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Intermetallic Cobalt Indium Nanoparticles as Oxygen
Evolution Reaction Precatalyst: A Non-Leaching p-Block

Element

J. Niklas Hausmann, Marten Ashton, Stefan Mebs, Carsten Walter, Séren Selve,
Michael Haumann, Tobias Sontheimer, Holger Dau, Matthias Driess,

and Prashanth W. Menezes>

Merely all transition-metal-based materials reconstruct into similar
oxyhydroxides during the electrocatalytic oxygen evolution reaction (OER),
severely limiting the options for a tailored OER catalyst design. In such
reconstructions, initial constituent p-block elements take a sacrificial role and
leach into the electrolyte as oxyanions, thereby losing the ability to tune the

into chemical energy!!' However, these
reductive, electrocatalytic half-reactions
require an anodic counterpart supply-
ing protons and electrons.[? This critical
counterpart is the kinetically demanding
oxygen evolution reaction (OER).[?l To im-
prove the overall energy efficiency of these

catalyst’s properties systematically. From a thermodynamic point of view,
indium is expected to behave differently and should remain in the solid phase
under alkaline OER conditions. However, the structural behavior of transition
metal indium phases during the OER remains unexplored. Herein, are
synthesized intermetallic cobalt indium (Coln;) nanoparticles and revealed by
in situ X-ray absorption spectroscopy and scanning transmission microscopy
that they undergo phase segregation to cobalt oxyhydroxide and indium
hydroxide. The obtained cobalt oxyhydroxide outperforms a
metallic-cobalt-derived one due to more accessible active sites. The observed
phase segregation shows that indium behaves distinctively differently from

processes, mainly Fe-, Co-, and Ni-based
electrocatalysts have been applied for the
alkaline OER.}] To fine-tune the catalytic
properties of the Fe, Co, and Ni active
sites, a wide range of composites with
p-block elements have been investigated
such as chalcogenides,[*® pnictides,*’]
phosphates,[8] borophosphates,[*10]
borides,!! intermetallics,[>13] and
others.'*l However, post and in situ
characterizations have shown that these

most p-block elements and remains at the electrode surface, where it can

form lasting interfaces with the active metal oxo phases.

1. Introduction

The hydrogen evolution and carbon dioxide reduction reactions
are essential to decarbonize the chemical industry and parts of
the energy sector, as they can transform carbon-neutral electricity

materials reconstruct during the strongly
oxidizing OER conditions under the for-
mation of p-block element oxyanions
and their subsequent leaching into the
electrolyte,!>18] leaving behind Fe, Co, or
Ni oxyhydroxides.>!°] This reconstruction
into similar oxyhydroxides strongly limits the design opportuni-
ties for OER electrocatalysts.[1>1°]

The observed reconstructions into oxyhydroxides and water-
soluble oxyanions align with the Pourbaix diagrams of the respec-
tive elements.'>20] Unlike all other p-block elements, only In,
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Figure 1. The Pourbaix diagram of indium (25 °C, 0.1 m).12%] The potential
of the x-axis is against the standard hydrogen electrode. In the blue-marked
OER region, non-soluble indium hydroxide is the most stable species.
For all p-block elements except indium, lead, and bismuth, water-soluble
oxyanions are the most stable species in this region.[1%20]

Pb, and Bi contain non-water-soluble species under alkaline OER
conditions (Figure 1 for the Pourbaix diagram of indium).[>20]
Thus, they should not leach during the OER. This different ther-
modynamic property could enable the formation of new, stable
OER catalysts containing the transition metal and In, Pb, or Bi.
To investigate this, we have chosen to synthesize intermetallic
cobalt indium (Coln,), as indium is the least toxic of all three el-
ements, and the reconstruction of indium-containing transition
metal precatalysts has not been investigated so far.2-31

To obtain the desired intermetallic cobalt indium, we devel-
oped a reductive wet chemical approach that yields nanoparti-
cles, requires only mild temperatures, and needs only one step.
We find that cobalt-indium-derived oxyhydroxides have a higher
electrocatalytic OER performance than cobalt-derived ones due
to more accessible active sites. In situ and post-catalytic analyses
reveal phase segregation of cobalt indium to cobalt oxyhydroxide
and indium hydroxide during the OER on the electrode.

