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ABSTRACT: The ternary compound Hf,B,Irg was assessed as an electrocatalyst for the oxygen

w] OER:H,0 > O, +4H* + 42
evolution reaction (OER) in 0.1 M H,SO,. The oxidative environment restructures the studied - _
material in the near-surface region, creating cavities in which agglomerates of IrOx(OH)y(SOQZ w0l Self-developed
particles are incorporated. These in situ generated particles result from the oxidation of |5, OEﬁ}fé‘z'.Zf_.%i'em
secondary phases in the matrix as well as from self-controlled near-surface oxidation of the %m
ternary compound itself. The oxidation is controlled by the structural and chemical bonding = ol
teatures of Hf,B,Irs. The cage-like motif, exhibiting mostly ionic interactions between positively | 1]
charged Hf atoms and a covalently bonded Ir—B network, selectively controls the extent and s
kinetics of the transformation process induced during the operation of the electrocatalyst. The ol

resulting self-optimized composite material, formed by a Hf,B,Ir; matrix surrounding
IrO,(OH),(SO,), particles, was used in the OER over 240 h at 100 mA cm™” current density.

_— >
240 h at 100 mA cm2

The chemical changes, as well as the OER performance, were studied via a combination of bulk- and surface-sensitive experimental
techniques as well as by employing a quantum-chemical bonding analysis.

KEYWORDS: energy conversion, oxygen evolution reaction (OER), acidic media, intermetallic compound, iridium, chemical bonding

surface oxidation

B INTRODUCTION

The need to replace fossil fuels by renewable alternatives is
certainly not under question anymore.' > Hydroﬁgen is a
critical component of future energy systems' ® and is
accessible in the required amounts by water splitting
(considering present oil and gas use).”® The whole process
is limited by the formation of oxygen, which requires the
transfer of four electrons per product molecule,””"* leading to
a reaction network of intermediates that must be controlled by
suitably active and stable catalysts. Practical operation
conditions further require high electronic conductivity of the
electrode to minimize ohmic losses through the reactive
interface. Additional challenges in the development and
application of proton exchange membrane (PEM) electrolysis
are associated with oxidative conditions of a strong acid,
saturated with oxygen and products of the reaction network
(OH, H,0, HO,), which the catalysts need to endure.
Keeping in mind the thermodynamic instability of many
transition metals in acidic solutions at applied anodic
potentials,">'* there are not many electrocatalysts that are
able to operate under such harsh oxygen evolution reaction
(OER) conditions. Therefore, noble metals and their oxides as
anode materials are still materials of choice.'”'*™"”

Among the large number of materials studied, none can
compete with iridium and its oxides, which exhibit both
outstanding activity and sufficient stability for technological
applications."®~** The scarcity of Ir prevents its application on
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the scale required for global hydrogen production. To exploit
the inherent advantages of acid electrolysis, the replacement of
Ir,O, (or at least reduction of the Ir amount) is necessary. As
one of the possible strategies for the material search, the
modification of the electronic structure by changing the
composition and crystal structure can be considered.'**™*’
Intermetallic compounds (IMCs), in contrast to substitutional
alloys, offer many advantages for the design of electrodes, for
instance, well-ordered atomic arrangements with directed
covalent interactions, the tunable coordination environment
of noble metals, and hence existence of hierarchical cluster
structures combining elements with diverging chemical
properties in one single phase.”* ™' Reports on the application
of intermetallic compounds for the OER are scarce in the
literature and limited to a few examples, among which binary
compounds Ni,Ta’> and ALPt*> have been investigated
recently.

The concept of the present work is to dilute Ir atoms in a
well-defined chemically robust coordination environment
bringing about an electronic structure with low electron
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density around the Ir as required to form the active IrOOH
component. The result is the IMC Hf,B,Irs. The choice of Ir
followed its unprecedented performance in the OER, and it
allows carrying out the proof-of-principle study. It is expected
that activation of the initial IMC phase needs to occur to
generate the active sites binding water to the surface of the
electron-deficient electrode. The work describes how this
activation occurs and whether the covalent—ionic mixed
bonding scheme will lead to a self-limitation of the activation,
preserving the metallic core of the non-metallic electrode
surface.

