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Efficient Oxygen Evolution Electrocatalyst by Incorporation

of Nickel into Nanoscale Dicobalt Boride

Jona Schuch*,*® Sebastian Klemenz*," Patrick Schuldt,”’ Anne-Marie Zieschang,®
Stephanie Dolique,” Paula Connor,” Bernhard Kaiser,”™ Ulrike I. Kramm,” Barbara Albert,®’

and Wolfram Jaegermann®

Recently, transition metal borides attracted increased attention
as electrocatalysts for the oxygen evolution reaction. Here, we
show how the incorporation of nickel into nanoscale dicobalt
boride results in an improvement of the activity and stability of
the catalyst in alkaline electrolytes. The borides are obtained by
a one-step solution synthesis, calcined, and characterized by X-
ray diffraction and scanning electron microscopy. For

(Co,,Niy),B (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5), (Co,¢Nig;);B shows
the best performance with an overpotential of n=371 mV at
10 mAcm™ in 1 M KOH. Normalization to the electrochemical

Introduction

Metal borides are a structurally complex group of compounds
with interesting properties and potential applications.” It is
well-known that borides are impressive refractory materials for
high-temperature applications," but their functional proper-
ties e.g. for magnetism and catalysis are less explored.>”
Osaka etal. observed in 1980 that certain transition metal
borides were active electrocatalysts for the oxygen evolution
reaction (OER).®' Recently, binary metal borides with Co,"*'
Fe, 21517719 and Nij['12141921 were found to show high catalytic
efficiencies for the OER. A recent review on the application of
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surface area shows a clear dependence on the activity with
rising nickel content. X-ray photoelectron spectroscopy reveals
that the catalyst is modified under reaction conditions and
indicates that CoOOOH and Ni(OH), are formed as active surface
species. Flame atomic absorption spectroscopy (F-AAS) meas-
urements show that no cobalt is dissolved during the electro-
chemical investigations, but the nickel concentration is in-
creased on the surface of the catalyst as follows from XPS
measurements after the electrochemical investigation.

metal borides as electrocatalyst is given by Gupta et al.”? From

previous research concerning 3d-metal oxides it is known that a
mixture of at least two metals can improve the overall catalytic
performance of the material.?>?® This is due to the invalid
scaling relation as stated by Halck et al.”” However, the reaction
mechanism and the synergetic effects of bimetallic systems are
still a research focus.”’ There are only a few systematic studies
about the incorporation of a second transition metal into binary
boride OER catalysts, as these incorporation limits for transition
metal oxides have been researched intensively.”???* For Ni—Fe
oxide systems, Friebel et al.*® proposed that the incorporation
of 25% of iron shows the maximum improvement for the OER
activity. They stated that the iron centers act as the active site,
whereas the nickel mainly improves the overall conductivity of
the catalyst. For Co—Fe oxide systems similar results were found
with an enhancement in intrinsic activity by a factor of 100 as
shown by Burke et al..”? It was suggested that FeOOH provides
the active centers and CoOOH stabilizes the iron compound in
the alkaline electrolyte by forming a stable matrix.*® For Co—Ni
oxide catalysts, Li et al.”” showed that the electric conductivity
of nanowires of Co;0, was increased by a factor of two due to
an incorporation of nickel caused by a larger number of
accessible active sites.

Due to the fact that metal borides (M,B) usually have a
higher electrical conductivity than metal oxides,**” and are
often forming metal oxyhydroxide active surface species in
ambient conditions or alkaline electrolytes,"*'*?'*" the next
step should be to systematically investigate mixed-metal
borides (Ni, Co, Fe) with defined amounts of incorporated metal
phases, in order to find and identify new promising electro-
catalysts for OER. In one of our previous studies we found that
the incorporation of iron into nanoscale dicobalt boride (Co,.
«Fe,).B not only led to a reduction in the onset potential by
about 100 mV, but also increased the overall activity and
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stability of the catalyst."” The previously described low-temper-
ature synthesis method"® was used in this work to form
amorphous Co—Ni—B pre-catalysts. After annealing at moderate
temperatures, a crystalline material resulted that consisted
mostly of (Co,,Ni),B (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5). The
mixed-metal boride nano-powders were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), transition
electron microscopy (TEM) and energy dispersive X-ray spectro-
scopy (EDX) to confirm their phase compositions and particle
sizes. X-ray photoelectron spectroscopy (XPS) was used to
detect and analyze surface species and monitor changes in the
catalysts after electrochemical reactions. Flame atomic absorp-
tion spectroscopy (F-AAS) was used to investigate the metal
content of the alkaline electrolyte to check for dissolution of
metal species from the catalysts.

