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Magnetic and Electrocatalytic Properties of Nanoscale Cobalt
Boride, CosB
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Wolfram Jaegermann,® Ram Seshadri,* Barbara Albert*"'

! Eduard-Zintl-Institute of Inorganic and Physical Chemistry, Technische Universitit Darmstadt, Alarich-Weiss-
Str. 12, 64287 Darmstadt, Germany

2 Department of Chemistry & Biochemistry, Materials Department, and Materials Research Laboratory,
University of California, Santa Barbara, Santa Barbara California 93106, United States

3 Institute of Materials Science (Surface Science Division), Technische Universitit Darmstadt, Jovanka-
Bontschits-Str. 2, 64287 Darmstadt, Germany

ABSTRACT: The use of low-temperature solution synthesis followed by a brief annealing step allows
metastable single-phase Co3;B nanoparticles to be obtained, with sizes ranging from 11 nm to 22 nm.
The particles are ferromagnetic with a saturation magnetization of 91 A m? kg™ (corresponding to
1.02 us/Co) and a coercive field of 0.14 T at 5 K, retaining the semi-hard magnetic properties of bulk
CosB. They display a magnetic blocking temperature of 695 K and a Curie temperature near 710 K, but
the measurement of these high-temperature properties was complicated by decomposition of the
particles at these high temperatures. Additionally, the nanoparticles of Co3B were investigated as an
electrocatalyst in the oxygen evolution reaction and showed a low onset potential of 1.55 V vs. RHE.
XPS measurements were performed before and after the electrocatalytic measurements to study the
surface of the catalyst, to pinpoint what appear to be the active surface species.

Introduction

With growing interest in transition metal borides,''° especially cobalt borides, >’

as catalyst and
electrocatalyst materials, the importance of the synthesis of phase-pure nanoscale transition metal
borides increases. These materials provide high surface areas compared to bulk metal borides and show
excellent catalytic activity. However, to date, many transition metal borides can only be obtained as bulk
materials or amorphous powders. To produce catalytic materials, the so-called top-down approach is
usually carried out using ball-milling to grind bulk materials into smaller particles. Especially for hard
materials such as borides, this can introduce impurities into the material and often leads to broad particle
size distributions which can be detrimental to the catalytic activity. A more sophisticated approach are

bottom-up methods, to build the nanoparticles from an atomic level. For transition metal boride

nanoparticles, they often include a reaction of alkali metal tetrahydridoborates and transition metal salts

7,23-29 27,30,31

either in water, organic solvents, or salt-melts.*** Another reaction of transition metal salts
with elemental boron in tin melts was described recently.’* A review of synthesis methods for nanoscale

metal borides can be found in literature.



Previously, we reported the formation of metastable nanoparticles of Ni;yB3 at room temperature by using
a solution synthesis route.”> Here, we report on the preparation of metastable single-phase nanoparticles
of Cos;B for the first time, applying a similar approach. CosB is often found as a side-product in

precipitation syntheses?®>!-3>-%

or can be prepared as bulk material by induction melting of the elements
and subsequent heat treatment or reaction of the elements in silica ampules.”” It crystallizes in the
orthorhombic Fe;C structure type (space group Pnma). The unit cell consists of isolated boron atoms,

which are enclosed by tricapped trigonal prisms consisting of nine cobalt atoms as shown in Figure 1
(a).

Another cobalt boride, Co,B, has already shown high efficiency as an electrocatalyst material for the

oxygen evolution reaction””*

and high selectivity as a catalyst in reactions such as the liquid-phase
hydrogenation of citral."”*' Amorphous Co-B powders are possible high capacity anode materials for
battery applications.*” Mixtures of Co,B and Co;B were tested for the oxidative dehydrogenation of
propane recently and showed high olefin selectivity.* For catalysis, amorphous products, mixtures of
Co-B compounds or poorly-crystalline materials were often used.>*!"*'*>* However, the use of well-
defined binary compounds is essential to improve the understanding of the influence of structure and
catalyst composition on the catalytic properties. Because phase-pure Cos;B nanoparticles were so far

inaccessible, there are no reports on their catalytic properties.

