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ABSTRACT

The sluggish kinetics of the oxygen evolution reaction (OER) is one of the most limiting factors
for the development of many “green” electrochemical devices. Expensive ruthenium and iridium
oxide electrodes are often used as advanced electrocatalysts to overcome this limitation. However,
these materials are rare in nature, which further limits the implementation of this kind of
electrochemical device on a global scale. Compounds based on transition metals and boron have
proven to be a promising alternative to commercial electrocatalysts due to their high catalytic
properties and robust stability under working conditions. However, such compounds are often
obtained through expensive synthetic routes that often involve the use of supports, which increases
the cost of electrocatalysts. Here we present an easy and support-free synthesis of bimetallic
borates based on the introduction of transition metals into cobalt borates. Depending on the metal,
different morphologies, structural order, surface chemistry and, most importantly, electrocatalytic
properties towards OER have been obtained. Among all the transition metals, nickel is the one that
most improves the catalytic activity of cobalt borate for OER in an alkaline electrolyte. An
overpotential of 230 mV, similar to that of commercial and state-of-the-art electrocatalysts, was

obtained by using a support-free synthesis route for the preparation of this catalyst.



1. Introduction

The International Panel on Climate Change (IPCC) has warned that the world is facing the threat
of dangerous global warming.! Hydrogen, as an energy carrier, has been proposed as a promising
alternative to mitigate most of the problems of our fossil fuel-based energy economy,”* since it
can be obtained from water through renewable processes (solar photovoltaics, hydroelectricity,
wind power, etc.) and can be used in multiple green technologies to produce energy when
needed.>® One of the most interesting alternatives to produce H on a large scale is electrochemical
water splitting (ECWS). One of the reactions involved in this process is the oxygen evolution

reaction (OER), which requires electrocatalysts that perform as anodes for electrolysis.

To date, the most widely used commercial electrocatalysts for the OER are based on RuO> and
IrO,.” Despite the emergence of other materials as efficient electrocatalysts with excellent
performance,®’ their scarcity and high cost of synthesis make their large-scale implementation
extremely difficult. To solve this problem, other materials based on transition metals and non-
metallic materials have emerged as active and less expensive catalysts for electrocatalytic
reactions.!®?* In particular, transition metal borates (hereinafter referred to as TMB:s, where TM
is a transition metal and B; is a borate, the subscript i indicating the inorganic nature of the boron
species involved) have received much attention in recent years due to their environmental safety,
low-cost and natural abundance on Earth. Cobalt borates (CoBis), the most studied TMBis, are
believed to catalyze the hydroxylation step in the water splitting mechanism, making them very
promising as electrocatalysts for OER.?*?7 In this regard, other TMB;s, such as nickel borates,
have been studied as efficient electrocatalysts for OER.?*?° However, the preparation of these
materials is costly and requires tedious synthesis routes. Moreover, TMB;s used as catalysts for

OER are usually prepared on conductive materials, such as Ni foam,***! Ti mesh,** carbon cloth?®



or self-supported graphene,* in order to improve their performance. These supports increase the
cost and difficulty of the process, making the implementation of TMB;s as OER anodes more

1303233 or iron-cobalt borates,*! can

difficult. Subsequently, co-doped CoB;s, such as nickel-cobal
modify the oxidation state of Co atoms in pristine CoB;, inducing and providing new active sites
for electrocatalytic reactions, appearing as advanced catalysts for OER. However, to the best of
our knowledge, no detailed analysis of the effect of different co-doped agents in CoBis has been
reported. Therefore, an easy and low-cost synthesis method of unsupported, highly catalytic co-

doped CoBis is imperative to take them to the next level of implementation and large-scale

production.

Here, support-free co-doped CoBis (M@CoB;, where M is the transition metal co-doping agent)
were systematically synthetized by a one-step method followed by heat treatment at 350 °C. The
morphology, textural properties and chemical nature of the materials were characterized by TEM,
Nz adsorption isotherms, XRD and XPS. In addition, the catalytic activity towards the OER was
studied in alkaline medium. Ni@CoB; showed outstanding catalytic properties towards OER, with
an onset potential Eogr of 1.56 V vs. RHE and an overpotential of 230 mV (obtained at j = 10
mA-cm2), which is a competitive value compared to similar TMBis supported on conductive

materials, and is close to the catalytic activity of the commercial ruthenium-based electrocatalyst.