Experimental section

Synthesis of nanoscale (Co,Ni,),B

Nanoscale mixed-metal borides were synthesized following a
previously published method."® The amounts of the starting
materials, cobalt(ll) chloride hexahydrate (97 %, VWR) and nickel(ll)
chloride hexahydrate (98%, Riedel-de Haén), were calculated for
19 NaBH, (>97%, Alfa Aeser) to obtain a molar ratio of
tetrahydridoborate-to-metal ions of 4:1. The following steps were
performed in argon atmosphere. Sodium tetrahydridoborate was
dissolved in 100 ml of degassed water and slowly added dropwise
to a solution of the metal chlorides in 150 ml of degassed water.
Immediately, a black product precipitated from the solution and
gas evolution was observed. The reaction mixture was stirred at
room temperature for one hour. The precipitate was separated and
washed with 50 ml of degassed water and 100 ml of dry acetone.
After drying in vacuo the precipitate was transferred into a Schlenk
tube and annealed in vacuo for two hours at 500 °C.

Electrode assembly

5 mg of the (Co,,Ni,),B catalyst powder were added to a mixture of
450 pL ethanol, 450 pL ultra-pure distilled water (Water purifier by
Merck — Millipore Milli-Q®) and 100 pL Nafion (5 wt% — Aldrich). The
ink was then blended using an ultrasonic bath for at least
30 minutes. Glassy carbon (HTW GmbH) was used as substrate
material, sanded with abrasive paper (400, 1000, 1500, 2000, 2500
grit size, Starcke) and polished with ALL,O; paste (1 pm, 0.05 um grit
size, Buehler). Before application of the ink, the substrate was
cleaned in an ultrasonic bath with acetone, isopropanol and ultra-
pure distilled water for ten minutes each. 15 uL of the ink were
loaded onto the glassy carbon substrate with an Eppendorf pipette
and dried for at least 30 minutes under ambient conditions. The
area of the deposited catalyst drop is 0.5 cm?, resulting in a loading
of 150 ugem™2 For the EC experiments, the electrode area is
lowered to 0.2 cm? as an O-ring of the corresponding diameter (d=
0.5 cm) was used for sealing. Thus, only 30 pg of the catalyst are in
electrolyte contact.

Pre-catalyst characterization

Nanoscale powders were annealed at 500°C in vacuo. X-ray
diffraction patterns were collected on a powder diffractometer
(Stadi-P, Stoe) using Mo-K,, radiation. The pattern analysis was
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done using the program TOPAS (version 4.2, Bruker AXS) with
TCHZ-type pseudo-Voigt functions (see Supporting Information —
SI; Figure S1 and Table S1). SEM images were recorded using a XL30
FEG scanning electron microscope (Philips) with an acceleration
voltage of 10 kV. TEM and STEM characterization was performed on
a JEOL ARM-200F operated at 200 kV acceleration voltage with a
JEOL JED-2300T EDX detector (see SI - Figure S8).

Catalyst characterization

The catalytic performance tests with respect to OER were
conducted using a GAMRY Interface 1000E potentiostat in a three-
electrode setup with a Hg/HgO (1 M NaOH) reference electrode in
1M KOH (Carl Roth) solution. The catalysts were first activated
using cyclic voltammetry (CV) between 1V and 1.5V with a scan
rate of 100 mVs™' until no further shifts were observable in the
voltammograms. The activity was then obtained by a further CV
measurement between 1V and 1.9V with a scan rate of 10 mVs™'.
Electrochemical impedance spectroscopy (EIS; 100 kHz - 100 Hz)
was used to obtain the setup resistance for iR compensation. The
potential sweep curve measurements (see Sl; Figure S6) were
conducted using a scan rate of 10, 20, 30, 40 and 50 mVs™". In this
work, all electrochemical plots are calibrated to the reversible
hydrogen electrode (RHE).

XPS measurements were performed with monochromatic Al-K,
radiation (XR 50, SPECS Surface Nano Analysis GmbH). A hemi-
spherical electron analyzer (PHOIBOS 150, SPECS Surface Nano
Analysis GmbH) was used, calibrated with the core lines of copper,
silver, and gold. Peaks were fitted using a Shirley background.??
Prior to the electrochemical measurements, samples of (Co,,Ni,),B
were embedded in indium foil.