To the best of our knowledge, neither hafnium nor boron
was mentioned in the literature as active components for the
OER, but both should contribute to the enhanced stability of
the investigated catalytic material (cf. e.g,, thermal stability of
binary hafnium borides with the formation temperatures of
3380 °C for HfB, or 2120 °C for HfB).** There are no
published data on Hf-based compounds as OER electro-
catalysts in acidic media. Nevertheless, during the last few
decades, they have attracted interest as electrocatalysts for
other half-reactions of water splitting: e.g, HfO,N, (acidic
ORR,** HER, and HOR?), HfB, (acidic HER and alkaline
ORRY), and solid solution HfB,-ZrB, (acidic and alkaline
HER®®). The compounds Hf,Fe, Hf,Co, and HENi were
investigated as possible hydrogen storage materials, and their
application as electrode materials was also mentioned, but no
details were published.”” The limited application of Hf-based
compounds (e.g., diboride) can be related to their restricted
chemical stability in acidic media.*’

Addressing the knowledge about the application of borides
for the OER, a few important issues need to be highlighted: (i)
borides are known as active and stable electrocatalysts for the
OER only (!) in alkaline media;*'~** (ii) numerous works on
borides in alkaline media are mainly focused on activity;
however, a clear vision about the role of boron is extremely
limited; and (iii) the formation of surface oxide/hydroxide
under reaction conditions remains the dominant criterion for
activity determination.*”*”*° From this knowledge, it occurs
that Ir in the present case is not only the precursor of the active
sites but also contributes to the chemical stability of the Hf—
Ir—B moiety. Complete inertness of the matrix to reaction
conditions is not desired as it would minimize the ability of the
system to be activated into a state different from the surface
resulted from the bulk synthesis procedure.

Several questions, arising from the concept outlined, will be
addressed in this work: (i) activity of intermetallic compound
Hf,B,Irg as the electrocatalyst for the OER; (ii) chemical
changes in the near-surface region under oxidative conditions;
(iii) relationship of the material changes to the features of
chemical bonding, and (iv) rationalization of the electro-
catalytic performance of the investigated compound through
its ability to self-activate under reaction conditions.

B EXPERIMENTAL SECTION

Sample Preparation. For material synthesis, a Hf rod (Haines &
Maassen GmbH, 99.9%), Ir powder (ChemPUR, 99.9%), and B
crystalline powder (ChemPUR, 99.99%) were used. The synthesis
was carried out in three steps: (i) preparation of the Ir—B precursor
(the powders of Ir and B were pressed into a pellet and annealed at
1270 K for 4 days); (ii) Hf pieces and Ir—B precursor were arc-melted
under an Ar atmosphere on a water-cooled copper bottom with mass
losses less than 2%; and (iii) homogenization heat treatment was
performed between 1470 and 1570 K for several weeks. To obtain the
specimen for electrochemical experiments, the sample was ground in

an agate mortar and filled into a carbon pressform. The densification
was performed via spark plasma sintering (SPS) by heating up to 1270
K at a rate of 10 K min™" with subsequent cooling down to room
temperature. After SPS, pellets were polished in three stages: (1)
manually with SiC grinding papers (Grit 100, 400, and 500); (2) via
contact with a rotating plate with SiC grinding papers (Grit 800,
1200, 2400, and 4000 at 250 rpm) on polishing device LaboPol-21,
and (3) final polishing with diamond solution (diamond particle size
3, 1, and 1/4 pym) and water-based green lubricant (Struers GmbH)
on an MD-Dur plate (made of satin woven natural silk) at 800 rpm on
a polishing machine RotoPol-15.

Material Characterization. X-ray powder diffraction patterns
were collected either in transmission mode on a Huber G670
imaging-plate Guinier camera for powdered samples or in reflection
geometry on an STOE STADIP MP diffractometer, equipped with a
DECTRIS MYTHEN 1K detector for compacted samples. In both
cases, Cu Ka, radiation (4 = 1.54059 A) was used. The phase analysis
was performed via the comparison of experimental powder X-ray
diffraction (PXRD) patterns with the calculated ones using
WinXPOW software.”' Lattice parameters were determined employ-
ing the software package WinCSD,* for the calibration of the peak
positions, the LaBy (a = 4.1569 A) was used as an internal standard.

Scanning electron microscopy (SEM) using a JEOL JSM-7800F
microscope with an energy-dispersive X-ray spectroscopy (EDXS)
system (Quantax 400, Bruker, Silicon Drift Detector ) was employed
to control the quality and homogeneity of the as-prepared sample as
well as to monitor the changes after long-term electrochemical
treatment. To highlight the bulk features, SEM data were collected
with the acceleration voltages of 15—25 kV, whereas to check the
changes in the near-surface region, this was reduced down to 5 kV. As
a result, the semi-quantitative Hf/Ir ratios were obtained for different
areas of the specimen as well as the morphology of the surface was
screened using backscattered electron (BSE) and secondary electron
(SE) images. Electron backscatter diffraction (EBSD) data were
collected for the monitoring of possible preferential orientation of
crystallites. For accurate composition determination, wavelength-
dispersive X-ray spectroscopy (WDXS, CAMECA electron microp-
robe SX100 setup, tungsten cathode, elemental Ir and HfB, as
reference materials) was carried out.