2. Experimental

2.1. Synthesis of support-free bimetallic cobalt borates (M@CoB;)

CoCl-6H20 (96-97%), Mn(NOs),-4H,0 (98.5%), Zn(NO3),-6H20 (98%), Ni(NOs),-6H,0

(98%), Fe(NO3)3-9H20 (99%) and NaBH4 (98%) were supplied by Prolabo, Merck, Riedel-de



Haén, Alfa Aesar, Acros Organic and Sigma Aldrich, respectively. Nafion® (5 wt.%)

perfluorinated resin solution was purchased from Sigma Aldrich.

The preparation of M@CoB; was performed by a simple chemical reduction method combining
different metals in the synthesis. 50 mL of an aqueous solution of the co-metal precursor
(Mn(NO3)2, Zn(NO3)2, Ni(NO3)2 or Fe(NO3)3) at a concentration of 0.1 M were added to 50 mL
of 0.3 M CoCl,. Then, 15 mL of 0.3 M NaBH4 were finally added. Here, NaBH4 was used
exclusively as the boron source, so to avoid complete reduction of the salts and obtain metal
borates (Bis), the amount of NaBH4 was lower than what is usually required to generate metal
borides. The resulting mixture was kept under stirring for 30 min and the powder was recovered
by filtration, and then washed with water and ethanol on the same filter. At this point, the non-
treated metal borates are named NT-M@CoBis. Then, the mixture was heat-treated at 350 °C
(heating rate of 1 °C/min) for 2 h under Ar flow, yielding M@CoB; nanoparticles. Figure 1 shows

the corresponding schematic of the preparation process of the M@CoB:s.
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/
v v
Chemical reduction Heat treatment .‘
30 min, 25 °C 350°C,2h . .
M =Fe, Ni, Zn, Mn NT-M@CoB;s materials M@CoB;s materials

Figure 1. Schematic of the synthesis process of M@CoBi;s (M = Fe, Ni, Zn and Mn),
leading to more or less agglomerated nanoparticles, depending on the doping metal.



2.2. Physicochemical characterization

All prepared materials were characterized by X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and N:
adsorption. XPS spectra were obtained using an ESCAPlus OMICRON spectrometer equipped
with a non-monochromatized Mg Ko X-ray source. Shirley-type background subtraction, peak

fitting and quantification were processed using CASA software.

The textural properties of the TMB;s were obtained using non-linear density functional theory
(NLDEFT) applied to adsorption data obtained with nitrogen (N2) as probe molecule. N> adsorption
isotherms were performed at -196 °C in a fully automated ASAP2020 manometric adsorption unit
(Micromeritics, Atlanta, GA). All adsorption experiments were carried out after outgassing under
high vacuum (1.3 % 10-5 mbar) and 110 °C for at least 12 h. Total pore volume and total surface
area, as well as pore size distribution (PSD), were calculated using NLDFT models in SAIEUS®

software (Micromeritics, Atlanta, GA).3*%

The particle size distribution of heat-treated samples was determined by laser diffraction using a
Mastersizer 3000 analyzer (Malvern Panalytical) after dispersion in distilled water. The crystal
phases of all samples were determined using a Bruker D8 Advance A25 polycrystalline powder
X-ray diffractometer. TEM and HRTEM images were acquired with a JEOL JEM — ARM 200 F
Cold FEG microscope equipped with a spherical aberration (Cs) probe corrector and operating at
200 kV. The corresponding samples were prepared by dispersing the powdered material in ethanol

by low-power sonication. Then, a drop of the suspension was deposited on a carbon-coated copper



TEM grid (200 mesh) and air-dried. EDX results were obtained with a JEOL spectrometer (SDD)

in STEM mode.

2.3. Electrochemical measurements

The electrochemical characterization of the M@CoBis, was carried out using a traditional three-
electrode cell with a rotating ring-disk electrode (RRDE) connected to a PGSTAT302N bi-
potentiostat (Metrohm). The working electrode consisted of a glassy carbon disk (0.196 cm?) and
a platinum ring as a second working electrode, the reference electrode was a reversible hydrogen
electrode (RHE), and the counter electrode was a glassy carbon rod (8 mm diameter).
Electrochemical measurements were performed in N»-saturated alkaline (1 M KOH) and neutral
(1M NaxSO4) media at room temperature, using ultrapure water as solvent. To prepare the working
electrodes, the materials were suspended (4 mg mL™!) in an isopropanol/water (20/80, v/v) solution
containing 0.2 wt.% of Nafion®. Four aliquots of 8.42 pL of the resulting ink were then drop-cast
onto the glassy carbon disk until a carbon loading of 0.68 mg-cm™ was reached. To improve the
wettability of the electrodes, all materials were immersed in the working solution under vacuum
for a few minutes, according to a method for optimizing electrode preparation detailed elsewhere.>®
Then, each electrode was introduced into the working solution under continuous nitrogen
bubbling. To stabilize the electrode, cyclic voltammetry (CV) scans from 1.00 to 0.00 V vs. RHE
were recorded at a scan rate of 50 mV s (20 cycles). Then, linear sweep voltammetry (LSV)
measurements were carried out at 1600 rpm with a scan rate of 5 mV s from 0.80 V to 1.80 V vs
RHE. Under these conditions, the onset potential (Eorr), as well as the overpotential (i.e., the extra
potential needed to oxidize water to oxygen gas compared to the theoretical redox potential (1.23