Furthermore, transition metal-based compounds other than oxides, especially borides, have attracted
attention because of their magnetic properties.”****! Due to its ferromagnetic properties, which are

intermediate between those of a hard magnet and a soft magnet,*’

nanoscale CosB may also be used in
magnetic switches, data storage and biomedical applications. Nanocompositing magnetically semi-hard
magnetic materials such as CosB or (FexCoi«)3;B with magnetically hard (but lower moment) magnetic
materials such as Mn-Ga or Mn-Bi has been proposed as a route to transition metal-based permanent
magnets that combine high saturation magnetization and high coercivity.” The development of high-
quality magnetic nanoparticles will enable the preparation of these types of nanocomposites through

spark plasma sintering or hot-pressing.

In this work, nanoscale and pure CosB was prepared through the reaction of lithium tetrahydridoborate
and cobalt(Il)-bromide in tetrahydrofuran with subsequent washing and annealing. Transmission
electron microscopy (TEM) was used to analyze the nanostructure of the samples. High-resolution
synchrotron powder diffraction and magnetic studies confirmed that they were single-phase.
Furthermore, the particles were analyzed as a catalyst material for electrochemical water splitting. The

surface was studied using XPS before and after electrochemical measurements.

Experimental Section

Synthesis. The glassware was heated in vacuo and then flushed with argon three times to remove all
traces of water and oxygen. All synthesis and characterization steps were performed without exposure

of the samples to air unless otherwise stated. Tetrahydrofuran was degassed using the freeze-pump-thaw



method prior to the synthesis. 20 mmol (1 eq.) of cobalt(Il)-bromide (Sigma Aldrich, 99 %) were
dissolved in 50 ml of tetrahydrofuran and 46 mmol (2.3 eq.) of lithium tetrahydridoborate (Sigma
Aldrich, > 95 %) were dissolved in 20 ml of tetrahydrofuran. The solution of lithium tetrahydridoborate
was added to the solution of cobalt(II)-bromide quickly. The solution changed color from blue to black
immediately and was stirred for two hours at room temperature. The black precipitate was filtered and
washed five times with 20 ml of tetrahydrofuran. The sample was rinsed with 20 ml of ethanol, added
quickly to the precipitate on the frit, which caused it to heat up. The precipitate was again filtrated and
dried in vacuo for eight hours. It is pyrophoric and exhibits ferromagnetic behavior. Filtration and
washing steps were also carried out under an argon atmosphere using Schlenk techniques. The black
powder was heated to 773 K within an hour and then treated at 773 K for two hours in vacuo, yielding
Co;3B nanoparticles.

Structural characterization. X-ray powder diffraction data were collected at room temperature by a
Stoe STADI P powder diffractometer with MoK, radiation (Ge(111) monochromator, A = 0.7093 A,
Debye-Scherrer geometry). Samples were sealed in glass capillaries to avoid exposure to air.
High-resolution synchrotron powder diffraction data were collected at 295 K using beamline 11-BM at
the Advanced Photon Source (APS), Argonne National Laboratory, using an average wavelength of
0.412802 A. To avoid exposure to air, samples were loaded in a glovebox into 0.8 mm diameter Kapton
capillaries, which were sealed on each end using epoxy.

Rietveld refinement was performed using the program TOPAS Academic. The data was fit using a
purely Lorentzian Stephens peak profile for the microstrain,’” and a standard Lorentzian size broadening
term. The refinement of the size broadening term was used to determine the size of the coherent
scattering regions (volume-weighted column height).

Magnetic measurements. Magnetization measurements were performed using a SQUID magnetometer
(Quantum Design MPMS-3) equipped with a high-temperature oven option, which allows for Vibrating
Sample Magnetometer (VSM) measurements between 2 K and 1000 K. In order to avoid exposing the
nanoparticles to air or water while performing the high-temperature measurements (300 K and above),
a few milligrams of nanoparticles were loaded into a small section of silver tube (2.8 mm OD) in an
argon glovebox. The ends of tubes were crimped and the tube was flattened into an air-tight packet. The
packet was removed from the glovebox and cemented to the oven sample heater of the magnetometer,
which was then wrapped in copper foil and placed in the sample chamber (He/vacuum environment).
We have previously employed this technique successfully to measure the high-temperature magnetic
properties of air sensitive nanoparticles.?’ For the low-temperature measurements (300 K and below),
nanoparticles were loaded into a closed polypropylene capsule in the glovebox, which was then removed
from the glovebox, carefully weighed, and quickly placed in the MPMS sample chamber. The mass and
300 K moment of the low-temperature sample was used to calibrate the moment of the high-temperature

sample.