To determine the chemical state of the elements in initial and
electrochemically treated specimens, X-ray photoelectron spectrosco-
py (XPS) was employed. The measurements were performed using a
Vacuum Generators twin crystal monochromatized Al Ka (hv =
1486.6 eV) source and a Scienta R3000 electron energy analyzer in
normal emission geometry and at room temperature. The overall
energy resolution was ~0.4 eV, and the Fermi level was calibrated
using a polycrystalline Ag reference. The pressure in the spectrometer
chamber was in the low 107'° mbar range.

Electrochemical Experiments. All electrochemical experiments
were performed in a three-compartment electrochemical cell using a
Biologic SP-300 potentiostat. A Pt wire electrode (PINE, 99.99%, 0.5
mm in diameter) and saturated calomel electrode (PINE, Hg/Hg,Cl,,
4 M KClI) were used as the counter and reference electrodes,
respectively. The densified specimen of Hf,B,Ir; was used as a
working electrode. Measurements were performed in Ar-saturated 0.1
M H,SO, solution (prepared from concentrated H,SO, (Alfa Aesar,
99.999%) and Millipore water 18.2 MQ cm). Purging with argon
(purity grade 5.0) was carried out for 30 min prior to each
experiment. To pretreat the surface of the WE, cyclic voltammetry
(CV) was performed (maximum potential (E,,,) of 1.0 Vypyp; sweep
rate of S0 mV s™'; 50 cycles). Linear sweep voltammetry (LSV) was
employed (E, = 2.0 Vyyp; sweep rate of 5 mV s™) to evaluate the
electrochemical activity. A long-term stability test was accomplished
applying the chronopotentiometry (CP) technique (current density
(j) of 100 mA cm™?; duration 240 h). LSVs were recorded every 8 h
to monitor the changes in the activity of the electrocatalyst during this
experiment.

The current densities were normalized to the geometrical area of
the pellets (0.204 cm?). All values of potentials were IR-corrected and
expressed versus the reference hydrogen electrode (RHE). The
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concentrations of the dissolved elements were determined by taking
electrolyte aliquots at the end of the electrochemical experiment. Two
electrolyte probes of 7 mL each were analyzed via inductively coupled
plasma-optical emission spectrometry, ICP-OES 5100 SVDV
(Agilent). The aliquots were handled without dilution since the
obtained concentrations did not exceed the maximal value of the
linear calibration. The calibration was performed using a six-point
standard calibration series and blank probe of 0.1 M H,SO,.

B RESULTS AND DISCUSSION

The ternary compound Hf,B,Ir; (more precisely Hf,B,_, Irs,.)
crystallizes with an own structure type (space group Pbam, a =
5.6218(2) A, b = 11.2456(3) A, ¢ = 3.8292(1) A, Figure 1).>*

Figure 1. Chemical bonding and atomic arrangements in Hf,B,Ir;:
(a) Anionic groups B,Irg are built by covalent B—B and Ir—B
interactions (green) and form two-dimensional layers parallel to the
(010) plane sharing the Irl and Ir3 atoms; the layers are
interconnected by two- and three-center Ir—Ir bonds (gray dash) to
the three-dimensional framework. (b) Hafnium-centered 14-vertex
cages within the framework (gray shapes) and atomic arrangements
on the (010) surface formed by breaking the Ir—Ir interactions in the
framework (wavy line).

Analysis of the chemical bonding reveals the B,Irg groups as
the basic building unit of the crystal structure. The unit itself is
held together by two-center B—B, two-center B—Irl, and
three-center Ir1—B—Ir3 and Ir2—B—Ir3 interactions (Figure 1,
green lines). Sharing the Irl and Ir3 atoms, the B,Irg units
form two-dimensional layers parallel to the (010) plane
(Figure la). The layers are interconnected by two- and three-
center Ir—Ir interactions (with small bonding populations) to a
three-dimensional polyanionic framework. The latter bears
hafnium cations in the cages with 14 vertices (Figure 1b).>*
Assuming that the Ir—Ir bonds are easier to break (waved line
in Figure 1), the hafnium atoms can leave the solid, and the
remaining (010) surface may be formed by the B,lIrg units
(Figure 1b). Such unique covalently bonded Ir—B fragments
make the ternary compound Hf,B,Irs attractive among other
compounds in the Hf-B—Ir system in terms of catalyst

stability under oxidative conditions. The Hf is not only critical
in keeping the structure intact but also responsible for the
formation of an Ir—B termination, out of which the [rOOH
active phase may evolve in a controlled way.