V)) were obtained at 10 mA-cm™ and used as standard values to compare the catalytic activity of



different electrocatalysts. The currents were always normalized by the geometric area of the disk

(0.196 cm?). The Faradaic efficiency was determined by the following equation:*’

(MDisk/NRing) iRing/ (V iDisk) (1)

where npisk and nring are the number of electrons transferred in the OER at the disk and ring
electrode, respectively. It was assumed that 4 electrons were transferred in both cases, as it is well
known that Pt reduces Oz molecules through the 4-electron pathway. N is the ring collection
efficiency (0.27 in this case) and ipisk and iring are the current densities recorded in the disk and

ring electrodes, respectively. The platinum ring was fixed at a constant potential of 0.3 V vs RHE.

3. Results and discussion

Figure 2 shows TEM images of the materials obtained before heat treatment (NT-M@CoBis)
schematized by the second step in Fig. 1. A 2D lamellar conformation was obtained for all
materials. Selected area electron diffraction (SAED) patterns (insets in Figure 2) show broad rings

indicating that the materials are partially crystallized.
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Figure 2. TEM images and SAED patterns (insets) of NT-CoB;, NT-Fe@CoBi, NT-Mn@CoB;,
NT-Ni@CoBi and NT-Zn@CoBi.

After the heat treatment, the surface chemistry of the materials was characterized by XPS and the
atomic composition of the material surface is summarized in Table 1. As can be observed, the
abundance of Co is highly dependent on the nature of the co-metal, although the same
concentration was used in all cases. The Co content in the CoB; material is about 16 at.%, while
the Co contribution is reduced with the addition of the co-metals. This reflects the fact that part of
the co-metal replaces the initial Co cations when Fe, Co, Zn or Mn are introduced in the synthesis.
In general, the higher the Co content of the M@CoB; materials, the lower the content of the co-
agent. For instance, the incorporation of Mn into CoB; leads to a Co content of 15 at.% and only
2.9 % Mn in the Mn@CoB; material. Conversely, the lowest Co content was determined in the

Zn@CoB; material, with 7.4 at.% Co and 7.6 at.% Zn. The maximum total metal content was



reached in Fe@CoB;, with 11.4 at.% Fe and 11.2 at.% Co. Fe@CoB; and Zn@CoB; have
approximately the same co-metal /cobalt (M/Co ratio), around 1, while in Ni@CoB; and
Mn@CoB;, the M/Co ratio is 0.5 and 0.2, respectively. The variation of the B content also strongly
depends on the co-metal, Zn@CoB; being the material with the highest surface B content (31 at.%)
and Fe@CoB; the one with the lowest B content, with only 14.7 at.%. In addition, all samples
exhibit high O content, which is in agreement with the formation of metal borates, as well as some
metal oxides on the surface of the materials, as it is known that some of the metal content in CoB;

is in the form of surface cobalt oxides.?®

Table 1. Atomic percentage of doping metal (M), cobalt (Co), oxygen (O) and boron (B)
obtained by XPS, and metal/cobalt (M/Co) and Co**/Co?" atomic ratios.

