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Abstract: Molybdenum-nickel materials are catalysts of industrial
interest for the hydrogen evolution reaction (HER). This contribution
investigates the potential influence of ordered crystal structures on
the catalytic activity. Well-characterized surfaces of the single-phase
intermetallic compounds NizMo;, NisMo and Ni;Mo were subjected to
accelerated durability tests (ADTs) and thorough characterization to
unravel, whether crystallographic ordering affects the activity. Due to
their intrinsic instability, molybdenum is leached resulting in higher
specific surface areas and nickel-rich surfaces. The gain in surface
area scales with the applied potential and the molybdenum content
of the pristine samples. The nickel-enriched surfaces are more prone
to form Ni(OH), layers, which leads to deactivation of the Mo-Ni
materials. The crystal structure of the intermetallic compounds has,
due to the intrinsic instability of the materials in alkaline media, no
effect on the activity. The earlier as durable identified NizMo; proves
to be highly unstable in the applied ADTs. The results indicate that
the enhanced activity of unsupported bulk Mo-Ni electrodes can
solely be ascribed to increased specific surface areas.

Introduction

Supplying our society with the continuously increasing de-
mand of energy while simultaneously replacing the limited re-
sources of fossil fuels by suitable renewable energy carriers is
one of the major challenges of our century.*? Therefore, mas-
sive energy storage of generated electricity from renewable and
sustainable resources on a scale of gigawatt-hours in North
America, Europe and Asia will be needed.Bl In this context,
hydrogen generation by water electrolysis is a feasible way to
convert electrical into chemical energy. The resulting hydrogen
can be stored or further converted by power-to-X concepts
which allows to liberate the hydrogen on-demand to drive fuel
cells.Bl

The challenge for economical hydrogen production by water
electrolysis is related to the high overvoltage, resulting in un-
competitive energy costs. Therefore, currently only about 4% of
the global hydrogen production are realized by water splitting. [©!
To overcome the energy obstacle, development and utilization of
highly active, low-cost and stable catalytic materials with low
overpotential is needed. State-of-art catalysts in acidic media

are still based on platinum and its alloys. Because the ex-
haustive industrial application of platinum is restricted by prize
and availability,*® development of competitive platinum-free
catalysts for the electrochemical hydrogen evolution is here
required.

In alkaline media on the other hand, nickel-based materials
show comparable or even superior activity over platinum,®U
and according to recent comparisons, the alkaline electrolysis
technology is able to compete with modern electrolysis on poly-
mer electrolyte membranes (PEMs).'2%31 Various combinations
of nickel with different elements (Al, Fe, Mo, Ti, V or Zr) were
tested to achieve better performance, prevent hydride formation
and reach higher durability.** The addition of molybdenum is a
common way to achieve lower overvoltage as well as better
durability and was investigated*>-'71 and patented®-2% by BP in
the early 1980’s. Most studies since then are dealing with elec-
trodeposited coatings of Mo-Ni.?*-23] Numerous studies employ-
ing nanoparticulate synthesis strategies were published in recent
years, reporting highly active and durable intermetallic Mo-Ni
compounds.!*?4 Results from these high surface-area catalysts
are often hard to compare, especially as the materials involve
different supports. Resulting from the vast literature reporting on
Mo-Ni hydrogen evolution reaction (HER) catalysts, numerous
explanations for their high activity have been brought forward.

While some studies agree upon high specific surface areas
being at least one factor for higher activity,[**2! other influences
like electronic effects®28 or the contributions of bifunctional
mechanisms[?8-3°% gre also under discussion. In addition, the
higher activity got attributed to the sole presence of intermetallic
compounds.['t:27:3031 Sq far, systematic studies on flat surfaces
of unsupported bulk-materials to unravel the intrinsic properties
are scarce. Chialvo et al. investigated disordered Mo-Ni substitu-
tional alloys (Cu type of crystal structure) with molybdenum
contents up to 25 at.-%.?% A correlation of the activity with the
lattice parameter was excluded and the authors suggested an
electronic effect to be responsible for higher activities for materi-
als with more than 10 at.-% molybdenum. Jaksic et al. investi-
gated the HER kinetics of mixed-phase Mo-Ni samples and
suggested a volcano-type relationship of activity vs composition,
having its maximum at NizMo7?”) which was ascribed to an inter-
ionic synergism.[*? Those studies neglected contributions from
electrode instabilities, resulting in altered surface compositions



