10 mV) 

Tafel slope 
(mV/dec) 

OER/HER 
Electrolyte Ref. 

CoB 
Co0.8Fe0.2B 
Co0.6Fe0.4B 
Co0.5Fe0.5B 
Co0.4Fe0.6B 
Co0.2Fe0.8B 

FeB 

Cry 50% Cwax 

345 
351 
340 
338 
353 
403 
456 

223 
262 
288 
289 
289 
297 
392 

95/105 
66/139 
79/163 
103/150 
87/160 
78/177 
52/169 

1.0 M KOH This 
study 

Co2MoB4 

Fe2MoB4 
Cry Ccloth 

283 
463 

- 
19.9 
95.5 

1.0 M KOH 37 

Activated 
FeCoB2 

Cry GCE 295 - ~84 1.0 M KOH 38
 

CoFeB 
CoB 
FeB 

amor NF 
270 (ƞ50) 
296 (ƞ50) 
343 (ƞ50) 

- 
36 
109 
68 

1.0 M KOH 
39

 
 

CoFeB 
CoB 

Cry GE 
328 
313 

- 
78.9 
75.7 

1.0 M KOH 40
 

NiFe-boride amor NF 167 - 25 1.0 M KOH 41
 

Co-Fe-B 
Co3-Fe-B 
Co-Fe3-B 

CoB 
FeB 

Cry - 

280 
330 
360 
400 
450 

129 
194 
201 
212 
267 

38.9/67.3 
65.4/94.6 
66.7/79.5 
65.9/86.8 
58.4/99.9 

1.0 M KOH 42
 

Fe3Co7B/CNT 
Fe3Co7B 

CoB/CNT 
FeB/CNT 

Amor GC 

265 
282 
338 
347 

- 

30 
34 
73 
52 

1.0 M KOH 43
 

AlFe2B2 Cry NF 240 - 42 1.0 M KOH 44
 

NiCoFeB 
NiCoB 
CoB 

Amor GC 
284 
375 
383 

345 
363 
396 

47/98 
78.1/102 
79/119 

1.0 M KOH 45
 

CoNiB/CC Amor CC - 80 88.2 1.0 M KOH 46
 

Co-3MoB Amor GC 
96 
66 

- 
320 

56 
155/67 

KPi (pH 7) 
1.0 M NaOH 

(pH 14) 

47
 

Co2-Fe-B 
Co2B 
Fe2B 

Amor Cu sheet 
298 
340 
472 

- 
62.6 
97.3 
81.6 

1.0 M KOH 48
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Figure S13. Left column: Overlay plots of 50 LSV scans of metal borides for HER in 1.0 M KOH at 5 mV 
s-1 scan rate.  Right column: Plots of run number versus potentials at 10, 20, and 50 mA/cm2 current densities 
extracted from left column overlay plots.  Metal boride powders are embedded on Cwax working electrodes. 
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Figure S14. HER LSV overlay plots for metal borides with 85% iR compensation at 5 mV s-1 scan rate. 
A representative LSV run from 10 LSVs with iR on is shown in the graph.  The working electrodes are 
metal boride powders embedded on Cwax tips. 
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Figure S15. HER LSV overlay plots for metal borides and 10% Pt/C with ECSA normalized current 
densities in 1.0 M KOH. 
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Table S9. HER electrocatalysis of CoB + FeB physical mixing samples in 1.0 M KOH (average of 50 HERs 
were reported in the table). 
 

Sample (ƞ10) (mV)1 (ƞ20) (mV) Tafel (mV dec-1) ECSA (cm2) 
CoB -223 ± 4 -265 ± 4 -105 22 
4 CoB + FeB -293 ± 1 -355 ± 1 -121 23 
3 CoB + 2 FeB -298 ± 1 -356 ± 2  -139 29 
2.5 CoB + 2.5 FeB -305 ± 1 -372 ± 2 -148 54 
2 CoB + 3 FeB -313 ± 2 -378 ± 2 -153 35 
CoB + 4 FeB -364 ± 5 -430 ± 6 -155 31 
FeB -395 ± 3 -444 ± 3 -136 43 

 

 

 

 