Transmission electron microscopy. A (scanning) transmission electron microscope (STEM, JEOL
JEM 2100F, 200 kV) was used to determine the microstructure and chemistry on the nanometer scale.
A transfer specimen holder model (Gatan 648) was used to avoid exposure to air. The TEM grids were
prepared in a glove box by placing the sample in a mortar and carefully pulling the TEM grid through
the powder.

Energy-dispersive X-ray spectroscopy. A scanning electron microscope (JEOL JSM 6400) was used
at 20 kV with a detector (EDAX Apollo X) for the energy-dispersive X-ray spectroscopy (EDS).
Samples were prepared in air on adhesive carbon pads.

X-ray photoelectron spectroscopy. XPS measurements were performed using monochromatic Alke
radiation (XR 50, SPECS Surface Nano Analysis GmbH). A hemispherical electron analyzer
(PHOIBOS 150, SPECS Surface Nano Analysis GmbH) was used, calibrated with the core lines of
copper, silver, and gold. Prior to the electrochemical measurements, samples of Cos;B were embedded
into indium foil. Only moderate pressure was applied to embed the powder into the indium foil in order
to keep the crystallites intact.

Electrode assembly. The powder of CosB (5 mg mL™") was added to a mixture of 45 % ethanol, 45 %
ultra-pure distilled water, and 10 % Nafion (Aldrich Chemistry). The ink was blended using an
ultrasonic bath for at least 30 min. Glassy carbon (HTW GmbH) was used as a substrate material, sanded
with abrasive silicon carbide paper (P400, P1000, P1500, P2000, P2500 grit size, Starcke) and polished
with AlLO; paste (1 pm, 0.05 pm grit size, Buehler). The substrate was cleaned with ethanol and
ultrapure distilled water for 10 min each in an ultrasonic bath. 15 pL of the resulting ink were loaded
onto the glassy carbon substrate with an Eppendorf pipette and dried for at least one hour under ambient
conditions.

Electrochemical measurements. The catalytic performance tests with respect to the oxygen (OER) and
hydrogen evolution reaction (HER) were conducted using a potentiostat (GAMRY Interface 1000E) in
a three-clectrode setup with a Hg/HgO (1 M NaOH) reference electrode in 1 M KOH (Carl Roth)
solution. The catalyst was first activated using cyclic voltammetry (CV) between 1 and 1.5 V with a
scan rate of 100 mV s™ until no further shifts were observed in the voltammograms. The activity was
then obtained by a further CV measurement between 1 and 1.8 V with a scan rate of 10 mV s for the
OER. The HER activity was determined by a full range CV curve between -0.5 V and 1.8 V with a scan
rate of 50 mV s™'. Electrochemical impedance spectroscopy (EIS; 100 kHz—1 Hz) was used to obtain the
setup resistance for iR compensation. In this work all electrochemical plots are calibrated to the

reversible hydrogen electrode (RHE).

Results and discussion
The reaction of cobalt(Il)-bromide with lithium tetrahydridoborate in degassed tetrahydrofuran resulted

in single-phase, crystalline CosB according to X-ray diffraction after annealing at 773 K (Figure 1 (b),
Table 1). Synchrotron data suggests an average coherent scattering region between 12 and 22 nm, which

varies slightly based on how the refinement is carried out. There is no evidence of any side-phases. The



crystallographic data of the refined structure can be found in the Supporting Information. The refined

lattice parameters are comparable to values described in literature.*
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Figure 1: (a) Structure of CosB with teal cobalt and red boron atoms. Isolated boron atoms are enclosed

by tricapped trigonal prisms. (b) High-resolution synchrotron powder diffraction data of CosB.

Table 1: Rietveld refinement data of high-resolution synchrotron powder diffraction data of CosB.

Temperature / K 295

Space group Pnma
alA 5.2132(2)
b/A 6.6375(2)
c/A 4.4113(1)
VA3 152.640(5)
Rexp 5.195

Rwp 7.439
GOF 1.432

The TEM investigation demonstrated that the nanoparticles were highly agglomerated due to their

ferromagnetic properties and small particle size. Figure 2 shows bright-field images of three Co;B



agglomerates after annealing at 773 K. The average particle diameter as determined from TEM bright-
field images was 11 (+ 5) nm (see Supporting Information, Figure S1) and was slightly smaller than the
crystallite size determined by X-ray diffraction. However, this may be misleading as only thin parts of
the agglomerates could be analyzed using TEM, but thicker parts may contain larger particles. Prolonged

exposure of the particles to the electron beam resulted in the decomposition of the metastable compound.