and roughening. Schalenbach et al. revealed the latter two to be
of utmost importance for the durability of substitutional Mo-Ni
alloys and concluded that activity gains in the Mo-Ni system are
a result of selective molybdenum leaching, leading to nickel
surfaces with high specific surface area.l? This does not neces-
sarily have to hold true for structurally ordered intermetallic
compounds, as Csernica et al. found a higher surface-specific
activity for Ni;Mo; compared to a Mo-Ni alloy.BY Still, the latter
study was conducted on porous samples, and the surface area
was evaluated by ex situ physisorption measurements.

Here, the role of intermetallic Mo-Ni compounds, i.e. their
ordered crystal structure, is investigated concerning the activity
and durability of Mo-Ni electrode materials. To enable a clear
distinction from other factors (e.g. interactions with the support,
exposed surface area or nanoparticle morphology), polished
polycrystalline bulk intermetallic compounds are used. The
specimens have the additional benefit that a well-defined start-
ing point for all analysis methods can be obtained reproducibly
by polishing, thus establishing a reference state for the different
investigations (Scheme 1).

metallogr. | XPS

ICP/ XRD corrosion
OES Fig. 1 Fig. 2 Fig. 4
A
CP
polished Fig 8
pristine surface XPS
Fig. 53
sample reference
metallogr.
Fig. S1

GI-XRD
Fig. S4

metallogr.
Fig. 3

ICP/OES
electrolyte

cV-2
Fig. 5

XPS
Fig. 7

Scheme 1. Organisation of this contribution emphasising the
reference state.

Following this scheme, full characterization of the as-prepared
bulk intermetallic Mo-Ni compounds — as well as the substitu-
tional alloy Ni80OMo020, elemental nickel, and molybdenum for
comparison — is conducted, followed by two different accelerated
durability tests (ADTSs), corrosion studies and characterization of
the electrode materials as well as the electrolytes.

Results and Discussion

Sample Characterization
The substitutional alloy Ni80Mo20 (Cu type of crystal struc-

turel®3) as well as the intermetallic compounds NisMo (Ni;Mo
type of crystal structure®¥) and NisMo (CusTi type of crystal
structure®®) were synthesized by arc melting and consecutive
temperature treatment within the respective temperature stability
windows of the individual phases in evacuated quartz-glass
ampoules. NizMo; (Mos(MogsNio2)sNis type of crystal struc-
turel*®l) had to be prepared by chemical vapor transport reaction,
followed by spark-plasma-sintering (SPS) to obtain dense sam-
ples. Nevertheless, in comparison to the samples prepared by
arc melting, the obtained NizMo- pellets had a porous structure.
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The single-phase status of all samples was confirmed by powder
X-ray diffraction in reflection geometry on metallographically
prepared samples (Fig. 1a), i.e. the reference state from which
all further electrochemical testing was conducted (Fig. S1).
Using polarized light, different crystallite orientations are ob-
served, due to the optical anisotropy of the non-cubic crystal
structures (Fig. 1b-d). The compositions of the pristine samples
as determined by inductively coupled plasma optical emission
spectroscopy (ICP/OES) result in Nig2Mo019s, Nig1.1MO01s0,
Niz56M0244 and NisgoMos1o for Ni8OMo20, NizMo, NisMo and
NizMoy, respectively. This agrees with the nominal compositions
used for synthesis.