Figure S16. Representative HER LSV results of physically mixed (hand-grinding in a mortar and pestle) 
CoB + FeB mixtures.  Data was obtained using 1.0 M KOH in a three-electrode cell at 5 mV/s scan rate 
with Hg/HgO reference and graphite rod counter electrodes.  Current densities are scaled using the 
geometric electrode area (0.08 cm2). 
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Figure S17.  The Tafel slopes of metal borides and 10% Pt/C representative HER LSV runs in 1.0 M 
KOH. A. without iR correction, B. with 85% iR correction. 
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Figure S18. Applied negative potential HER chronoamperometry data (current versus time at constant 
potential) for metal borides in 1.0 M KOH for 24 hrs.  The potentials used are indicated and were chosen 
to ideally sustain 10 mA cm-2.  The working electrodes are metal boride powders embedded on Cwax tips. 
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Table S10.  Summary of post-chronoamperometry HER electrocatalysis of SSM synthesized metal borides 
in 1.0 M KOH (average of 10 HERs were reported in the table) (manually corrected 85% iR compensation 
results in parentheses). 
  

Sample (ƞ10) (mV)1 (ƞ20) (mV) Tafel (mV dec-1) 

CoB 
-255 ± 2 

(-240 ± 2) 
-303 ± 2 

(-273 ± 2) 
-121 

(-103) 

Co0.8Fe0.2B 
-230 ± 6 

(-217 ± 6) 
-279 ± 4 

(-252 ± 4) 
-134 

(-110) 
Co0.6Fe0.4B -264 ± 5 

(-254 ± 5) 
-303 ± 4 

(-282 ± 4) 
-119 

(-100) 
Co0.5Fe0.5B -287 ± 10 

(-266 ± 10) 
-343 ± 10 

(-299 ± 10) 
-162 

(-138) 
Co0.4Fe0.6B -267 ± 8 

(-237 ± 8) 
-326 ± 8 

(-266 ± 8) 
-161 

(-130) 
Co0.2Fe0.8B -275 ± 3 

(-257 ± 3) 
-335 ± 3 

(-298 ± 3) 
-170 

(-146) 
FeB -324 ± 10 

(-306 ± 10) 
-382 ± 9 

(-346 ± 9) 
-169 

(-149) 
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Figure S19. SEM surface comparison of FeB electrodes before (left) and after (right) HER electrochemistry 
measurements. Top two images are high-magnification (5 μm) and bottom two images are low-
magnification (20 μm) images. 
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Figure S20. Powder XRD results of pre- and post-positive potential OER chronoamperometry (red and 
blue diffractograms) and post-negative potential HER chronoamperometry (green diffractograms) of 
powders on Cwax tips for CoB, FeB, and Co1-xFexB solid-solutions. Metal borides pelletized free sample 
XRDs (black diffractograms), and diffractogram of Cwax are also shown for the comparison.  The Cwax 
electrode has several broad XRD peaks that are a combination of graphite and paraffin wax diffraction.   
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Figure S21. Post-negative potential HER chronoamperometry EDS maps of CoB, FeB, and Co1-xFexB 
solid-solutions.  Images are from powders embedded on Cwax tip. 
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Figure S22. EDS maps of CoB, FeB, and Co1-xFexB solid-solutions on Cwax tips before electrochemistry 
measurements (pre-electrochemistry).  Images are from powders embedded on Cwax tip. 
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Table S11. EDS Co/Fe ratios of Co1-xFexB solid-solutions before and after electrochemistry measurements. 
 

Sample Before 

electrochemistry  

(free powder 

pelletized) 

Before 

electrochemistry 

(on Cwax) 

After 

electrochemistry 

(HER) 

After 

electrochemistry 

(OER) 

 Co/Fe ratio Co/Fe ratio Co/Fe ratio Co/Fe ratio 

4CoCl2+FeCl2 78/22 78/22 62/38 78/22 

3CoCl2+2FeCl2 55/45 57/43 57/43 63/37 

2.5CoCl2+2.5FeCl2 45/55 50/50 32/68 51/49 

2CoCl2+3FeCl2 33/67 34/66 23/77 36/64 

CoCl2+4FeCl2 19/81 19/81 16/84 23/77 

 