Prior to the assessment of its electrochemical activity, the
detailed characterization of the Hf,B,Ir; material via bulk-
sensitive techniques was carried out. The powder X-ray
diffraction pattern of the initial material reveals, besides a
well-developed pattern of the desired Hf,B,Ir; phase, the
presence of weak additional reflections, which is a hint of a
minority phase in the synthesized sample (Figure 2). The
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Figure 2. Powder X-ray diffraction patterns of HIf,B,Irs: as-
synthesized (black), after CV (blue), and after long-term CP
experiment (magenta). The red ticks show the positions of PXRD
peaks for the main Hf,B,Ir¢ phase. The reflections of low intensity are
assigned to traces of HfB,Ir; and are marked by black squares.

attempts to ascribe these reflections to known binary and
ternary compounds lead to the identification of HfB,Ir;>*
Since the intensities of additional peaks are less than 2% from
the maximum peak intensity of the main phase HIf,B,Irs, the
minority phase HfB,Ir; can be identified only by the
assignment of its three (111), (201), and (300) most intense
peaks (black squares in Figure 2).

Wavelength-dispersive X-ray spectroscopy (WDXS) reveals
the matrix phase with elemental composition
Hf1 6(4)B27.2(5)I151.2(6)- These composition data deviate slightly
from the intended Hf,B,Ir; values, mainly because of the
uncertainty in the quantification of the boron content.
However, the ratio of Hf/Ir is close to the expected 2:S.
Furthermore, metallographic characterization confirms the
presence of traces of a secondary phase (dark gray inclusions,
Figure 3a,b). This phase contains less hafnium and is richer in
iridium compared to the main phase Hf,B,Ir; (Figure SI).
Further quantification is not possible due to the small grain
size, but qualitative analysis clearly shows the presence of three
constituent elements, revealing that the secondary phase
belongs to the ternary Hf—B—Ir system. Furthermore,
elemental mapping clearly shows the slight compositional
difference in the regions of this admixture, which can be a sign
of the second impurity, identification of which is hampered by
very small amount and close compositions (Figure 3c). Thus,
the material prepared for the electrochemical study is the
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Figure 3. SEM of the sintered Hf,B,Ir; specimen (material contrast,
15 kV): (a) BSE image, showing the phases distribution over the
sample; (b) enlargement of specimen region, containing the
secondary phase; and (c) elemental mapping, revealing the presence
of two secondary phases (light and dark green) with close
compositions.

Hf,B,Iry compound with minor (less than 1 vol %) inclusions
of HfB,Ir;.

The first electrochemical cycle is of great importance since
the OER at high anodic potentials enables the activation
process with complex oxidation and surface modifications. This
activation process should be taken into account during the
discussion and comparison of the obtained results.''” The
initial electrochemical activity of Hf,B,Irs was estimated from
linear sweep voltammetry (LSV) data (Figure 4). The
potential necessary to obtain a current density of 10 mA
CM,eom %, is used as a benchmark value of OER activity at the
level of fundamental studies.*>” In the electrochemical system
with Hf,B,Irs as the working electrode, this value was reached
at 1.64 Vyyp, which is close to that of metallic Ir (10 mA
crngeom_2 at 1.61 Vpyg) following its activation to Ir'"
oxyhydroxide.”'

After the initial activity measurement, cyclic voltammetry
(CV) was applied from +0.05 to +1.0 Vi (S0 cycles, SO mV
s7!). The maximum potential and appropriate scan rate were
chosen based on surface redox electrochemical data for
metallic Ir.'*'**® CV for Hf,B,Irs shows neither oxidation
nor reduction features in this potential range (Figure S2). Such
conditions allow removal of the organic contaminations from
the surface, accompanied with negligible dissolution of Ir from
material (6.9 ug L™' compared to 1.04 mg L™' from metallic
Ir). After SO cycles of CV preconditioning, a current density of
10 mA cmgeom_2 can be reached at 1.59 Vyyyy instead of 1.64
Vyug from the first LSV (Figure 4), indicating that the surface
of Hf,B,Irs undergoes changes, leading to improved perform-
ance. These results affirm the bulk Hf,B,Ir; to be among the
most active Ir-based electrocatalysts. In comparison, IrTe
nanotubes,”” IrCu microspheres,60 or SrIrO; thin films

] L‘ A|' R
160 Hf,B,Irs " "."‘ v
) initial activity Y
. . |
140 activity after CV . !
1 Ir |
1204 - - - - activity after CV |
(] 4
% 100 4
<
E g0-
= 7]
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E (VRHE)

Figure 4. Linear sweep voltammetry of the Hf,B,Ir; working
electrode: initial material (black solid) and after SO CV cycles (blue
solid) compared to elemental Ir (gray dashed). Inset: region of low
current densities (j = 0—10 mA cm™2) with highlighted OER onset
potentials.

deposited on SrTiO; substrates®' reach a current density of
10 mA cmgeom_2 at potentials of 1.52, 1.512, and 1.50 Vg,
respectively. It is noted that comparing such potential values
would indicate the intrinsic “activity” of an electrode only if the
activation processes would have reached a steady state. Neither
in our case nor in the literature evidence was found that the
activation is indeed in a steady-state, making such activity
benchmarking a less quantitative measure than apparently
indicated by the precision of the numerical values given.