Sample Co Co*/Co** Co-metal M/Co 0] B
atomic ratio atomic ratio

[at%] [at%] [at%] [at%]
CoBi 16.2 1.65 - - 56.5 27.3
Fe@CoBi 11.2 3.28 11.4 1.02 62.7 14.7
Mn@CoBi 17.9 3.11 2.9 0.16 56.0 23.1
Ni@CoBi 13.3 4.06 6.0 0.45 56.9 23.8
7.4 2.09 7.6 1.02 53.9 31.0

To evaluate the oxidation states of the element Co, the Co 2p32 spectra (Fig. 3) of all materials

were analyzed. Two main peaks were located at 780.7 £ 0.2 eV and 782.7 + 0.2 eV, which are

10



related to the presence of Co®" and Co?", respectively.*® In addition, the satellite peak was located
at 785-787 eV. However, the ratio of Co** to Co*" is a valuable indicator for evaluating the
oxidation state of the cobalt species in the M@CoB; materials. The Co**/Co*" ratio increases in all
samples compared to pristine CoB; (see Table 1), with Ni being the metal that induces the greatest
Co®" conversion. This means that after the addition of the co-metals, the Co species that remain in
the material are those with the highest oxidation states, while Co?*" appears to be the metal species
that is mostly replaced by the co-metal atoms. Furthermore, the Co**/Co?" ratio does not depend
on the co-metal level but on the nature of the co-metal. This is particularly noticeable when
comparing Ni as co-metal, in which a Co®"/Co*" ratio of 4.06 was the highest observed, with a
M/Co ratio of 0.45, and Zn, in which the Co®"/Co?" ratio was the lowest (2.09) with the highest

M/Co ratio (1.02).
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Figure 3. XPS spectra of Co 2p3.2 (left column), B 1s (middle column) and O 1s (right column)
of each material synthesized.

The B 1s spectra (Figure 3) of all materials indicate the presence of two oxidized states of boron,
at 191.4 = 0.2 eV and 189.5 £ 0.2 eV, related to the presence of O-B-O and M-B-O* species,
respectively. In general, all materials show mainly the O-B-O contribution, but only Fe@CoB;,
Zn@CoB; and Mn@CoB; show the presence of an M-B-O peak. At the same time, Fe@CoB; is
the only sample in which a third peak is observed, at 187.5 + 0.2 eV. This peak could be related to
the presence of metal borides (CoB).*® However, the Co 2p3/2 spectra did not show the contribution
of CoB, and FeB was not detected either in the Fe 2p3/ spectra, as it is shown in Figure S1. Based

on these results, it is suggested the formation boron particles on the surface of Fe@CoB;.*!
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The O 1s spectra (Figure 3) indicate the presence of three different species in the pristine CoB;
material. The first contribution appears at 529.1 + 0.2 eV, which was attributed to lattice O,
corroborating the formation of cobalt oxide on the surface. The main peak at 530.6 = 0.2 eV is
related to -OH groups on the surface of the material, and the third peak at 532.1 + 0.2 eV is
associated with oxygen vacancies.*? Interestingly, after the incorporation of the co-metal, the peak
related to lattice O disappears completely, leading to -OH groups in the Ni@CoBi and Zn@CoB;
samples and both -OH groups and O vacancies in the Fe@CoB; and Mn@CoB; materials, with the
formation of O vacancies being especially marked with the incorporation of a small amount of Mn.
In addition, a slight shift in the binding energies of the peaks related to -OH groups and O vacancies
is observed. This is due to the new interaction of the -OH groups with the additional metal
introduced, which creates a different electron density in the surface chemistry of the M@CoB;
materials. Furthermore, the individual spectrum of each co-doped metal was also identified,
confirming the successful formation of M@CoB:s. Figure S1 shows that all co-metals exhibit
positively charged oxidation states, with Mn@CoB; being exclusively the material in which the
doping metal is also in the metallic state. All doping metals were found in different oxidation states

(Fig. S1).4345

To determine the crystallization degree and identify the phases present in each sample, XRD was
used (Figure 4). The pristine CoB; shows a poorly crystallized structure with broad peaks
associated with CoO, but also has a well-defined peak at ~44.5°, which corresponds to crystallized
domains of CoBi.*® The introduction of a second metal species does not produce a complete
crystallization of the material. Nevertheless, it is worth noting that the addition of the co-metals in
CoBi induces significant changes in the crystallization degree of the original structure, leading to

a different structural order of the metal borates. While a more ordered structure is observed in

13



Fe@CoB; and Zn@CoBi, Mn@CoB; and Ni@CoB; show a more disordered structure similar to
that of amorphous CoB;. This means that the introduction of Fe and Zn during the synthesis of
M@CoB; induces significant changes in the structural order of the materials, since a higher
crystallization degree is clearly observed. Moreover, the metallic co-doping metal agents appear
to have a significant role in the formation of crystalline phases, as indicated by the occurrence of
new peaks in the XRD profiles. This is likely related to the high amount of co-doping metal
incorporated into the CoB; structure. The use of Fe during the synthesis also leads to the
predominance of peaks related to iron oxide nanoparticles,*’ while the contribution of CoO and
CoBi is not observed in the XRD profile. The same behavior is observed in the Zn@CoB; sample.
The CoO and CoB; bands are not observed in the XRD profile, but only peaks of zinc borate are
visible.*® Therefore, the synthesis strategy not only leads to the formation of CoB;s, but also to the

formation of co-doped metal borates depending on the nature of the metallic co-doping agent.