2. Results

2.1. As-Prepared Cobalt Indium

Cobalt(II) and indium(III) chloride were reduced with sodium
borohydride at 180 °C in tetraethylene glycol and in the pres-
ence of a surfactant (see Supporting Information for more de-
tails). A ratio of cobalt to indium of 1 to 2.5 was used, as
a higher indium ratio led to the formation of crystalline in-
dium. The obtained black powder’s X-ray diffraction pattern
(XRD) shows exclusively peaks of a Coln, phase (JCPDS 41-880,
Figure 2a). The Scherrer equation indicates a crystallite size of
around 50 nm (see Supporting Information for details). Coln,
is an intermetallic compound wherein cobalt is coordinated
by seven indium atoms at 2.60-2.75 A (Figure 2b). Scanning
electron microscopy (SEM) with energy-dispersive X-ray map-
ping (EDX, Figure 2c—e and Figure S1, Supporting Information)
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shows a homogenous cobalt and indium distribution. Transmis-
sion electron microscopy (TEM) displays irregularly shaped, crys-
talline nanoparticles with diameters of around 20-100 nm. In-
ductively coupled plasma optical emission spectroscopy (ICP-
OES, Figure 2a inset) reveals that the cobalt-to-indium ratio is
only one-to-two instead of the expected one-to-three.

To understand the mismatch in the cobalt-to-indium ratio
structurally, we collected cobalt K-edge X-ray absorption spec-
troscopy (XAS) data. The X-ray absorption near edge structure
(XANES, Figure S2, Supporting Information) of cobalt indium
nanoparticles shows a shape that resembles cobalt metal with a
typical shallow edge rise, as expected for an intermetallic com-
pound. Simulation of the extended X-ray absorption fine struc-
ture (EXAFS, Figure S3a—c, Supporting Information) spectrum
of cobalt/indium reveals less than seven Co—In distances of
~2.65 A per cobalt center. For a good EXAFS simulation, a further
cobalt—cobalt shell as characteristic for metallic cobalt at 2.45 A
was required because adding this interaction lowered the fit er-
ror from ~20% to 8% (Figure S3c, Supporting Information). In
addition, the inclusion of cobalt-oxygen and cobalt—cobalt shells
into the simulation of the spectrum of as-prepared cobalt in-
dium, which may account for pre-oxidized cobalt sites, revealed
only minor contributions from such species (Figure S3c, Sup-
porting Information). We note here that the presence of mul-
tiple Co—Co and Co—In shells in the range of ~2.45-2.85 A is
expected to lead to spectral cancellation due to destructive inter-
ference of the respective EXAFS oscillations, which likely leads
to underestimation of the Co coordination numbers. However,
the trends in relative coordination numbers remain consistent.
From the XAS data, we conclude that as-prepared cobalt indium
nanoparticles contain crystalline, intermetallic Coln,_,, together
with a cobalt richer phase. STEM-EDX mappings show that the
sample does not contain pure cobalt but other cobalt indium
phases, of which a cobalt-to-indium ratio of 1 to 1.5 seems to be
the lower limit for the indium content (Figure S4, Supporting
Information). Selected area diffraction (SAED) pattern measure-
ments at various parts of the sample show a high crystallinity
(Figure S5a, Supporting Information). Nevertheless, some parti-
cles contain amorphous shells (Figure S5b, Supporting Informa-
tion). Due to the absence of reflexes not belonging to Coln, in
the XRD (Figure 2a), we reason that also these indium-deficient
parts mostly crystallize in the Coln, structure, while for very high
cobalt contents amorphous phases form on the outside of the
particles.

For comparison, EXAFS analysis of a pure cobalt powder sam-
ple showed that it was already partially oxidized, that is, as judged
by approximately one oxygen bond per cobalt center (Figure S3c,
Supporting Information) and shows a low degree of crystallinity,
as indicated by the mere absence of second-shell Co—Co dis-
tances around 5-6 A.

2.2. Electrocatalytic Activity toward the Oxygen Evolution
Reaction

To investigate the electrocatalytic properties of cobalt indium
nanoparticles in 1 M KOH (pH 13.89),32] we used a binder-
free electrophoretic deposition approach (Figure S6, Support-
ing Information) on fluorine-doped tin oxide glass plate (FTO)
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Figure 2. The as-prepared cobalt indium powder. a) XRD of cobalt indium with ICP-OES ratio and a simulated pattern using the unit cell shown in (b). b)
The unit cell of Coln; (ICPDS 41-880) with cobalt atoms in blue and indium in dark pink. Seven indium atoms surrounding one cobalt are marked with
orange crosses to show the cobalt coordination. c—e) SEM-EDX elemental mapping. The respective EDX spectrum is shown in Figure S1, Supporting
Information. f~h) TEM images showing the cobalt indium nanoparticles with a selected area diffraction pattern and a fast Fourier transform as insets in

(f) and (h), respectively.