—~

Figure 2: (a), (b) and (c) Bright-field images of agglomerates of nanoparticles of Co;B.

EDS analysis of the samples in a scanning electron microscope revealed no impurities of other metals.
Due to the low atomic number of boron, the boron content of the sample was not analyzed. Apart from
cobalt and boron, only small amounts of carbon and oxygen were detected, most likely caused by the
adhesive carbon pads on which the sample is prepared and the preparation of the sample in air for SEM
analysis.

Interestingly, the washing procedure had a significant impact on the composition of the product. To
obtain phase-pure CosB, it was essential that the sample was only washed once with ethanol and that
the solvent was added quickly to the precipitate. Any deviation from the washing procedure resulted in
mixtures of the cobalt borides CoB, Co,B and CosB as well as elemental cobalt. Glavee et al.*® describe
that partial conversion of Co,B to Co is crucial to obtaining Co3B through thermal processing by reaction

of Co,B and Co nanoparticles. In the present work, this may have been achieved by addition of ethanol



to the precipitated amorphous product. Furthermore, Glavee et al.”® assume that the main product of
precipitation synthesis in non-aqueous media is metallic cobalt. However, before washing with ethanol
the samples described in this work did not react to an external magnet, which excludes cobalt as the
main product. After the washing, the precipitate exhibited ferromagnetic behavior. If the sample was
washed with tetrahydrofuran instead of ethanol and then heat-treated at 873 K for two hours, the main
product was CoB and the product was much less crystalline. A variation of the ratio of LiBH4 to Co*"
led to mixtures of different cobalt borides and elemental cobalt.

Heat treatment of the CosB nanoparticles at 873 K instead of 773 K synthesis led to the formation of
cobalt as a side-phase (Fm3m, see Supporting Information, Figure S2). Corrias et al.*® also described
the decomposition of CosB into the more stable Co,B and segregation of metallic cobalt above 873 K.
The phase-diagram by Omori et al.*® suggests that Co3B is only stable between 1118 K and 1383 K.
Therefore, we tried to obtain more crystalline samples by heating the sample to 1223 K for six hours in
a silica ampule and quenching after the heat treatment. Although the XRD reflections of CosB seemed
sharper, and the sample therefore more crystalline, the procedure also resulted in a partial decomposition
of CosB into Co (Fm3m and P6s/mmc) and Co.B (I4/mcm). Therefore, we used the samples as obtained

from the initial 773 K heat treatment for all further characterization.

The nanoparticles of Co3;B showed ferromagnetic behavior, with magnetic hysteresis observed (Figure
3) with a coercive field uoHc=0.13 T at 300 K and 0.14 T at 5 K. The magnetic saturation at 5 K and 5
T was 1.02 us/Co (91.0 A m? kg "), which is slightly lower than in the bulk material (1.1 u3/Co),>* as
is often observed in magnetic nanoparticles.*”>> This measured magnetic moment is consistent with the

lack of metallic cobalt in the samples, which shows a moment of 1.7 yp/Co.*°
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Figure 3: Magnetization as a function of magnetic field hysteresis loops for nanoparticles of CosB at

300 K and 5 K, showing semi-hard magnetic behavior.



The high-temperature properties of the nanoparticles of CosB are shown in Figure 4. The samples show
a magnetic Curie temperature of about 710 K and a blocking temperature of 695 K, as determined from
the maximum of the zero field-cooled magnetization. The observed Curie temperature is lower than that
of the bulk material (750 K).** Again, this reduction compared to the bulk properties is often observed
in nanoparticles, and was attributed to disorder at the nanoparticle surface.*”>> Above the Curie
temperature, however, a substantial magnetization signal is seen to persist, suggesting the presence of
metallic cobalt (7. = 1400 K). This cobalt appears to form during the high-temperature experiment,
because a comparison of room temperature M(H) before and after the experiment shows that the
saturated moment increased over the course of the experiment, which involved heating to Tmax= 750 K
three times. Such an increase in moment would be expected with the partial decomposition of the Co;B
sample into Co,B (0.72 us/Co)* and Co (1.7 us/Co)’®. In fact, in another attempt at high-temperature
magnetic measurement where more time was spent at elevated temperature and the maximum
temperature was higher (up to 773 K), M(H) at room temperature after the experiment showed a
saturation magnetization of 1.2 up/Co (see Supporting Information, Figure S3), which is larger than the
fully saturated low-temperature moment of bulk CosB, indicating that the observed changes in
magnetization cannot simply be the result of increased particle size or improved crystallinity of the Co;B
phase. Figure 4 (c) shows the sample decomposition in situ, as measured magnetization increases over
time as the sample is held at 773 K. An increase of 8 % in measured moment is observed over the course