Interestingly, according to XPS, the samples in which the most significant morphological changes
are observed are those in which the concentration of the metal doping agent is the highest.
Fe@CoBi and Zn@CoB; are indeed the samples with the highest co-metal content, which favors
different chemical features than those observed in the pristine material. On the other hand, the
Mn@CoB; sample, which has the lowest co-metal level (Mn content = 2.9 at.%, see Table 1),
shows a similar disordered-type XRD profile as the pristine CoB;, since the CoB; and CoO phases
still predominate. Nevertheless, it is interesting to note that the incorporation of a small amount of
Mn induces a slight crystallization degree in the CoB; structure without the formation of

manganese oxides or borates.

The Ni@CoB; sample shows an unusual behavior compared to other co-metallic materials since,

despite its high Ni content, Ni@CoB; still exhibits the XRD profile of a poorly crystallized material

14



similar to pristine CoB;, besides the presence of NiO* and NiB:*? phases (Figure 4). This means
that the introduction of large amounts of Ni does not significantly disturb the crystallization degree
of the pristine CoB;, contrary to other co-metal such as Fe or Zn, which may be interesting for
maintaining the excellent chemical properties of CoB; with small variations in the oxidation states

of the materials.
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Figure 4. XRD patterns and HRTEM images of CoBi, Fe@CoBi, Mn@CoBi, Ni@CoB; and
Zn@CoB; with the corresponding determination of the inter-planar spacing (insets).

The SAED patterns (insets in Figure S2-S6) show intense rings and dots indicating that the
materials are more crystallized after heat treatment. TEM observations (Figures S2-S6) reveal the
presence of nanoparticles with spherical morphology in CoBi. However, the introduction of co-
metals produces changes in the morphology of the materials as follows. Fe@CoBi and Zn@CoB;

samples, which exhibit the highest crystal order according to XRD, clearly show less aggregated,
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rod-shaped or nanosphere-shaped nanoparticles, respectively. On the other hand, Mn@CoB; and
Ni@CoBi samples, which exhibit the lowest crystal order accordingly to XRD, show an extremely
high degree of particle agglomeration, making it impossible to identify the morphology of the
synthesized nanoparticles. The introduction and presence of co-metals in the synthesized samples
was further confirmed by EDX results (Figure S7), in which all co-metals were detected.
Moreover, some traces of chlorides from the metal reagents were also detected, as they were not
totally removed during the heat treatment step. In addition, HRTEM images were acquired to
measure the inter-planar spacing of the as-prepared materials. Figure 4 shows that the
incorporation of the co-doping metals induces an increase in the inter-planar spacing of the pristine
CoBi (2.2 A). The higher inter-planar spacing when using co-doping metal agents could be
attributed to the presence of newly formed crystalline phases, such as those corresponding to Ni,
Fe and Zn borates.*?%! Interestingly, the highest inter-planar spacing is reached in Zn@CoB; (3.0
A), which is likely related to the lower Co content of this material (see Table 1). Thus, this high
inter-planar spacing might be related to Zn-related crystalline phases, in agreement with the XRD
experiments. The inter-planar spacing of the M@CoBis seems to be strongly related to the

chemical composition after co-doping.>
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Table 2. BET area (4get), total pore volume (V1) and micropore volume (¥micro) obtained from N»
adsorption isotherms at -196 °C.

Samples Aper / m? g! Vr/cem? gt Vinicro / %
CoBi 70 0.01 5.3
Fe@CoBi 32 0.01 0.5
Mn@CoB; 231 0.04 1.4
Ni@CoBi 282 0.04 2.3
112 0.03 1.9

The particle size distribution of the heat-treated materials was determined by laser diffraction of
the materials dispersed in water, and the results are shown in Figure S8. CoB; exhibits a broad and
bimodal particle size distribution with peaks centered at ~8 and ~45 um. The introduction of other
metals in CoB; induced a decrease in particle size, Fe@CoB; being the material with the smallest
particle size (~8 um), as expected from the non-agglomerated particles observed by TEM. The
Zn@CoB; sample shows a broad particle size distribution, even broader than CoB;, but with the
main particle size around 20 pm. In good agreement with the TEM images, Ni@CoB; and

Mn@CoB; exhibit an almost identical particle size distribution with a maximum of about 13 um.