Electrolyte characterization

F-AAS measurements of the electrolyte were performed after
different stages of electrolysis with a Perkin EImer Analyst 300 using
the corresponding single element hollow-cathode lamps of the
elements cobalt (Agilent) and nickel (Oriel). As operating gasses
acetylene and air were used. As calibrating solutions, 1 gL' cobalt
(Merck) and nickel (Carl Roth) standard solutions were used.

Results and discussion
Crystal structure, morphology, and composition

Dimetal borides Co,B"®* and Ni,B®¥ both crystallize in a Au,Cu-
type structure (s.g. /4/mcm) with lattice parameters a=5.014 A
and 4.9920 A and ¢=4.215A and 4.2465 A, respectively. The
smaller differences in lattice parameters between Co,B and Ni,B
compared to Co,B and Fe,B (a=5.1059 A and c=4.2509 A)>*
make it difficult to use Vegard's law for the exact determination
of the metal ratio in nanoscale mixed-metal borides. However,
no sign of a phase separation into Co,B and Ni,B was detected
and based on previous results with iron incorporation an
incorporation of nickel into Co,B can be assumed."® With more
nickel(ll) cations added to the reaction solution, Ni;B as an
additional crystalline by-product was observed (x >0.2, cemen-
tite-type structure, s.g. Pnma).

The accessible surface area of a catalyst strongly influences
the overall performance and can be obtained through different

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202002030

Chemistry

Full Papers Europe
doi.org/10.1002/cctc.202002030

European Chemical
Societies Publishing

ChemCatChem

measurement techniques. Firstly, SEM images of the mixed-
metal borides (Co,,Ni,),B with different nickel contents were
collected. In Figure 1 a porous morphology formed from rod-
like structures in nm dimensions can be observed for all
samples of the mixed-metal borides. However, the detailed
structure of the different phases changes clearly. While the
morphology of the pure Co,B shows a high content of an
agglomerated phase with a particle-structure, the morphology
of the metal borides containing nickel reveals a more network-
like structure of small rods. The samples with 10, 20 and 50%
nickel content show a more porous morphology with large
pores, while the sample with 30% nickel shows a less porous
structure. The morphology of the (Co,¢Nij,),B exhibits in parts a
particle-like structure and a porous rod-like structure with
average-sized pores.

Since all samples show a similar morphology and SEM
images are not able to give information about the real active
area of the catalyst, a second measurement technique was used
to further quantify the electrochemical “active” surface area
(ECSA). This quantification will be discussed later.***” Firstly, the
surface of the (Co,,Niy),B catalysts was investigated by XPS.
Here, the XPS results of (Co,gNig;),B are shown exemplarily for

the different measurement stages in Figure 2. The XPS measure-
ments of the other cobalt nickel boride phases are depicted in
the SI (Figure S4). The Co 2p photoemission line of (Co,oNig;),B
before EC investigation is illustrated in Figure 2a, showing a
sharp peak at 778.3 eV and several broader signals between
780 and 790 eV. The former sharp peak corresponds to Co°
which has been observed for cobalt boride before,*** while
the broader signals correspond to oxidation (CoO) and hydrox-
ylation (Co(OH),) of cobalt in the cobalt-nickel boride
phase.***? Similar results were found in previous studies of
cobalt borides,"***" cobalt nickel borides,***® and cobalt iron
borides.">'”! In contrast to the Co 2p line, the 2p photoemission
line of Ni is difficult to observe (Figure 2c). A small signal at
around 852.9 eV and a second contribution between 855 and
860 eV are barely visible. The first signal was assigned to Ni° in
metal borides,”™* while the contribution between 855 and
860 eV corresponds mainly to hydroxylated nickel from cobalt
nickel borides.”**" The percentage of cobalt and nickel at the
surface was determined from the XPS data, using tabulated
sensitivities for the experimental setup.”® The ratios given in
Table 1 are in good agreement with the assumed metal-to-
metal ratios from the synthesis compositions. Furthermore, the

Figure 1. Scanning electron microscopy images of (Co,Ni,),B with 0 <x <0.5.
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(CogoNig;),B in indium foil before the electrochemical investigation (light green),

after the electrochemical activation procedure (green) and after the electrochemical testing (dark green).