The conditions of the oxygen evolution reaction (OER) are
harshly oxidative and, therefore, before attributing the
electrocatalytic activity to the electronic and/or structural
features of the intermetallic compound, its state was carefully
checked after the exposure to the reaction conditions using
bulk- and surface-sensitive techniques. PXRD of the specimen
after abovementioned electrochemical characterization
(“LSV1/CVS0/LSV2”) reveals a similar pattern as before.
The main difference can be attributed to slightly more
pronounced peaks of the admixture phase (shown blue in
Figure 2). The upward and downward variation of potentials
may lead to the recrystallization of this phase, making it more
detectable by XRD without, however, changing its abundance.
The lattice parameters of the main Hf,B,Ir; phase (a =
5.6234(2) A, b = 11.2489(3) A, and ¢ = 3.8307(1) A) do not
change within few e.s.d. These results reveal the bulk- and
near-surface stability of the investigated material after its
preconditioning. To judge the possible dissolution of
constituent elements, the electrolyte after abovementioned
electrochemical experiments was analyzed via inductively
coupled plasma-optical emission spectroscopy (ICP-OES),
showing negligible amounts of Hf (7.2 ug L™") and Ir (6.9 ug
L™'). Moreover, boron was not detected in the electrolyte
(detection limit < 10 ug L™"). Assuming the bond-breaking
suggested in Figure 1, the total amount of the substance
dissolved should have the component ratio Hf/B/Ir = 4:2:5,
which is in agreement with the analytically found amounts of
Hf and Ir (some iridium is oxidized to IrO, and is not
dissolved), and explains the results of boron analysis (expected
amount—ca. 0.2 ug L™!, being below the detection limit).
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Figure 6. Microstructure of Hf,B,lr; after a long-term electrochemical experiment (SEM images): (a) overview of catalyst surface from top (SE
mode, S eV), (b) morphology of the treated area (SE, 25 kV), (¢, d) Hf and Ir oxide particle agglomerates, respectively (SE, 15 kV), and (e)

corresponding EDX spectra (s. colored frames in image (b)).

The ternary compound is thus a suitable candidate for a
diluted form of an Ir OER catalyst. To assess its principal
usefulness as a practical electrode and to better understand the
phenomena of activation, a “long-term” experiment was set up.
The HIf,B,Ir; electrocatalyst was studied using the chronopo-
tentiometry (CP) method for 240 h, applying a current density
of 100 mA cm™ (Figure Sa). During 240 h, the electrode
potential drops exponentially, indicating that the performance
is still being continuously improved during the CP measure-
ment, underlining the limitations of using short-term testing to
measure OER activity. The fluctuations of potential values
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during this measurement are related to O, bubble detachment,
which vigorously evolved during the long-term experiment.
Results of LSV recorded after every 8 h (Figure Sb) confirm
the electrocatalyst activation since the potential at which the
electrode reaches 10 mA cmgeom_2 decreases exponentially with
time (inset of Figure Sb). As a result of applied harsh
conditions for extended periods of time, noticeable amounts of
hafnium and iridium were found in the electrolyte after long-
term CP measurement (Hf: 4.5 mg L7', Ir: 11.2 mg L7").
Boron is also identified, but its amount is negligible compared
to hafnium and iridium (B: 0.3 mg L™").
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Figure 7. Normalized XPS spectra of the initial state (black), after SO CV cycles (blue), and after long-term CP experiment (magenta) of the
Hf,B,Ir; material. Hf 4f (a), Ir 4f (b), and O 1s (c) core levels as well as valence bands (VBs, d) are presented. The reference lines in (a) and (b)
are given for intermetallic Hf,B,Iry (black dashed line), elemental Hf*” and I+ (gray dashed lines) as well as HfO,*® and rutile Ir0,*** (red
dashed lines). Binding energy ranges for different types of oxygen species in (c) are marked in different colors. Dashed gray line on (d) represents

the calculated total DOS for Hf,B,Ir,.

The main feature of the PXRD pattern after a long-term CP
experiment (“CP240”) is the absence of the admixture phase
(magenta in Figure 2). All reflections in the PXRD pattern
were indexed with the crystallographic data of Hf,B,Irs, and
the obtained lattice parameters (a = 5.6241(1) A, b =
11.2503(2) A, ¢ = 3.8320(1) A) are equal to those of the as-
synthesized compound within few e.s.d,, i.e., the bulk Hf,B,Ir;
does not change under the OER.