As heterogeneous catalysis takes place at the surface, the near-
surface region was characterized by X-ray photoelectron spec-
troscopy (XPS). The samples were not cleaned by sputtering
before XPS investigation for two reasons. First, the results would
not be representative for the as-polished state of the materials to
be used in electrochemical experiments. Second, it is known
that sputtering of crystalline materials leads to structural chang-
es of the surface layers making it necessary to anneal the sam-
ples prior to surface investigations, to retain the initial
structures.B” The latter is especially difficult for ordered interme-
tallic compounds, as for every compound an individual tempera-
ture program after sputtering has to be developed.
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Figure 1 Photograph of the embedded nickel electrode (a) and
optical micrographs taken (polarized light) of NisMo (b), NizMo
(c) and NizMo7 (d). XP spectra of the samples in the Ni2ps. (e)
and Mo3d (f) range. The deconvolution of measured spectra into

individual contributions is shown exemplarily at the bottom. For
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each species, the position of the most intense signal is given by
arrows.

The Ni2ps, spectrum (Fig. 1e) of the elemental nickel electrode
can be described by a combination of metallic Ni (852.6 eV),
NiO (855.7 eV) and Ni(OH). (856.3 eV), demonstrating that
polished surfaces are already partially oxidized. The assignment
and discrimination of NiO from Ni(OH),, even though the charge
of nickel being virtually the same in those species, is done
based on multi-peak line-shapes described by Biesinger et al.[*8
and the corresponding fitting constraints are given in the Sup-
porting Information (Table S1).

While the binding energies of oxidized species remain un-
changed for all Mo-Ni electrodes, the (inter-)metallic signals of
nickel are shifted to higher binding energy with respect to ele-
mental nickel. The shift scales monotonically with the molyb-
denum content. Neglecting the change of crystal structures,
which has an influence on the electronic band structure, this shift
can be explained by a partial electron transfer from nickel to-
wards molybdenum. This agrees with the Pauling electronegativ-
ity values of the individual elements (yni = 1.91 and xmo =
2.1689), The resulting binding energies of the (inter-)metallic
nickel Ni2ps, signals are 852.7, 852.7, 852.8 and 853.0 eV for
NigoMO020, NisMo, NisMo and Ni;Mo-, respectively.

The Mo3d spectrum (Fig. 1f) of an elemental molybdenum elec-
trode can be deconvoluted into contributions of metallic Mo
(227.9 eV) and oxidized species of Mo*" (229.3eV), Mo®*
(231.9 eV) and Mo®* (232.5 eV). The observed Mo®* signals are
known to emerge due to X-ray irradiation of Mo®*? (the accord-
ing stoichiometric oxide Mo,Os is not stable in air®Y) and are
thus not intrinsic to the samples. A definite assignment of stoi-
chiometric (hydr-)oxides was not done as the available infor-
mation on molybdenum samples being majorly metallic is too
scarce. The expected lower binding energy of (inter-)metallic Mo
signals in the Mo-Ni electrodes, even though not monotonically
increasing with nickel content, is observed. The Mo3ds, binding
energies of the (inter-)metallic signals are 227.7, 227.8, 227.8
and 227.7 eV for NizMo7, NisMo. NizMo and Ni80Mo20, respec-
tively. The binding energies of oxidized Mo-species are identical
to the ones on the elemental molybdenum electrode.

Electrochemical Characterization

The polished electrodes were initially investigated by an ADT
protocol cycling the potential between 0.0 and -0.4V vs RHE
(Fig. 2) with the pores of NizMo7 being closed before each elec-
trochemical experiment with resin to obtain a flat surface (see
Experimental Section for details).

After the ADT, the surfaces of the electrodes do not show se-
vere changes. Solely some shadows around the cracks in NizMo
(Fig. 2c, inset) were observed, stemming from evaporated elec-
trolyte leaving behind KOH. The irregular appearance of NizMoy
consisting of the intermetallic compound (bright) and resin (dark)
did not change to the freshly polished state. The pores still ap-
peared blurry and focusing their bottom was not possible, indi-
cating a retained sealing of those voids with resin. Thus, no
optically detectable deterioration takes place during the test.
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Figure 2 LSV scans of the different electrodes in 1 M KOH after
the respective number of ADT cycles. Micrographs of the elec-
trodes surface after 700 ADT cycles taken under dark field con-
trast (a, b), polarized light (c, d) and bright field contrast (e) are
shown as inset.