Table 1. Ratios of nickel-to-cobalt and boron-to-metal calculated from the synthesis parameters for the bulk and from the XPS data for the surface

composition.
(CoyoNig,),B Synthesis bulk ratio XPS surface ratio

Ni:Co B:M Ni:Co B:M
before electrochemistry 0.10 0.50 0.16 0.40
after activation - - 0.27 0.00
after electrochemistry - - 0.38 0.00

boron-to-metal ratio was determined to be around 0.40, which
fits quite well to the assumed composition, as the surface of the
material is already oxidized to a certain degree (see TEM in SI -
Figure S8). The B 1s spectrum illustrated in Figure 2b features
three signals at binding energies of 188.4 eV, 193.0 eV and at
196.9 eV. The first signal contributes to the metal boride
phase,®83%47-*1 \while the signals at higher binding energies
correspond to oxidized boron phases boron oxides or
H,;B0,.28495358 |n the O 1s spectrum two broad peaks at around
532.5 eV and 536.1 eV were observed (Figure 2d), which can be
assigned to metal hydroxides"™? and boron oxo-species,
respectively.®*~® Additional features at higher binding energies
are attributed to oxocarbon compounds and adsorbed water.””

ChemCatChem 2021, 13, 1772-1780 www.chemcatchem.org

Electrochemical characterization

The electrochemical behavior of Co,B and (Co,,Ni,),B (0<x<
0.5) towards OER was investigated in 1 M KOH, using glassy
carbon as the substrate material. It is known from literature that
cobalt features an oxidation wave around 1.0-1.3V vs. RHE,
relating to Co(OH), +OH —CoOOH +H,0 + e~ .*® An even more
pronounced oxidation wave can be found for compounds
containing nickel. The oxidation wave for Ni(OH),+OH —
NiOOH +H,0+e" is situated around 1.4-1.5V vs. RHE.”® Thus,
the electrocatalysts were first activated by cycling between
1.0V and 1.5V, before measuring the final catalytic activity. The
cyclic voltammograms of (Co,,NiJ),B after the activation
procedure are presented in Figure 3a. The inset shows the shift

1775 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Electrochemical measurements in 1 M KOH electrolyte solution showing (a) cyclic voltammograms of (Co,,Ni,),B with 0 <x <0.5 with a magnification
of the redox-wave shift due to the increased nickel content. The potentials are iR compensated. In (b) Tafel plots of the (Co,Ni,),B are evaluated. In (d) the
results of the evaluated fast sweep (cycled between 1.2 and 1.5 V vs. RHE - see SI Figure S7) curves of all (Co,Ni,),B are shown, while (c) demonstrates the

stability of the catalyst with a galvanostatic scan at 10 mAcm 2

- the inset illustrates the cyclic voltammetry behavior of different electrochemical

measurement stages of (Cog¢Nig,),B, before conditioning (dark blue), after conditioning (light green), and after the stability measurement (light blue and

dashed black).

of the oxidation wave to higher potential with increasing nickel
content.

In one of our previous studies, we found that the
incorporation of iron into the binary cobalt boride decreased
the onset potential towards the OER to a large extent.™ A
similar improvement cannot be observed for the incorporation
of nickel into the binary cobalt boride phase. However, the
incorporation of a certain amount of nickel (x<0.2) improves
the overall catalytic performance of the (Co,,Ni,),B catalyst.
(CogoNig),B shows the best activity towards the OER with an
overpotential of =371 mV at a current density of 10 mAcm™,
followed by the (Co,gNiy,),B catalyst with an overpotential of
1n=383 mV at a current density of 10 mAcm™2 A higher amount
of nickel incorporation (0.3 <x<0.5) reduces the electrochem-
ical performance with respect to the binary cobalt boride. The
Tafel plots illustrated in Figure 3b indicate a similar perform-
ance trend as the CV measurements. The lowest Tafel slopes
can be found for the (Co,,Ni,),B catalyst with 0<x<0.2. The
slopes of Co,B and (Co,gNiy,),B are around 60-80 mVdec™,
while the two lowest slopes can be found for (CoygNi,,),B and
surprisingly for (CogsNiys),B, which showed only an average
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performance in the CV curve activity. The low Tafel slope of
(CogsNigs),B could be explained by a change in the OER
mechanism due to the high amount of nickel inside the catalyst
phase. The (Cogy;Niy;),B and (CogeNiy,),B catalyst phases show
the highest overpotential and with 82mVdec™' and
83 mVdec™' the highest Tafel slopes. Since the Helmholtz
double layer capacities Cy values of the (Co,,Ni,),B catalysts
vary by a factor of up to ~3, a normalization of the different C
values to the lowest (Cy4=1.13 mFcm™) one of the (CoggNig.),B
phase was performed (Figure 4a). Accordingly, we normalized
the current densities of the CV curves of Figure 3a by normal-
ization factors, which are their Cy values divided by the lowest
capacity of (CoggNiy,),B. The resulting CV curve is shown in
Figure 4b. The catalyst with the best catalytic performance
(CoggNigq),B remains the most active one strengthens its
superiority to the second-best phase (CoygNiy,),B. Conse-
quently, it can be stated that the incorporation of a certain
small amount of nickel into the binary cobalt boride phase
increases the electrochemical activity independent of the differ-
ent surface areas.