Also, the SEM characterization of the material after a long-
term CP experiment, accompanied by EDXS line scans (Figure
§$3), does not show any changes in the component ratio in the
matrix of the catalyst. Nonetheless, notable changes in the
morphology of the surface exposed to the electrolyte were
clearly evidenced by the SEM results. To highlight the details
of this morphology, reduced acceleration voltages were
applied, allowing the investigation of the surface features
(Figure 6a). Contrary to the morphology of the homogeneous
and dense as-synthesized ternary compound, the electrochemi-
cally exposed area exhibits porosity with peculiar features.
Cavities of different sizes are protruding from the subsurface
layer of the Hf,B,Iry specimen. This morphology can be a hint
to the oxidation reaction with the transport contribution by the
gaseous or liquid component. For example, such a hollow
structure resembles one of hafnium diboride upon oxidation at
temperatures, which are close to the boiling point of B,0;.%*
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The second important observation from SEM is the
presence of two clearly different types of micrometer-sized
particles (Figure 6b). EDX spectra revealed iridium and
hafnium oxide in these particles. They are homogeneously
distributed over the entire electrochemically exposed area, but
at the same time, they are separated in space from each other.
Both types of particles are agglomerates, 1—S um in size. The
hafnium oxide particles are well shaped, suggesting a crystalline
phase (Figure 6¢). The formation of monoclinic HfO, during
the growth of hafnium oxide films under anodization
conditions is known from the literature.”” Thinking about
the possible formation route of Hf oxide, the following
scenario seems appropriate: since hafnium was found in the
electrolyte after a long-term experiment and the Hf*" ions are
the only ones known in aqueous chemistry, the saturation in
the near-electrode region, accompanied by intense evolution of
oxygen (as a result of the OER) leads to the continuous
precipitation of the electrochemical reaction product on the
electrode surface with the formation of HfO, grains. The
agglomerates of HfO, crystallites are homogeneously dis-
tributed over a large electrode area, preventing the observation
of its reflections in the PXRD pattern, recorded in reflection
mode.

Contrary to hafnium oxide, iridium oxide particles do not
crystallize but are perfectly adapted to the cavities inherent to
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the specimen surface (Figure 6d). This could suggest that they
formed through the oxidation of the material at the places from
which hafnium was leached. The morphology of these particles
resembles those of amorphous IrO,.”"*® The supposed atomic
arrangements on the surface (Figure 1b) allow to control the
nucleation of Ir oxide (hydroxide) clusters, preventing the
dissolution—precipitation and hence the formation of rutile-
type IrO,. The sulfate ions of the electrolyte can play the role
of a hard template to drive the formation of a layered
compound instead of the expected dense rutile structure. This
is supported by the appearance of the S Ka line in the EDX
spectra exclusively for amorphous-like Ir oxide particles. All of
these facts suggest the formation of IrOx(OH)y(SOQz particles
upon anodic treatment of the Hf,B,Ir; specimen. Information
about Ir(IlI) and Ir(IV) compounds with oxo-anions (e.g,
sulfate) is very scarce and mainly limited to studies in the past
century,’® emphasizing that chemistry of such compounds is
far from simple and promising in terms of unexpected and
extremely interesting results.

The third interesting feature is that the electrochemically
treated surface is mainly composed of regions, which still
maintain the initial flatness. The comparison of the Hf/Ir ratio
of such areas with those of the initial Hf,B,Ir; material (from
EDXS data) does not show any difference. Additionally, phase
maps of electrochemically treated regions, obtained using
electron backscatter diffraction (EBSD), reveal exclusively the
Hf,B,Ir; phase (Figure S4). This means that the ternary
compound remains unchanged not only in bulk (based on
PXRD and SEM results), but also in the volume close to the
surface area. This fact, in combination with the absence of the
admixture phase in the PXRD pattern after a long-term CP
experiment (Figure 2), indicates that the admixture phase
undergoes oxidative decomposition with the formation of the
iridium oxide (hydroxide, sulfate) particles, which are bound to
the terminating matrix phase, boron is lost to the electrolyte
and Hf oxide is deposited by dissolution and reprecipitation
possibly at the hot spots of the OER, where the oxygen
bubbles may support the precipitation process by local super-
saturation.