The achieved current density on Mo-Ni materials at an overpo-
tential of 350 mV decreased in the sequence of Ni8OMo20 >
NizMo > NizMo7 > Ni > NizMo. Thus, the disordered Mo-Ni sub-
stitutional alloy outperforms elemental nickel and all the investi-
gated ordered intermetallic compounds. This is in contrast to
Jaksic et al. who observed a significantly higher activity for
NizMo; in  comparison to the ones containing less
molybdenum. "]

Nickel-rich samples showed comparable HER onsets of approx-
imately -300 mV. NizMo7 on the other hand is already showing
gas evolution at lower overpotentials and the cathodic branch
can be divided into two different regions. The low-overpotential
region shows a shallower slope in comparison to the higher
overpotential region, starting from -300 mV. This might be relat-
ed to a change in reaction mechanism. As this sample has a
more defective surface in comparison to the others, exhibiting a
higher number of edges, kinks and corners, the geometric cur-
rent densities in the low overpotential regime are more likely a



result of morphology enhanced apparent activity, than being
intrinsically higher. All nickel-rich electrodes undergo a monoton-
ic deactivation during the ADT, losing more than 50% of their
initial HER activity. In contrast, Ni;Mo; shows no significant
change of activity over the course of the ADT.
The deactivation behavior is in agreement with the investigations
from Schalenbach et al. % on multi-phase Mo-Ni materials,
while the activity trend is not. The authors of this study chose an
upper potential limit of +0.4 V vs RHE, thus being more close to
industrially relevant conditions, i.e. start-stop cycles of electro-
lyzers. To see if this influence is significant, the electrodes were
subjected to an ADT mimicking this harsher test (Fig. S2).
Similar to the mild protocol (Eup = 0.0 V vs RHE) the materials
slightly deactivate within the first three cycles of the harsh ADT
protocol. After 347 further cycles the initial activity could be
retained for the NisMo and Ni80Mo20 samples, while NisMo and
especially Ni show an increase in activity. This is in strong con-
trast to the mild ADT protocol, where the activity decreased
monotonically. Subsequent metallographic characterization
revealed no changes in the case of nickel, while NisMo showed
an enhanced contrast of individual crystallite orientations in
bright field contrast. This indicates a preferential dissolution of
certain crystal facets exposed to the electrolyte and indeed
NizMo and Ni80Mo20 show severe pit corrosion.
NizMo- appeared to be much more active in comparison to the
nickel-rich samples, with only a slight monotonic decrease in
activity. High-magnification micrographs of the surface reveal a
non-uniform discoloration of the surface, indicating a severe
change of the electrode surface. This is very different to the
state after the mild protocol and to the other electrodes.
It can be concluded that the harsh ADT protocol with an upper
potential limit of +0.4 V leads to an activation of the electrodes,
which based on the micrographs is most likely a result of in-
creased surface areas. These findings are in agreement with the
results from Schalenbach et al.?® on Mo-Ni alloys and suggest
an insignificant influence of the ordered intermetallic compounds
on their catalytic behavior.
To get a better understanding of the electrochemical behavior of
Mo-Ni materials, the in situ stability was determined by means of
potentiodynamic polarization curves (Tafel slopes) around the
open circuit potential (Fig. 3). The corrosion current densities
(jcorr) Were determined in different KOH concentrations from the
arithmetic average of the forward and backward scan to mini-
mize the contributions of the charging current.[*2

3.0

251
1E-01

2.0

1E-03

L) L] T
03 04 05 06 07

Joorr ! HA cm?
=

EvsRHE/V

0.57

0.1 M KOH

0.0" NiMo, Mo

Ni  Ni80Mo20 NiMo
Figure 3. Corrosion current densities of the planar electrodes in
different KOH concentrations. The inset shows Tafel plots of an

Ni;Mo

exemplary measurement on NisMo in 0.1 M KOH and dE/dt =
0.5 mvs™.