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202002030

Chemistry

Full Papers Europe
. E Chemical
ChemCatChem doi.org/10.1002/cctc.202002030 Societes Publishing
Overpotential 1 in V
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
2.0 T T T T T T T 50_"I""I"'I""I""I""I""I""I""

(Co, oNig 0),B 2 * [ (CoyoNigo),B
; o5 < e _f

o (Cog gNiy 5),B 68\"& 2 40 - (Cog gNig 2),B

g 1.5 | (Cog7Nig 5),B 1 € | (CogsNigs),B

< (Coq gNig 4),B £ [ (CoggNig4),B

" > L i

g (Coq5Nig 5),B *é 30 [ (CogsNigs),B

s |
Z1of 1 E
5 g 20
k] g0
= 3 I
3 2 |
305t 1 g1f
T |
E |
s |
Z o}k
0.0 1 1 1 1 1 1 1 -I||||l|||| 1l il 1 1l PRI T T |

10 20 30 40 50 60 70 80

Scanrate in mV s

1.2 1.3 1.4 1.5 1.6 1.7 1.8
Potential in V vs. RHE

1.0 11

IR corrected

Figure 4. Fast sweep curves of Figure 3d marked with the lowest ECSA of (Cog¢Niy4),B in violet (left) and cyclic voltammetry measurements of Figure 3a

*normalized on the smallest ECSA of (Co,¢Nig4),B (right).

The synergy between two or more transition metals is well
known in literature. Mixed-metal catalysts, e.g. Co—Fe-
based,[7,13,22,25,59,60] Ni_Fe_based[7,25,26,59,61763] or CO_Ni_
based”***?¢*%" have been investigated before. In most of these
studies, the mixture of the transition metals enhanced the
electrochemical performance in comparison to the mono-
metallic phase. These effects are not well understood so far, but
they have been found amongst others in oxide/
hydroxides,?°¢"%%% phosphides,*®*? and borides.l""'31445%67 p
summary of comparative overpotential values for other mixed-
metal-borides can be found in the Sl (see Table S3). In addition
to the electrochemical activity, the stability of a catalyst is
crucial for its technological application. Therefore, the long-
term performance of the most active catalyst (Co,oNig;),B was
investigated exemplarily by using a galvanostatic scan (GSS) at
a constant current density of 10 mAcm™ in 1 M KOH solution
(Figure 3c). The catalyst was stable over the whole eight hours
of measurement time at an overpotential of =351 mV. After
the stability measurement, an additional CV curve (Figure 3c
inset) was measured, showing an improvement in the over-
potential (=355 mV at 10 mAcm™) compared to the catalytic
performance of the catalyst before the GSS (M=371mV at
10 mAcm™). To understand these changes in the catalytic
performance, detailed XPS measurements of the catalyst and F-
AAS measurements of the electrolyte after different electro-
chemical measurement stages were conducted.