of 10 minutes.
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Figure 4: Magnetization properties of CosB nanoparticles at high temperature. (a) Magnetization as a

function of temperature, collected upon warming under a 0.02 T field, either after cooling in zero field



(ZFC) or after cooling in the 0.02 T field (FC). During this measurement, some decomposition of the
sample occurred, as evidenced by an increased room temperature saturation magnetization after the
experiment (b). (c) When the sample was held at 773 K, the moment increased with time as the sample

decomposed.

Due to the fact that Co,B had already proven its catalytic activity in the oxygen evolution reaction (OER)

in the past, 2”278

the investigation of the electrochemical performance of single-phase crystalline
nanoparticles of Co3B in the water splitting reaction was highly promising. The X-ray diffraction data
after storing the particles in air at room temperature for two months showed no signs of decomposition
or oxidation (see Supporting Information, Figure S4). XPS measurements were conducted before and
after the electrochemical investigation (EC) of the powders to evaluate changes in the electronic
structure and oxidation state during the electrochemical reaction. The Co 2p photoemission line of the

sample after exposure to air is shown in Figure 5(a). The main peak of the Co 2p*?

photoemission line
is located at around 781.2 eV, while a broad satellite structure is visible at higher binding energies.

This structure indicates a strong oxidation of the surface of the Co3;B nanoparticles, where Co is found
mostly in a 2+ oxidation state.”’®' The photoemission lines of oxygen and boron are shown in
Figure 5(b) and (c), respectively. The B 1s detail spectrum shows only one component of oxidized boron
(BOy) at a binding energy of around 192.3 eV. In literature, the oxidized boron species can be found
around 193.8 eV.** However, in more recent studies of oxidized metal borides the binding energies of
the B 1s photoemission lines were recorded at slightly lower binding energies around 192 to 193 eV

compared to B1s photoemission lines in boron oxide,'*'>%¢2

which can be explained by the metal ions
present in borates, leading to a slightly more negative charge at the boron. From these observations it is
evident that the CosB nanoparticles were oxidized to a certain degree, while the bulk phase remains in
the CosB state.

This development of a core-shell structure has been found before for nanostructured metal borides.>”
The O 1s detail spectrum (Figure 5b) is fitted based on the boron and cobalt components with a Shirley
background and a mixed Gaussian-Lorentz peak shape and an oxocarbon species at higher binding
energies (= 533.8 eV). Due to the position of the cobalt species at around 531.3 eV, it can be concluded
that cobalt forms a hydroxide (Co(OH)) at the surface.’®®" The B-O bonding (BOx) can be found at

slightly higher binding energies around 532.3 eV.%%646
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Figure 5: XP detail spectra of the CosB catalyst, before and after the electrochemical testing. (a) Co 2p
and (c) B 1s spectra before and after the EC procedure. (b) and (d) fitted O 1s spectrum of the Co;B
catalyst before and after EC testing, respectively.

The electrochemical behavior of CosB was investigated in 1 M KOH, using glassy carbon as the
substrate material. The electrocatalysts were first activated by cycling between 1 and 1.5 V vs. RHE
(Figure S5), before measuring the catalytic activity. The CV curves of CosB after this activation
procedure are shown in Figure 6a. They exhibit a broad hysteresis between 1.0 and 1.55 V, indicating
oxidation and reduction reactions of the catalyst material. The width of the hysteresis highlights the high
active surface area of the nanoparticles. Compared to Co,B, which was previously characterized in our
group,’ the Co3B catalyst shows an improved onset potential around 1.55 V vs. RHE. Additionally, the
overpotential is strongly reduced from 5 = 430 mV’ to # = 350 mV at 20 mA cm™. Other studies on
cobalt borides showed an overpotential of # =380 mV in 0.1 M KOH? and # =345 mV in 1 M KOH at
10 mA cm™.*® Further values of the performance of different metal borides can be found in the
Supporting Information (Table S1). According to these first electrochemical measurements, CosB seems
to be a promising candidate for more detailed OER investigations. As shown in our previous study,’ the

performance of Co:B may be further improved by incorporation of iron into this nanoscale boride.