A trend of jcor increasing with the pH value and the molybdenum
content is apparent. This can be understood on the basis of
Pourbaix diagrams of Ni and Mo. While nickel forms a passivat-
ing layer of NiO/Ni(OH), in alkaline medial*®! molybdenum is not
passivating but undergoes a steady dissolution to form divalent
molybdate ions?4,

From the investigations, the passivation of Mo-Ni electrodes is
depending on Mo-content and pH. While electrodes containing
20 at.-% molybdenum are passivating up to 5 M KOH, NizMo is
steadily decomposing in KOH concentrations above 1 M, as jcor
is comparable to elemental molybdenum. The latter holds true
for NizMo- in all investigated electrolytes. Surprisingly, a higher
jeorr is Observed on Ni80Mo20 and NisMo in 0.1 M KOH as com-
pared to 1 M KOH. This can be explained by molybdenum disso-
lution contributing in the first measurement, while a molybdenum
depleted surface is investigated in the 1 M KOH solution. Nickel-
rich Mo-Ni materials thus resemble the passivating behavior of
elemental nickel after a certain time of exposure to KOH concen-
trations up to 1 M.

Further confirmation for the preferential surface depletion of
molybdenum and the resulting passivation can be found in CV
scans between 0.0 and 1.6 V vs RHE (Fig. 4). Characteristic
redox signals of nickel served exclusively as basis for the
judgement of a nickel-terminated surface layer. On elemental
nickel five signals (A to E) are observed in the potential range of
0 — 1.6 V vs RHE. The oxidation of Ni(OH), to NIiOOH causes
two CV signals (A and B) in the forward scan, as the oxidation
potential depends upon the water content in the hydroxides.>-48l
Signal (C) is assigned to the oxygen evolution reaction. In the
backward scan, a broad signal (D) and a sharp signal (E) are
observed. Both are assigned to the reduction of either different
NiOOH maodifications®®! or different thicknesses of a single modi-
fication, i.e. B-NiOOHI“4],

CV measurements on nickel-rich Mo-Ni surfaces show in-
creased current densities below 1.3 V within the first cycle in
comparison to elemental nickel, which is assigned to the dissolu-
tion of Mo from the surface. In addition, the oxidation signal (B)
is pronounced in samples containing molybdenum. After the first
three cycles, the typical reversible behavior of nickel is retained.
This indicates a surface state, which is very similar to elemental
nickel, thus corroborating the passivation behavior observed in
the corrosion studies. The CVs on NizMo7 do not stabilize within
24 cycles, showing current densities two orders of magnitude
higher than on all other materials. Characteristic signals of nickel
redox-processes were not distinguishable, due to an overlap
within the strong signals of molybdenum oxidation above
850 mV."° These findings are in line with the corrosion studies
and indicate a dissolution of molybdenum from Ni;Mo7 within this
potential regime.

The first cycle on freshly polished Mo-Ni electrodes (Figure 4),
shows signals attributable to Mo-dissolution. After the mild ADT,
exclusively nickel-related redox-signals were observed in the
first cycle (Figure 5a), suggesting that molybdenum was dis-
solved from the surface during the mild ADT. The additional
oxidation process at ~350 mV (Z), which was not detected in the
polished state, is assigned to the oxidation of Ni to a-Ni(OH)a,
while the constant anodic current density between (Z) and (A)



indicates thickening and ageing of the a-Ni(OH)., to the B-
modification. "]

Different extents of molybdenum leaching caused by the ADTs
might have an influence on the exposed surface area in contact
with the electrolyte. This would result in altered geometric cur-
rent densities, even though the intrinsic activity does not change.
Thus, the electrochemically active surface area (ECSA) needs to
be determined. The ECSA is here based on the transferred
charge in the reduction process of NiOOH between 1.2 and
1.5V vs RHE:

NiOOH + e~ + H,0 = Ni(OH), + OH~
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Figure 4. CV cycles of the electrodes in a freshly polished state
in 1 M KOH, 200 mV/s. For comparison, the 3™ cycle of ele-
mental nickel is added to all Mo-Ni panels. Letters A-E indicate
different redox-processes as described within the text.