substrates. As reference materials, we synthesized pure cobalt
nanoparticles (Figures S2 and S3 and S7-S9, Supporting Infor-
mation) and pure indium (Figures S7 and S10, Supporting Infor-
mation, for characterization) with the same wet chemical reduc-
tion approach used for cobalt indium. The pure indium shows
no increased OER activity compared to bare FTO and thus is not
further considered in depth. Double-layer capacitance measure-
ments by cyclic voltammograms displayed no significant differ-
ence for metallic cobalt- and intermetallic cobalt-indium-loaded
FTOs (Figures S11 and S12, Supporting Information). Before
further electrocatalytic measurements were performed, the elec-
trodes were activated in a chronoamperometry (CA) measure-
ment at 1.72 V versus a reversible hydrogen electrode (Vyy;) for
90 min (Figure 3a). After this activation, cyclic voltammetry dis-
plays overpotentials at 10 mA cm™ of 370 + 9 and 420 + 8 mV
for cobalt indium and cobalt, respectively (Figure 3b, left y-axis,
solid lines, errors from the standard deviation of three indepen-
dent measurements). A magnification and discussion of the re-
dox peak region is shown in Figure S13, Supporting Information.
We note here that the total mass loading of both samples was
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kept around 200 pug cm~2. Since cobalt indium contains only 20%
cobalt, the activity difference between both samples per loaded
cobaltis even larger (Figure 3b, right y-axis, dashed lines). Steady-
state Tafel analysis shows that the Tafel slopes of both cobalt-
containing compounds are comparable (Figure 3c), indicating
that they have the same kinds of active cobalt sites. After the ini-
tial activation and slight deactivation of the cobalt indium and
cobalt electrode, respectively, the activity remains stable for the
next 24 h (Figure 3d).

2.3. Post-Catalytic Diffraction and Electron Microscopy Analyses

The activation of the cobalt indium sample during the initial elec-
trocatalytic activation (Figure 3a) indicates a structural change
of the material. To investigate this change, we characterized the
sample after this activation. XRD shows that some of the initial
crystalline Coln, phase remains (Figure S15, Supporting Infor-
mation). Additionally, a peak consistent with In(OH), appears,
which is the thermodynamic most stable indium phase under

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Electrochemical data of cobalt indium and cobalt nanoparticles on fluorine-doped tin oxide glass plates. Pure indium showed no OER activity.
a) Activation of the as-deposited samples via chronoamperometry. The measurements of (b) and (c) were performed after this activation. b) Cyclic
voltammograms normalized by current density (left y-axis, solid lines) and by the amount of cobalt loaded on the electrode (right y-axis, dashed lines).
The grey line shows indium deposited on FTO. A magnification of the redox peak region is shown in Figure S13, Supporting Information. c) Tafel analysis
obtained by 3-min chronoamperometry measurements (Figure S14, Supporting Information, for raw data). d) Chronopotentiometry measurements of

the samples.

alkaline OER conditions (Figure 1 for Pourbaix diagram). SEM-
EDX mappings cannot separate the cobalt indium and indium
hydroxide phases (Figure S16, Supporting Information). Thus,
we acquired a high-resolution scanning TEM mapping (Figure 4).
This mapping shows the presence of three phases with different
elemental distributions that we assign to indium hydroxide crys-
tals, cobalt indium, and a phase containing mainly cobalt and
oxygen. SAED patterns of the three different areas confirm the
presence of the three respective phases (Figure S18, Supporting
Information).