X-ray photoelectron spectroscopy (XPS) was applied to
investigate the surface electronic state of the electrocatalyst.
The Hf 4f, Ir 4f, and O 1s regions of XPS spectra were
recorded before and after the electrochemical experiments
(Figure 7a—c). The Hf 4f and Ir 4f core levels measurements
for as-synthesized Hf,B,Ir; material reveal the expected
characteristics of the IMC. The doublet of the Hf 4f core
levels (including Hf 4f;, at 16.5 eV and Hf 4f, ), at 14.8 eV) is
located between the corresponding doublets of the metallic
hafnium (15.6 and 13.9 eV, respectively)®” and hafnium oxide
HfO, (18.2 and 16.7 eV),*® in agreement with a strong charge
transfer from Hf to the B—Ir polyanion (QTAIM charge
Hf"53).° The Ir 4f core levels (Ir 4f;/, at 63.6 eV and Ir 4f, ),
at 60.5 eV) are slightly (0.2 eV) shifted toward lower bindin,
energies compared to metallic iridium (63.8 and 60.8 eV),*"°
and far away (1.1 eV) from the core levels of rutile-type
iridium(IV) oxide (64.7 and 61.7 eV).**** This finding
correlates well with the negative QTAIM charge of Ir (—0.63
to —0.66).>> Such shifts emphasize the expected modification
of the electronic structure of an IMC with strong directed
interactions as compared to a hypothetical substitutional alloy.
According to these XPS data, Hf donates electrons to other
constituents of the compound and becomes partially positively
charged, which is also in line with the relative electro-

negativities of the elements (Hf: 1.3, Ir: 2.20, and B: 2.04)7°
and chemical bonding analysis.””> The XPS data of the B Is
core level are not conclusive due to a quite weak peak because
of a low relative sensitivity factor (RSF) of the B 1s orbital and
the simultaneous presence of the heavy elements with high
RSFs (Figure S$5a).”” Nevertheless, the peak at 188.2 €V in the
XPS spectra of the pristine sample (Figure SSa) belongs to the
B 1s core level and is shifted toward higher binding energies,
compared to elemental boron (186.4—186.5 €V).”' This
indicates a partial positive charge of boron in HIf,B,lIrs,
donating electrons to the iridium atoms, in line with chemical
bonding analysis (Figure 1).

A comparison of the XPS data for specimens before and
after different electrochemical treatments clearly reveals the
dominant presence of the IMC phase (Figure 7a,b), supporting
the concept of remarkable stability of the metallic matrix phase.
A progressive increase in the oxidized forms for iridium and
hafnium after the CV and even more pronounced after long-
term CP experiment follows from the formation of the active Ir
phase and the presence of precipitated Hf oxide identified in
the morphological analysis. The Hf 4f XPS spectra consist of at
least two components: (i) the intermetallic part, which remains
almost unchanged in terms of binding energies and peak
widths, and (ii) the oxide part, which is presented by an
additional peak at ~18.1 eV that is increasing with time of
electrochemical treatment. This oxide peak is significantly
broader and represents the Hf 4f;,, part of the HfO, doublet,
whereas the Hf 4f;,, peak is overlapping with the peak of the
intermetallic Hf 4f;,, leading to an increase in the width of the
latter one and a change of the intensity ratio between the lines
in the Hf 4f main doublet (Figure 7a). The identification of Ir
oxide is more pronounced due to its presence as a highly
dispersed species, compared to hafnium existing as well-
developed crystals with obviously lower surface coverage, and
is represented by peaks at binding energies of 64.7 and 61.7
eV. The asymmetric shape of the oxide peaks is in good
agreement with previously reported XPS data on iridium
oxides, 186472

The formation of the oxidized particles is also evidenced by
the shift of the O 1s core level (Figure 7c) from the region of
adsorbed water (~533 eV)*** toward the hydroxide region
(various OH™ species at 531.0—531.5 eV).”” The signal is
broad and has shoulders on both sides, allowing to conclude
the presence of adsorbed water as well as the contribution of
the lattice oxygen of the oxide. Nevertheless, the ratio between
hydroxide/oxide is very large, indicating a dominant presence
of hydroxyl groups on the surface. It is also important to notice
that the O 1s spectrum remains almost unchanged after the
initial CV treatment.

The measured valence band of the as-synthesized Hf,B,Irg
(Figure 7d) reflects the calculated density of states (DOS) for
this ternary compound (Figure 7d). The broad valence band
(approximately 8.0 eV) originated from Ir Sd states with an
admixture of Hf Sd and B 2p electrons (based on DOS
calculations).>® The features of experimental valence bands
(VBs) also clearly alter upon electrochemical treatments
(Figure 7d). The contribution in the range from 3 to 8 eV
reduces significantly, whereas the intensity in the region closer
to Fermi edge remains unchanged with a slight shift to higher
binding energies. Such flattening in the region of 3—8 eV is
inherent for experimentally observed and calculated valence
bands of IrO,.”” Additionally, contribution at high binding
energies (8—12 eV) increases with the duration of the
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electrochemical experiment. The reduction in the intensity of
the Fermi edge (Figure 7d) is due to the coverage of the
surface with hydroxide species. Their presence, even after a
prolonged OER, puts in evidence the functioning of the
concept of activating a metallic matrix so that a very thin
(information depth of lab XPS) oxidic surface layer stays
electrically well connected to the bulk of the electrode. This
allows the transport of stoichiometric amounts of charge
carriers despite the presence of an oxide, which is necessary to
bind the reactant water molecules to the active surface.