Scanning Mo-Ni materials repetitively to potentials of 1.6V
results in molybdenum dissolution, which might increase the
ECSA and enrich the surface with nickel.”? To determine the

changes quantitatively, the ESCA was calculated using Equation
1.

Equation 1

AECSA = Q;ﬂ kmean
Q is the integrated charge, Na Avogadro’s number, F the Fara-
day constant, n the number of transferred electrons and Kmean
the mean area of a B-NiOOH unit cell assuming a statistical
orientation (details are given in the Sl). Relating the ESCA and
the geometric surface area a roughness factor R can be derived

(Eq. 2).

A
Ry =4 ECSA

Equation 2

The roughness factors of the polished electrodes and after the
mild ADT protocol are compared in Figure 5b. A comparison to
Schalenbach et al.?®! shows that the values are reasonable
where a Rf of ~2 was determined on a polished Ni electrode.
The Mo-Ni materials in this study have roughness factors be-
tween three and four. As the polishing procedure is identical on
all electrodes, the higher R is related to molybdenum leaching
during the ECSA determination, i.e. cycling three times to 1.6 V.
The mild ADT protocol does not seem to change the surface
area significantly.

After 700 cycles the ECSA normalized current densities con-
verge towards approximately -1.35 mA cm at an overpotential
of 350 mV, irrespective of the used electrode. This suggests that
the final surface state, at least for the electrodes with Mo con-
tents 225 at.-%, are rather similar after the mild ADT.
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Figure 5. First CV cycle of the respective electrodes after the
mild ADT (Eupp = 0.0 V) in 1 M KOH, 200 mV/s (a). Roughness
factors (b) and ECSA normalized current densities at an overpo-
tential of 350 mV (c) for the individual electrode materials. The
area for current normalization of the third and 350" cycle was
taken from the ECSA-determinations of the polished state (*)
and the state after 700cycles (**), respectively.

The CV cycles, roughness factors and ECSA normalized current
densities of the electrodes treated in the harsh ADT protocol
(Eupp = 0.4V vs RHE) are displayed in Figure 6. As expected
from the corroded surfaces, the charge below the individual
nickel-redox signals is higher than in the polished state. This
behavior is not different from the alloys and multi-phase samples
investigated by Schalenbach et al.”’®, suggesting a complete
dissolution of all molybdenum from the electrodes surface, mak-
ing the Mo-Ni compounds precursors for high specific-surface
area nickel catalysts.

Also after the harsh test, Niz-Mo; does not show reversible redox-
behavior (Fig. 6a). Nevertheless, a distinction of characteristic
nickel signals is now possible and the maximum current density
achieved for Ni;Mo; after the harsh ADT is only 25% of the
polished state. It is thus likely that the majority of molybdenum is
dissolved from the surface, which would also explain the ob-
served surface discoloration.
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Figure 6 First CV cycle of the respective electrodes after the
harsh ADT (Eupp = 0.4 V) in 1 M KOH, 200 mV/s. (a). Roughness
factors (b) and ECSA normalized current densities at an overpo-
tential of 350 mV (c) for the individual electrodes materials. The
area for current normalization of the third cycle was taken from
the ECSA-determinations of the polished state (*).