EDS of fresh metal borides as pelletized free powder form or pressed and embedded on Cwax electrode tips 
were used as before electrochemistry EDS samples. EDS of metal borides on Cwax after electrochemistry 
was obtained after initial 50 HERs or 56 OERs, 24-hour chronoamperometry run, and post 10 LSV runs. 
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Figure S23. Left column: Overlay plots of 50 LSV runs of CoB, FeB, Co1-xFexB, RuO2, and B for OER 
experiments in 1.0 M KOH at 5 mV s-1 scan rate.  Right column: Plots of run number versus potentials at 
10, 20 and 50 mA/cm2 current densities extracted from left column overlay plots.  The working electrodes 
are metal boride powders embedded on Cwax tips. 

Current density at or 
above 10 mA/cm2 not 
achieved for amor. B 
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Figure S24. First six OER conditioning runs overlay plots and their corresponding potential versus run 
number plots in 1.0 M KOH at 5 mV s-1 scan rate. The working electrodes are metal boride powders 
embedded on Cwax tips. It is obvious that CoB and Co1-xFexB solid solutions’ OER active stable surfaces 
formed after surface modifications of conditioning runs. LSV curves moved from run 1 to run 6 as 
represented by the arrow. 

Current density at or 
above 10 mA/cm2 not 
achieved for amor. B 
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Figure S25. Top: Additional oxidation peak in CoB and Co1-xFexB samples formed around 1200-1500 mV 
potential range. Representative (25th run) data were obtained for the comparison. Peaks positions at 1196 
mV (1), 1245 mV (2), 1318 mV (3), 1385 mV (4), and 1492 mV (5) for CoB, Co0.8Fe0.2B, Co0.6Fe0.4B, 
Co0.5Fe0.5B, Co0.4Fe0.6B samples, respectively. Bottom: Graph of %Co versus peak potentials.  
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Figure S26. OER current density (10 mA cm-2 and 20 mA cm-2) changes with % Co (theoretical, ICP, and 
EDS). 

 

 

 

Figure S27. OER LSV overlay plots for metal borides with 85% iR compensation at 5 mV s-1 scan rate. 
A representative LSV run from 10 LSVs with iR on is shown in the graph.  The working electrodes are 
metal boride powders embedded on Cwax tips. 
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Figure S28. Applied positive potential OER chronoamperometry data (current versus time at constant 
potential) for metal borides in 1.0 M KOH for 24 hrs.  The potentials used are indicated and were chosen 
to ideally sustain 10 mA/cm2.  The working electrodes are metal boride powders embedded on Cwax tips. 
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Table S12.  Summary of post-chronoamperometry OER electrocatalysis of SSM synthesized metal borides 
in 1.0 M KOH (average of 10 HERs were reported in the table).  
  

Sample (ƞ10) (mV)1 (ƞ20) (mV) Tafel (mV/dec) 

CoB 
1572.3±2.9 

(1547.9±2.9) 
1603.1±2.2 

(1554.5±2.4) 
102 
(48) 

Co0.8Fe0.2B 
1588.4±2.3 

(1570.2±2.4) 
1621.3±3.3 

(1584.9±3.1) 
79 

(50) 
Co0.6Fe0.4B 1571.0±1.4 

(1562.3±1.3) 
1603.1±1.7 

(1584.9±1.7) 
81 

(63) 
Co0.5Fe0.5B 1577.5±2.0 

(1557.4±1.8) 
1614.5±2.5 

(1574.0±2.7) 
109 
(55) 

Co0.4Fe0.6B 1590.2±3.6 
(1575.7±3.7) 

1626.1±4.7  
(1597.0±4.9) 

99 
(67) 

Co0.2Fe0.8B 1622.4±6.0 
(1607.9±5.9) 

1656.7±8.3 
(1627.7±8.2) 

72 
(60) 

FeB 1654.7±4.6 
(1633.7±4.5) 

1690.4±6.0 
(1648.8±5.9) 

53 
(45) 
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Figure S29. Post-positive potential OER chronoamperometry EDS maps of CoB, FeB, and Co1-xFexB solid-
solutions.  Images are from powders embedded on Cwax tip. 
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