N> adsorption isotherms (Figure S9) were used to study the textural properties and BET area (Ager)
of CoBi-based materials. The Aget results are presented in Table 2. The Ager of pristine CoB; is
70 m?-g! and the addition of the metal doping agents leads to significant differences in Agpr. The

introduction of Fe into the synthesis of CoB; led to the highest metal content with a highly

17



crystallized structure, thus producing a decrease in the Ager of the resulting material (32 m?-g™!).
In contrast, the introduction of Ni into the CoB; structure led to a disordered structure similar to
pristine CoB; according to XRD, but with a significantly higher Ager (282 m?-g!). Intermediate
Ager values were determined for Mn@CoB; and Zn@CoBi. Total volume and micropore volume
are also gathered in Table 2. However, no significant differences were detected in these
parameters, showing similar trends to that obtained in Aget. It is worth noting that, according to
the N2 adsorption isotherms, the samples are mainly mesoporous materials, with a small

contribution of micropores.

The electrocatalytic activity towards the OER of all materials was evaluated in a 1.0 M KOH
solution saturated with N». Cyclic voltammetry (CV) was performed, and shown in Figure S10, as
an initial study to determine the formation of the double-layer and to investigate the effect of
materials properties, such as electrical conductivity, Ager and hydrophilicity, on its performance.
Despite very different Ager values, no significant changes were detected in the double layer
formation in CoBi, Zn@CoBi, Mn@CoB; and Zn@CoB;, and no redox peaks were observed either,
suggesting that no changes in electrical conductivity or hydrophilicity, which would promote
double-layer formation, have been produced from CoB; to Zn@CoB;, Mn@CoB; and Zn@CoBi.
Interestingly, only Fe@CoB; exhibits a broad peak, close to 0 V, related to the reduction of some
species exposed at the surface. Fe@CoB; is the sample with the highest co-metal content on the
surface, according to XPS, and it is reasonable to associate this broad peak with the reduction of

Fe species on the surface.

Figure 5a shows the linear sweep voltammetry (LSV) curves for all materials in the OER,
performed with a rotating ring-disk electrode (RRDE) at 1600 rpm and 5 mV-s™!. CoB; exhibits an

Eoer of 1.63 V vs RHE, which is similar to other cobalt borates studied in the literature (Figure
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Figure 5. (a) LSV curves; (b) schematic representation of the Eogr potential; and (c) Tafel slopes
of all materials for OER in 1 M KOH, including commercial RuO». (d) LSV curves of Ni@CoB;
catalyst during 1000 cycles for OER in 1 M KOH; and (e) schematic representation of its Eogr
potential, as well as the CVs before (orange curve) and after (blue curve) the OER. (f) Graphical
comparison of 3 of the materials prepared (large squares) with other similar materials found in
the literature (small circles).

5f). The introduction of different co-metals strongly influences the catalytic activity of the OER.
Zn@CoBi, Mn@CoB; and Fe@CoBi show a decrease in catalytic activity, which is reflected in an
increase of the Eogr up to 1.65, 1.66 and 1.67 V vs RHE, respectively (Figure 5b), demonstrating
that the introduction of these metals is detrimental to the catalytic performance towards the OER
of CoBi. However, the introduction of Ni into CoB; significantly improves the electrocatalytic
activity compared to pure CoB;, reaching an Eogr of 1.56 V vs RHE. This high catalytic activity
is close to that of the state-of-the-art M@CoB;s, and similar to that of commercial RuO»-based
electrocatalysts (Eoer = 1.52 V). For comparison, NT-M@CoBi;s samples were also studied for

OER, as shown in Figure S11. In all cases, heat treatment produces an increase in electrochemical

activity, when NT-M@CoB;s are compared with M@CoBis. Heat treatment at 350 °C induces
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chemical changes in the structural order of the materials that allow the introduction of the metal
doping agent into the chemical structure of the pristine CoBi. As shown by XRD, different phases
are obtained depending on the metal co-doping agent during heat treatment, which has
consequence on the resulting electrocatalytic activity towards the OER. Due to the high industrial
interest in water electrolysis at neutral pH, OER was also tested in neutral solution, using Na-
saturated 1M NaxSOs electrolyte, as shown in Figure S12. Under neutral pH, the M@CoBi:s exhibit
poor performance, suggesting that the presence of OH™ ions in the solution plays a key role in the
high electrocatalytic activity achieved by Ni@CoB; in alkaline medium. This is related to different
OER mechanisms and kinetics depending on the pH. At neutral pH, adsorption of water molecules

is the first step in OER, while adsorption of OH" is the first step in alkaline media.>