XPS surface analysis after electrochemical investigation

Further XPS analysis measurements of the surface of the most
active (CoggNiy;),B catalyst were performed after the electro-
chemical activation procedure and after the whole electro-
chemical testing, in order to investigate changes introduced
during these procedures and to identify the composition of the
catalytically active species at the surface. The Ni 2p photo-
emission lines of (Co,¢Niy,),B after the activation (green) and
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after the electrochemical investigation (dark green) are shown
in Figure 2c. The EC activation procedure strongly influenced
the Ni 2p photoemission line (green) of the catalyst. The former
nickel boride signal was barely visible anymore. However, two
clearly noticeable signals for Ni 2p*? arose at binding energies
around 8553 eV and 861.2 eV, which can be attributed to
Ni(OH), with its corresponding shake up peak.?**" After the EC
investigation (dark green) the peak positions of the Ni 2p
spectrum remained unchanged, but the intensity of the Ni 2p
shake up peak exceeded the intensity of the Ni 2p*? signal. This
phenomenon cannot simply be clarified by the nickel photo-
emission line itself. In the survey spectra of the two samples
(see SI; Figure S5) a higher Nafion signal and therefore higher
fluorine content on the surface can be observed. This phenom-
enon could be due to different XPS measurement spots on the
sample. The F KLL Auger structure of Nafion overlaps with the
Ni 2p photoemission line (see SlI; Figure S5) and therefore the
signal at 861.2 eV shows a higher intensity than the Ni 2p*?
signal. In the XP Ni 2p detail spectrum of (Co,,Niy;),B after the
EC investigation (see SI; Figure S6) the F KLL Auger peak
structure is fitted and subtracted from the measured signal,
resulting in the residual Ni 2p photoemission line. The peak
shape and position of the remaining Ni 2p signal confirms the
assumption that nickel remained in its Ni*" oxidation state as in
Ni(OH), after the EC investigation.*®*" The Co 2p photoemission
lines of (Co,oNig;),B after the activation (green) and after the
whole electrochemical investigation (dark green) are shown in
Figure 2a. After the activation procedure, the original Co,B peak
is no longer visible and is replaced by a strong feature at
around 779.7 eV with an asymmetric peak shape, showing a
shoulder part at around 780.8 eV, which can be assigned to a
cobalt oxide or hydroxide component, respectively.**? A
satellite peak is visible at around 789.7 eV, leading to a distance
between the Co 2p*? photoemission line and the satellite of
around 10 eV. In contrast to the Co%-boride and Co(OH), before
the EC testing, the oxidation state of cobalt can now be
identified as Co®".**¥ Due to the fact, that the O 1s photo-
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oxygen bonding at 529.1eV as well as metal-to-hydroxide
bonding at 530.9 eV, the cobalt phase that was present after
the activation procedure was identified being cobalt oxyhydr-
oxide (Co®*OOH), which was observed in cobalt-based catalysts
before 11322257074 |n CoOOH the oxide and hydroxide charac-
teristics in the O 1s photoemission line should be of similar
intensity, according to the bonding ratio.***"”*’ Here, the
hydroxide species showed a slightly higher intensity compared
to the oxide species, which can be explained by the presence of
nickel hydroxide. After the EC investigation of (Co,Nij;),B the
Co 2p photoemission line showed no further changes in the
spectrum. Therefore, it can be stated that during the EC
activation process the cobalt phase is already fully oxidized to
Co’"OO0H. Hence, the cobalt, as well as the nickel phase, shows
no further transformation after the EC activation process. The
changes in the O 1s photoemission line after the EC inves-
tigation (Figure 2d) are due to the increased Nafion content of
the spot analyzed by XPS, in which sulfonyl hydroxide (R—S(=
0),(0H)), oxocarbon (CO,) and oxocarbon with fluorine (OCF)
components are accountable for the signals around 531.7-
535 eV."*" the electrochemical activation procedure the B 1s
photoemission line (Figure 2b) vanished completely, which was
already indicated from the Co 2p and Ni 2p photoemission
lines, showing no remaining Co® and Ni® components associated
with the boride in the spectra.’®**=* From a quantitative
analysis of the discussed XP detail spectra (Table 1) of the
different investigation stages it was found that the nickel-to-
cobalt ratio increased with consecutive electrochemical testing.
The nickel-to-cobalt ratio before EC testing was found to be
0.16. After the electrochemical activation, a ratio of 0.27 was
calculated and the ratio after the complete EC testing was
estimated to be 0.38. These finding could either be due to a
degradation of the cobalt phase into the electrolyte or due to
rearrangement of the surface phase during electrochemical
treatment. To investigate either of these prospects, flame
atomic absorption spectroscopy measurements of the alkaline
electrolyte were used for the electrochemical testing of the
catalyst after different measurement stages: before EC, after EC
activation and after EC investigation. The F-AAS measurements
were performed to analyze the cobalt as well as the nickel
content in the electrolyte and are plotted in Figure 5.