The oxidized Ir mostly originates from the oxidation of
secondary phases, the disappearance of which after the long-
term CP experiment was confirmed by the PXRD and SEM
results (Figures 2 and 6). A number of other arguments
support the bulk stability of Hf,B,Ir; under harsh OER
conditions: (i) the position of Ir 4f;, and Ir 4f,, core levels do
not change (compared to the as-prepared intermetallic
compound) after different electrochemical treatments, while
the oxidic contribution appears additionally and increases with
the time of the electrochemical treatment (Figure 7b); (ii) the
surface is porous, but a lot of flat areas with the composition
identical to that of the as-prepared material can be recognized
after 240 h of CP (Figure 6a); (iii) the chemical bonding
analysis of Hf,B,Ir; clearly reveals the possibility of Hf leaching
due to a pronounced ionic interaction between the Hf atoms
and the Ir—B polyanion, whereas the removal of Ir from the
Ir—B network will be energetically unfavorable. Furthermore,
gradual improvement of the OER activity with time of the CP
can be described as an exponential function of time, showing
the “saturation” of the OER activity after a certain time of
operation, showing the self-improvement of the electrocatalyst
due to the availability of easily oxidized secondary phases and
bulk integrity of the Hf,B,Irs itself. In general, the unchanged
onset of the OER accompanied by the gradual increase of the
current densities at the same potential values point out the
combined function of ternary compound Hf,B,Irs and
IrO,(OH),(SO,),, formed mainly as a result of the oxidative
decomposition of secondary phases.

B CONCLUSIONS

The ternary intermetallic compound HIf,B,Irs was investigated
as an electrocatalyst for the anodic reaction of water splitting.
The harsh oxidative conditions of the OER activate the bulk-
stable IMC by self-limited changes on the surface of the
investigated material. The OER performance can be related to
the activity of the Ir termination of the ternary compound
itself, supported by the activity of agglomerated particles of
IrO,( OH)y(SO4)Z. The latter mainly results from the oxidation
of secondary phases in addition to self-controlled near-surface
oxidation of Hf,B,Ir;. The chemical bonding features of the
Hf,B,Irg compound with a cage-like Ir—B framework, hosting
Hf atoms, inhibit deep Ir leaching, and control the oxidation
process. As a result, a self-optimized composite of Hf,B,Ir; and
IrO,( OH)y(SO4)Z catalyze the evolution of oxygen over 240 h
at relatively high current densities of 100 mA cm™>. In other
words, the intermetallic compound Hf,B,Ir; with a well-
defined cage-like structure is not only an active OER
electrocatalyst by itself but is also a support structure for
self-optimized formation of OER-active IrO,(OH),(SO,),
particles as a second-generation catalyst. By optimizing the
relationship between the stable and active matrix and
secondary precursor of similar chemical composition, one
can obtain an optimal dispersion of the active Ir compound

with a strong chemical link to the stable metallic support
structure. We anticipate that such a concept of cooperative
phases with different chemical stabilities under the OER might
be generalized to other systems and hence become an avenue
to materials allowing to replace Ir with albeit a reduction in
performance, but at sustained operational stability. One may
learn from this work that the attempt to replace the Ir oxide by
a single compound of hypothetical electronic structure is a less
promising way forward compared to the present strategy of
dividing the different functions of activity and stability between
several phases with a similar chemical composition.
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BSE, backscattered electron
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CV, cyclic voltammetry

DOS, density of states

EBSD, electron backscattered diffraction

EDXS, energy-dispersive X-ray spectroscopy

E, ..o maximum potential

e.s.d., estimated standard deviation

HER, hydrogen evolution reaction

HOR, hydrogen oxidation reaction

Hypp, hydrogen underpotential deposition
ICP-OES, inductively coupled plasma-optical emission
spectrometry

IMC, intermetallic compound

j, current density

LSV, linear sweep voltammetry

OER, oxygen evolution reaction

ORR, oxygen reduction reaction

PEM, proton exchange membrane

PXRD, powder X-ray diffraction

QTAIM, quantum theory of atoms in molecules
RHE, reference hydrogen electrode

SE, secondary electron

SEM, scanning electron microscopy

SPS, spark plasma sintering

VB, valence band

WDXS, wavelength-dispersive X-ray spectroscopy
XPS, X-ray photoelectron spectroscopy
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