The calculated roughness factors (Rr) before and after the harsh
protocol are displayed in Figure 6b. While the surface roughness
for elemental Ni increases by a factor of ~3 within the harsh ADT,
the increase-factor for Ni8OMo20 and NisMo is ~4 and ~7 in the
case of NizMo. The obtained ECSA specific current densities
offer a clear picture of the activity changes during the ADT.
Molybdenum-containing samples deactivate much stronger than
an elemental nickel electrode. Pseudo-stable behavior which
could be concluded from Figure S2 has thus to be interpreted as
a balance between an increase in electrochemical surface area
and a decrease in ECSA specific activity.

In comparison to the mild ADT protocol (Figs. 2 and 5), nickel
retains a higher current density after 350 cycles in the harsh
ADT, while Mo-Ni electrodes deactivate even more. This might
be related to a known deactivation mechanism of nickel elec-
trodes in the HER, i.e. bulk-hydride formation.*447 Mo-Ni mate-
rials cannot absorb hydrogen due to the trapping of hydride on
molybdenum sites in the near-surface region®®. While the oxida-
tive removal of Ni-H is possible in the harsh protocol by applying
potentials above 0V, the mild protocol operating in the HER
regime does not allow for this “cleansing” of elemental nickel,
resulting in a decreasing activity.,



Ex situ Characterization

To quantify the dissolution and explore the deactivation of Mo-Ni
materials during HER, electrodes pretreated by the mild ADT
protocol and their respective electrolytes were characterized
ex situ. Results from the elemental analysis of the electrolytes
after the mild ADT are shown in Table 1. The concentrations are
normalized against the exposed geometric surface area of the
individual electrodes.

Table 1. Surface-normalized ionic concentrations in the electrolytes (in
pgL-icm-?) after the mild ADT.

material Ni Ni80OMo020 NisMo NisMo NizMoz
molybdenum - 125 235 80 27890
nickel 551 371 111 275 190

The passivating behavior of nickel-rich Mo-Ni electrodes in
1 M KOH at potentials below 0V vs RHE is confirmed by the
nickel dissolution being of the same order of magnitude as for
elemental nickel. In contrast, NizMo7 suffered from severe pref-
erential dissolution of molybdenum, establishing its instability
under HER conditions.

Ex situ XP-spectra proof that the (inter-)metallic species are still
in the same chemical state as in the reference state (Fig. 7). The
most significant change for all molybdenum containing samples
is the higher ratio of the Ni(OH)./Ni signals. In the case of
NizMo;, the latter vanished completely, and the near-surface
region contains the highest content of oxidized molybdenum
species of all Mo-Ni samples.

Exploiting the observation that metallic species are detectable
on all electrodes after the mild ADT (i.e. the information depth
comprises the whole oxidized region) and assuming that the
surface oxidation occurs layer by layer, a relative compositional
analysis of the near-surface region in the as-polished and the
ex situ state is possible (Figure 7c). The relative abundance of
different Mo-species does not significantly change for Ni-rich
samples, thus underlining the passivating behavior of NiOOH as
concluded from CVs and corrosion studies. In the case of
NizMo;, the mild ADT leads to a higher content of oxidized mo-
lybdenum. In agreement with the intensities obtained by fitting
the Ols spectra (Fig. S3), the oxidized Mo-species might be
assigned to MoO; for Mo** and MoO3 for Mo®* and Mo®*, where
the latter results from reduction of Mo®* by X-ray irradiation in
ultra-high vacuum.®
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Figure 7. Ex situ XP spectra in the Ni2ps. (a) and Mo3d (b)

region obtained after the mild ADT. Quantitative near-surface

composition of the individual elements in the polished state and

after the mild ADT (c). Ni2p spectral region of NizMoy after dif-

ferent pretreatments (d).