The Tafel slopes (Figure 5c) show that Fe@CoB; and Mn@CoB; suggest sluggish kinetics
compared to CoBi. However, the Tafel slopes of the materials obtained after the addition of Ni and
Zn (Ni@CoB; and Zn@CoB;) are lower than those of CoB;; this indicates an improvement in
kinetics towards the OER that approaches the performance of RuO». Interestingly, the Zn@CoB;
material, which shows poor catalytic activity, achieves a lower Tafel slope (112 mV-dec™) than

that of Ni@CoB; and is comparable to that of RuO2 (110 mV-dec™).

Long-term chronoamperometric analysis was performed to evaluate the stability of the most
catalytic sample for the OER. Figure 5d shows the LSV curves after 50, 250, 500 and 1000 cycles
for the Ni@CoB; material, which shows high stability even after 1000 cycles, with a slight decrease
in Eogr from 1.56 to 1.64 V vs RHE. This decrease is mainly produced during the first cycles, in
which the catalytic activity varies from 1.56 to 1.61 V after the first 50 cycles. From the 50th cycle
to the 1000th cycle, the catalytic activity remains almost constant (Figure 5e). The CV profile of

Ni@CoB; after the 1000 cycles of the stability test were performed and compared with that of the
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pristine Ni@CoBi;, in order to observe possible chemical changes under the OER working
conditions. Similar CV profiles before and after the stability test were obtained, demonstrating the
high stability of the material. Moreover, as shown in Figure 5Se, slight differences in the CV profile
can be obtained after 1000 cycles (blue curve). The CV profile after 1000 cycles exhibits a higher
cathodic current density at negative potential (0.0 — 0.3 V vs. RHE), indicating small chemical
changes in the material. The oxidative conditions in the OER experiments generate a slight
modification of the surface chemistry of Ni@CoB;. This effect is probably produced by the
intercalation of the electrolyte into the material, which generates a higher exposed area and
increases the gravimetric capacitance.’* In addition, the Faradaic efficiency of all materials was
studied in Figure S13. As can be observed, the use of a co-doping metal produces a striking
increase in the maximum Faradaic efficiency, from 10% in the case of the pristine CoB; to 85, 92
and 98 % in the case of Mn@CoB;, Ni@CoB; and Zn@CoB;, respectively, reaching 100 % in the
Fe@CoB; sample. In all cases, the Faradaic efficiency decreases at high potential values due to the
experimental setup as the formation of observable Oz bubbles on the catalyst surface prevents the

transfer of O» from the disk to the Pt ring and, therefore, this leads to the increase of iring.’

A comparison of the electrocatalytic activity of M@CoB; for the OER with the most promising
MB;s from the recent literature is presented in Table S1 and Figure 5f, demonstrating the
significance of the effects produced by the introduction of Ni into CoBi. Figure 5f shows that better
OER catalytic activity than those obtained in this work can only be achieved by using CoBis with
conductive substrates such as Ni foam,*! carbon cloth (CC), ** reduced graphene oxide (RGO)*?
and graphene (G),’® which significantly increase the cost and production time of these catalysts.
Another strategy to achieve this state-of-the-art-like performance is obtained by doping CoBis with

Ru atoms.*® However, Ru is an expensive metal that does not overcome the problems of current

21



commercial electrocatalysts, making large-scale commercialization of these catalysts infeasible.
In contrast, the present Ni@CoB; exhibits state-of-the-art OER performance through the proposed
synthesis method from inexpensive reagents, which significantly reduces the cost of the catalysts.
Therefore, this Ni@CoB; material is positioned among the most promising CoBi-based
electrocatalysts in the literature due to its high catalytic activity, easy synthesis and low-cost

production.