2.4. In Situ X-ray Absorption Spectroscopy
To gain more information about the structure of the intermetal-

lic cobalt indium and metallic cobalt electrode during the OER,
we freeze-quenched samples in liquid nitrogen after being op-
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erated for 90 min at 1.72 Vg, and measured cobalt K-edge
XAS. The estimated quasi-in-situ cobalt oxidation state was 2.8
(Figure 5a for XANES and Figure S19, Supporting Informa-
tion, for oxidation state determination), showing that mostly
cobalt(III) species were present. The EXAFS (Figure 5b) was sim-
ulated using three shells (Figure 5c¢ and Figure S15¢, Support-
ing Information): a Co—O and a Co—Co shell accounting for lay-
ered cobalt-oxyhydroxide, as well as a Co—In shell reflecting re-
maining as-prepared material. In a fully ordered oxyhydroxide,
the coordination number (N) of Co—O bonds at ~1.9 A should
be close to six for mainly octahedral sites. The N-value of such
a Co—O shell was only ~0.6 in the as-prepared cobalt indium
material, reflecting minor (surface) pre-oxidation. After 90 min
at 1.72 Vyyyp (Figure 3a), the N-value of this shell largely in-
creased to 4.6, revealing that most of the material (around 75%)
reconstructed into cobalt oxyhydroxide. The residual cobalt re-
mains in the original cobalt indium structure, consistent with the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. High-resolution STEM-EDX mapping of cobalt indium after 90 min at 1.72 Vg (Figure S17, Supporting Information, for EDX spectrum).
This mapping shows the presence of three phases, one containing cobalt and oxygen, one containing indium and oxygen, and one containing cobalt
and indium. Using SAED, XRD, and XAS, these three phases have been identified as CoOOH,, In(OH)3, and Colns.
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Figure 5. Cobalt K-edge X-ray absorption spectroscopy (XAS) data of cobalt indium and pure cobalt nanoparticles. As-prepared and quasi-in-situ
(1.72 Vgye for 90 min, Figure 2a) samples are compared. a) X-ray absorption near edge structure (XANES) spectra of cobalt indium and cobalt samples
compared to spectra of cobalt +2, +2.67, and +3 references used for oxidation state determination (Figure S19, Supporting Information). b) Extended
X-ray absorption fine structure (EXAFS) spectra (colored lines) and simulations (black lines). Further XAS data can be found in Figure S20, Supporting
Information. The grey vertical dashes mark characteristic structural motifs of intermetallic cobalt indium (ii), metallic cobalt (iii), and cobalt oxyhydroxide
(i) and (ii). Respective structural motifs are shown in (c).
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remaining Co—In shell population. The same analysis when
performed for the pure cobalt nanoparticle reference sample
(Figure 5 and Figure S15, Supporting Information) showed that
this reference also reconstructs into cobalt oxyhydroxide to a sim-
ilar extent as intermetallic cobalt indium.

3. Discussion

Cobalt indium nanoparticles (20-100 nm) have been prepared by
a wet chemical approach and used as an OER catalyst on an in-
ert FTO substrate. Cobalt nanoparticles, prepared by the same
method, have been used as a reference. In situ and ex situ char-
acterizations of both materials show that intermetallic cobalt in-
dium and cobalt nanoparticles reconstruct into cobalt oxyhydrox-
ides, as typical for cobalt-based precatalysts.['%33-3%] Unlike other
p-block elements, indium did not fully leach into the electrolyte
as soluble oxyanions.!'] Instead, a phase segregation occurred,
wherein cobalt indium was reconstructed into cobalt oxyhydrox-
ide and indium hydroxide. Thus, indium does not fully leach into
the electrolyte and can remain at the electrode forming a solid
heterostructure with the cobalt oxyhydroxide.

The cobalt oxyhydroxide phase formed from the cobalt indium
precatalyst is more OER-active than the one formed from metal-
lic cobalt. Cobalt indium activates and cobalt deactivates during
the initial CA test (Figure 3a). Previously, it had been shown that
the formation of separate, non-leaching phases (La(OH); and
NiOOH from LaNi;) can provide a matrix that prevents the ag-
glomeration of the active oxyhydroxides. This effect could explain
the different long-term behavior of both samples.’*%”] Tafel and
local structural analysis (EXAFS) show that differences in the lo-
cal cobalt environment, electronic structure, or kind of active sites
do not cause this activity difference. Thus, it must originate from
different numbers of available active sites in both materials. This
phenomenon has previously been observed for cobalt oxyhydrox-
ides formed from precursors with constituents that can leach dur-
ing the OER.>¥] In such precatalysts, the leaching constituent
takes the role of a sacrificial element, creating a high surface area
and disordered active catalysts with more available active sites.
The herein-revealed phase segregation of cobalt indium to cobalt
oxyhydroxide and indium hydroxide also succeeds in exposing
more active sites compared to a metallic cobalt precatalyst.

4, Conclusion

We have shown that cobalt indium prepared by a wet chemical
approach reconstructs into a cobalt oxyhydroxide and indium hy-
droxide phase during the OER. The cobalt oxyhydroxide formed
through this phase segregation process is more active than oxy-
hydroxides derived from cobalt metal nanoparticles due to more
accessible active sites. Indium does mostly not leach into the
electrolyte and remains at the active electrode. Therefore, this p-
block element is suitable for forming heterostructured interfaces
with other OER-active metal-oxo phases. Potentially, the herein
observed phase segregation could be suitable for creating an in-
terface between photoactive indium oxides and catalytically active
cobalt oxyhydroxides. Most importantly, this work shows that not
all p-block elements in OER precatalysts behave the same way,
leaching to the electrolyte as oxyanions during operation. Thus,
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investigating further novel phases containing transition metals
and p-block elements may overcome the limitation of the design
opportunities for OER catalysts caused by the reconstruction of
merely all materials to similar oxyhydroxides.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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