However, Co3B shows no bi-functional catalytic behavior for the water splitting reaction, since the
activity in the HER is, in contrast to the OER activity, significantly lower (Figure 6b). This is surprising,

since catalytic activity of other cobalt borides in HER has been reported.'®'®
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Figure 6: Electrochemical measurements in 1 M KOH. CV curves of CosB during the oxygen evolution
reaction (a) with a scan rate of 10 mV s™' and (b) over the whole water splitting range with a scan rate
of 50 mV s™' (inset gives a more detailed view on the HER). The potential is plotted versus the reversible

hydrogen electrode (RHE) and is iR compensated.

XPS analysis of the surface was additionally performed after the electrochemical testing of the Co;B
catalyst, in order to observe changes of the catalytically active species at the surface introduced by redox
reactions during the electrochemical measurement. The survey spectra before and after EC are shown
in Figure S6. Figure 5(a) shows the Co 2p photoemission line after the electrochemical investigation.
The Co 2p*? signal previously assigned to Co®* was shifted to lower binding energies at around
780.2 eV, which indicates a change in oxidation state from Co*" to Co’". Additionally, the satellite of

32 to satellite distance from

the Co 2p*? was shifted to higher binding energies, increasing the Co 2p
about 6 eV before to about 10 eV (790.2 eV) after the electrochemical testing, which is characteristic
for the Co®" species.”*”" This observation is further confirmed by the O 1s photoemission line shown
in Figure 5d. The former hydroxide component in Co®"(OH), found before the electrochemical testing
is transformed into one oxide (529.8 ¢V) and one hydroxide (531.50 eV) component due to the
formation of Co®*OOH,***® which is in agreement with several other studies concerning cobalt-based
OER catalysts.>***7? The hydroxide signal seems to be more pronounced than the oxide one, which
can be explained by the sulfone (SO,-OH — 531.8 e¢V) and oxocarbon (COx — 532.1 eV) components of
the Nafion binder overlapping with the cobalt hydroxide signal. After the electrochemical testing the
boron signal disappeared completely. Identical phenomena have been observed for metal borides in

catalysis before.”>”>"® The core-shell structure of our particles arises through an initial oxidation of the

metal boride in air, followed by a stronger oxidation during the electrochemical treatment in an aqueous



electrolyte, which leads to the formation of CoOOH at the surface, while the bulk or rather the core of
the boride grains stays intact. Here, the surface shell of CoOOOH most likely functions as the catalytically

1,63,73

active phase, and the core of CosB possesses a higher conductivity than the shell structure and

therefore improves the overall performance of the catalyst.

Conclusion

In this work, we obtained phase-pure nanoparticles of metastable Cos;B nanoparticles for the first time
by using a low-temperature solution synthesis procedure. Rinsing the precipitate with ethanol before
briefly annealing at 773 K proved to be essential to obtain phase-pure samples. Synchrotron X-ray
powder diffraction and TEM investigations confirmed that the particles were phase-pure, with particles
sizes around 11 nm to 22 nm. Magnetic measurements showed a Curie temperature (7. = 710 K) and
saturation magnetization at 5 K (Ms = 1.02 up/Co) slightly lower than described for the bulk material,
as expected for nanoparticles. Magnetic hysteresis was observed, indicating that the semi-hard magnetic
properties of CosB are retained in the nanoscale. We observed thermal decomposition during magnetic
measurements at 750 K. In the oxygen evolution reaction, the CosB nanoparticles showed a low onset
potential of 1.55 V vs. RHE. Although XRD results in reflections of only Cos;B after exposure to air,
XPS revealed the formation of Co*" and oxidized boron at the surface. During the electrochemical
measurements, this core-shell structure was further oxidized. XPS measurements showed CoOOH
which is also believed to be the catalytically active species for the oxygen evolution reaction. Due to
their phase-purity, high magnetic moment, magnetic coercivity, and catalytic properties, these particles

are promising for catalytic and magnetic applications.