These results also highlight the relevant effect of the co-metal, which strongly affects the
electronic, structural and chemical properties of the pristine CoB;. This has a negative or positive
impact on the catalytic activity towards the OER, depending on the nature of the metal and the
resulting structural and chemical changes. The introduction of Zn, Fe or Mn results in a decrease
in the OER catalytic activity compared to the pristine CoB;, probably due to the chemical and
structural changes induced by these co-doping metals. On the other hand, Ni@CoB; shows better
OER catalytic performance compared to the CoB;. Density Functional Theory (DFT) calculations
proved that the presence of Ni in the CoB; structure promotes the stabilization of the O- and -OOH
reaction intermediates, decreasing the free energy of the rate-determining step.’’ This, together
with its disordered structure, high 4ggt, high Co®*/Co?* ratio, and high Ni content, might explain

the enhanced OER activity of the Ni@CoB; material.

4. Conclusions

Support-free bimetallic catalysts based on cobalt borates (M@CoB;s), using Fe, Ni, Zn or Mn (M)
as co-metal, were successfully synthesized by an easy one-step chemical reduction followed by
heat treatment at 350 °C. All the M@CoB;s, exhibited different crystal phases, agglomeration

degree and Aget values compared to pristine CoB; and presented diverse behavior when tested as
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electrocatalysts for OER. Interestingly, Ni@CoB; showed the highest electrocatalytic activity for

OER, with an Eogr of 1.56 V vs RHE, similar to commercial RuO-.

The easy and inexpensive synthesis of support-free M@CoBis thus appears to be a simple and
promising alternative to other electrocatalysts, which often require conductive supports, expensive
synthesis routes or precious metals to achieve competitive OER performance. Moreover, the wide
variety of chemical and textural properties obtained from the different co-metals opens a wide field
of exploration using multi-metal agents to optimize further the properties of support-free

M@CoB:s, not only for electrocatalysis but also for a broad range of applications.
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Figure S1: From top to bottom: XPS spectra of Fe 2p32 in Fe@CoBi, Mn 2p32 in Mn@CoBi, Ni 2p32 in Ni@CoBi and Zn
2p32 in Zn@CoBi.
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Figure S2: TEM of CoBi with the corresponding SAED pattern (inset).



Figure S3: TEM of Fe@CoBi with the corresponding SAED pattern (inset).



Figure S4: TEM of Mn@CoBi with the corresponding SAED pattern (inset).



Figure S5: TEM of Ni@CoBi with the corresponding SAED pattern (inset).
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Figure S6: TEM of Zn@CoBi with the corresponding SAED pattern (inset).
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Figure S7: EDX spectra of all doped cobalt borates.
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Figure S8: Particle size distribution of CoB;, Fe@CoBi, Mn@CoBi Ni@CoBi and Zn@CoBi.
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Figure S9: From top to bottom: N2 adsorption isotherms of CoBi, Fe@CoBi, Mn@CoBi, Ni@CoBi and Zn@CoBi
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Figure S10: Cyclic voltammetry (CV) curves of CoB;, Fe@CoBi, Mn@CoBi, Ni@CoBi and Zn@CoB; in KOH 1M.
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Figure S11: (a) LSV curves of all non-treated materials for OER in 1 M KOH; LSV curves of (b) CoB;i and NT-CoBi, (c),
Fe@CoBiand NT-Fe@CoBj;; (d), Mn@CoBi and NT-Mn@CoB;; (e), Ni@CoBi and NT-Ni@CoBi; and (f) Zn@CoBi and NT-

Zn@CoB; electrocatalysts.
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Figure S12: LSV curves of all materials for OER in 1 M Na2SOs.
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Figure S13: LSV curves of all M@CoB:;s catalysts for OER in 1M KOH: (a) of the disk; and (b) of the Pt ring. (c) Oxygen

faradaic efficiency.
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Sample Eokr /' V Overpotential / V Reference
CoBi 1.63 0.40 This work
Ni@CoBi 1.56 0.33 This work
Co-Fe-Bi/non-supported 1.64 0.41 [S]
Co-Fe-Bi/Ni-foam 1.54 0.31 [S"]
Co-Bi/Ni-foam 1.59 0.36 [ST]
Fe-Bi/Ni-foam 1.65 0.42 [S']
Co-Bi/CC 1.65 0.42 [S7]
Ni-Co-Bi/CC 1.62 0.39 [S?]
NCBO/RGO 1.55 0.32 [S3]
Co-B@Co-B; 1.52 0.29 [S*]
Ni-B@Ni-B; 1.54 031 [S]
Co-BiNS/G 1.53 0.30 [S°]
Co-Bi 1.58 0.35 [S°]
RuO: 1.51 0.28 This work

Table S1: Comparison of the results obtained for the catalytic activity in OER of the materials synthesized in this work
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with similar materials found in the literature.
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