The cobalt content (red) showed no change during the EC
investigations, which led to the conclusion that no cobalt was
degrading from the catalyst into the electrolyte. However, a
change in the nickel content (black) of the electrolyte was
found during the EC measurement procedure. Already after the
EC activation, the nickel content decreased, showing after the
EC investigation a total nickel mass loss in the electrolyte of
0.2mgL™". If we consider that the complete loss in nickel
content within the electrolyte is absorbed into the surface of
the catalyst, an increased amount of the total catalyst
composition can be calculated. The volume of the electrolyte
inside the EC Zahner cell is limited to 7.2 mL, while the
investigated surface is defined by an O-ring with a diameter of
0.5 cm. Hence, the size of the investigated area of the catalyst
was calculated to be roughly 0.2 cm? (A= r?). Due to a
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Figure 5. Flame atomic absorption spectroscopy measurements for the
elements cobalt and nickel of the 1 M KOH electrolyte at the different
measurement stages: as is, after EC activation (after EC act), after EC
investigation (after EC).

total loading of 150 ug cm™, the loading of the investigated
area was estimated to be 30 pg. The mass of adsorbed nickel
from the electrolyte onto the surface was calculated with
Equation (1), considering a homogenous adsorption.

02mglL™

ANimass adsorbed —
= ANimass adsorbed — 1.44 I“l’g

This led to an increase in the metallic mass of the whole
catalyst loading of 5% and to an even higher percentage
change with respect to the catalysts surface. Therefore, it can
be stated that the change in nickel content found by XPS after
the EC testing is due to nickel (re)adsorption from the electro-
lyte onto the surface of the catalyst during the EC investigation.
This could explain the improved performance of the catalyst
after the stability measurement. Similar findings concerning
iron impurities found after electrochemical investigation of
transition metal based catalysts in alkaline media, have been
discussed in literature.” They are assumed to be responsible
for an improved catalytic behavior of Ni-based catalysts in
alkaline media.?*¢'>"® A similar adsorption of iron from the
alkaline electrolyte into the catalyst phase is unlikely, but
cannot be entirely excluded. However, the nickel amount found
by XPS is drastically increased after the EC treatment, while no
iron can be found on the surface with XPS. A thick oxidation or
rather hydroxylation layer is formed during the EC testing,
leading to the active surface species of COOOH and Ni(OH),.
Equivalent metal oxyhydroxide active surface species have been
proposed earlier for metal boride particles®" and were found in
boride catalysts tested for OER.['%'3214%)

Conclusion

We have identified an efficient and stable transition metal
electrocatalyst for the OER in alkaline media. The preparation of

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cctc.202002030

ChemCatChem

Full Papers

doi.org/10.1002/cctc.202002030

Chemistry
Europe

European Chemical
Societies Publishing

the mixed-metal borides was adapted from previous studies
and followed a bottom-up synthesis technique at low temper-
ature, followed by an annealing step at moderate
temperature.'® By this route highly reactive, crystalline powders
of metal borides are formed. The powders were deposited using
a standard drop coating technique on glassy carbon substrates.
The OER active species was obtained from (Co,,Ni,),B by an
electrochemical activation step in 1 M KOH and its main surface
species were identified to be CoOOH and Ni(OH),. The best
electrocatalytic activity is achieved by (CoyNig,),B, which is
higher than that of the active phase of monometallic Co,B, but
in contrast to previous studies of the incorporation of iron into
nanoscale dicobalt boride," no drastic improvements on the
onset potential were observed. The appearance of a second
crystalline phase (Ni;B) may obscure the peak performance
point due to a restricted incorporation of nickel into the Co,B
structure under these synthesis conditions. During the electro-
chemical activation, the surface on the catalyst is oxidized,
forming a metal (oxy-)hydroxide active surface species with
CoOOH and Ni(OH), evidently surrounding the Co—Ni boride
bulk. The surface composition resembles phases found on
mixed-metal oxides/hydroxides, while the bulk of the mixed
metal boride contributes to a better electrical conductivity.>*”
The cycling of the catalyst inside the electrolyte leads to an
enhancement of the catalytic performance. By a combination of
AAS and XPS measurements, we showed that nickel surface
content is increased by a galvanic deposition/intercalation from
the electrolyte onto/into the catalyst phase. This work provides
detailed information on the surface modification mixed-metal-
boride-based OER catalyst systems, while indicating the high
significance of reaction processes that happen during the water
oxidation in alkaline electrolytes. These processes cover electro-
chemical redox reactions of the catalyst itself and additionally
reactions with impurities inside the electrolyte, strongly
influencing the overall catalytic performance.
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