Supporting Information: Particle size distribution of CosB after annealing at 773 K, effect of annealing
temperature on the composition of the cobalt boride samples, room temperature M(H) after heating to
773 K, evaluation of air stability of Co3;B nanoparticles, electrochemical conditioning of the Co;B
nanoparticles, XPS survey spectra, comparison of the catalytic activity of different metal borides for the

OER, Crystallographic Information File (.cif) of the refined CosB structure.
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The synthesis of single-phase metastable CosB nanoparticles was enabled using a precipitation
method followed by a brief annealing step. These semi-hard ferromagnetic particles had a
saturation magnetization of 91 A m? kg! and coercive field of 0.14 T at 5 K. The evaluation of

their activity as an electrocatalyst in the oxygen evolution reaction showed a low onset potential of
1.55 V vs. RHE.
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1. Particle size distribution of Co3;B nanoparticles after annealing at 773 K
The particle size distribution of the CosB nanoparticles was determined by transmission electron

microscopy. Figure S1 shows the particle size distribution for CosB after annealing at 773 K.
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Figure S1: Particle size distribution of CosB after annealing at 773 K as determined by TEM.
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2. Effect of annealing temperature on the composition of the cobalt boride samples
The samples were analyzed using X-ray diffraction after annealing at 773 K and 873 K. The results are
shown in Figure S2. Two of the reflections of cobalt (Fm-3m) can be seen at 23.1 © and 38.8 © after

annealing at 873 K (Figure S2 (b)).
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Figure S2: X-ray powder diffraction of the Co3B nanoparticles after annealing at (a) 773 K and (b) 873 K
compared to literature data of CosB (orange, Pnma, no. 603543)" and Co (blue, Fm-3m, no. 44989)®.
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3. Room temperature M(H) after heating to 773 K
Magnetization as a function of magnetic field was collected for Co3B nanoparticles before and after the
high-temperature magnetization measurement which involved heating to 773 K (Figure S3). A
saturation magnetization of 1.2 u/Co after heating indicates the formation of a cobalt side phase during

the experiment.
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Figure S3: Comparison of the magnetization as a function of magnetic field for CosB nanoparticles at

-1.00

room temperature before and after heating to 773 K in the magnetometer.
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4. Evaluation of air stability of CosB nanoparticles
After annealing at 773 K the Co3;B nanoparticles were stored in air at room temperature for two months.

The X-ray diffraction data showed no change in the diffraction pattern (Figure S4).
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Figure S4: X-ray powder diffraction of the Co3;B nanoparticles after annealing at 773 K, (a) before and

(b) after storage in air for two months compared to literature data of CosB (orange, Pnma, no. 603543)1.
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5. Electrochemical conditioning of the Cos;B nanoparticles
The activation procedure led to an oxidation of the catalyst. Two oxidation waves were visible, leading
first to CoOOOH (1.3 V vs. RHE) and possibly right before the start of the OER to Co*" (around 1.5 V
vs. RHE) at the surface. These oxidation waves have been investigated before in literature. However,
the further oxidation to Co*" is generally agreed on but has still not been demonstrated in literature in
detail.® Due to the reversible nature of the Co*" oxidation state, the reduction wave was visible around

1.3 V vs. RHE (Co*" to Co*" oxidation state).
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Figure S5: Electrochemical conditioning of the catalyst between 1 and 1.5 V vs. RHE using cyclic
voltammetry in 1 M KOH with a scan rate of 100 mV/s for 30 cycles. Hg/HgO was used as a reference

electrode and a Pt wire as counter electrode.
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6. XPS survey spectra
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Figure S6: XP survey spectra the CosB catalyst before (indium foil) and after electrochemical

investigation.

7. Comparison of the catalytic activity of different metal borides for the OER
Table S1: Comparison of the OER catalytic activity of different transition metal borides on flat

surfaces in alkaline media from literature.

Material Electrolyte Overpotential | Current density Reference
in mV in mA/cm?

CosB/ GC 1 M KOH 350 20 This work
Annealed 500-Co,B/GC | 1 M KOH 430 20 4)
Co-B; 1 M KOH 345 10 (5)
Co-B/Cu 1 M KOH 340 10 (6)
Fe-B/Cu 1 M KOH 472 10 (6)
Annealed 500-Co,B 0.1 M KOH 380 10 @)
Co-B/GC 1 M KOH 360 10 ®)
Ni-B/ GC 1 M KOH 402 10 (®)
Co-B/GC 1 M KOH 322 10 C)
Ni-B/ GC 1 M KOH 314 10 C)
Fe-B/ GC 1 M KOH 365 10 9)
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