Recent studies related high activities of Mo-Ni materials to water
activating properties of molybdenum oxides, thus enabling a
bifunctional HER mechanism.[?®3% Activity enhancements unre-
lated to higher surface areas were not observed on nickel-rich
single-phase Mo-Ni materials in this study. CV cycles after the



mild ADT did not show molybdenum-related signals and the
relative composition of the near-surface region contains less
molybdenum after the mild ADT. An exemplary measurement of
NisMo pretreated in the harsh ADT did not show any signals in
the Mo3d region (Fig. S4). The highest molybdenum loss was
observed on NizMo; as expected from elemental analysis. Thus,
molybdenum oxides seem just to be intermediates on the way to
molybdenum species in solution. This conclusion is supported
by the corrosion studies and in agreement with the Pourbaix
diagram®4. Due to the intermediate nature of MoOx, a potential
bifunctional mechanism involving (Mo-)Ni/MoOx, even though it
cannot be excluded, would be of a rather short lived nature.
Focusing on the nickel species, the near-surface region of the
elemental nickel electrode underwent only a slight oxidation
forming Ni(OH),. On nickel-rich Mo-Ni electrodes the relative
ratio of metallic to hydroxidic nickel, being approximately 2:1 in
the polished state is inverted after the mild ADT. Thus, it is con-
cluded that molybdenum addition increases the corrosion sensi-
tivity of nickel. This destabilization might be due to the partial
electron transfer of nickel towards molybdenum (electronic ef-
fect), resulting in a higher electrophilicity of nickel, thus a higher
likeliness to react with OH" in alkaline media. In addition, the
highly defective surface left behind by the dissolution of molyb-
denum would be more prone to oxidation.

Comparing the results on the Ni80Mo20 solid solution and the
ordered intermetallic compound NisMo, allows to explore the
influence of the ordered crystal structure. XPS reveals no signifi-
cant differences in the chemical state. However, the crystal
structure of NisMo below an XRD-amorphous Ni(OH). layer
remains intact within a probed depth of ~27 nm (~80 unit cells)
as no other reflections could be detected by a grazing incidence
X-ray diffraction (GI-XRD) measurement (Fig. S5). As the differ-
ent underlying crystal structure does not result in a different HER
activity, a structural influence of the intermetallic compound is
negligible for Mo-Ni samples having Mo-contents of ~20 at.-%.
As intermetallic compounds containing more molybdenum are
even more sensitive to oxidation of the near-surface region, an
influence of their crystal structures to the HER activity is even
less likely. This leads to the conclusion, that intermetallic Mo-Ni
compounds are merely precursors for Ni(OH), terminated elec-
trocatalysts in alkaline solutions under the applied conditions.

To test the stated superior stability®®53 of Ni;Mo;, freshly
cracked surfaces were immersed in 1 M KOH for 90 s. This is
the approximate time of electrolyte contact before a measure-
ment was started. The treatment is sufficient to oxidize most of
the metallic nickel within the near-surface region of the sample
to Ni(OH), as shown by XPS (Fig. 7d). The line shape of the
respective Ni2p region is almost identical to the state after the
mild ADT, indicating the surface to be in a very similar chemical
state. This suggests the “durability” and “higher activity” of
NizMo; compared to the other samples is a result of its very fast
decomposition in 1M KOH, leading to a high surface area
Ni(OH); catalyst.

To further underline the completely different behavior of NizMo;
in comparison to nickel-rich Mo-Ni materials and elemental
nickel, chronopotentiometric measurements were conducted at a
current density of -100 mA/cm? (Fig. 8). While NizMo; directly
started at an overpotential above 650 mV, the nickel-rich materi-
als were more active with n = 450 mV. Based on the aforemen-
tioned findings, this corresponds to NizMo7, which is completely
covered in Ni-hydroxide when the measurement begins. It is

thus less active than the other samples, which are still in part
(inter-)metallic. The high overvoltage of the equimolar compound
decreases within 16 h due to steady Mo-dissolution, leading to
an increased surface area in contact with the electrolyte. This
corrosion-induced surface roughening does not happen on
passivating nickel-rich materials. Based on the XPS results, their
increasing overvoltage is a consequence of oxidation of the
near-surface region and/or hydride formation in the case of
elemental nickel.
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Figure 8 Chronopotentiometry at a fixed current density
of -100 mA/cm? in 1 M KOH solution.

Bringing this conclusion from bulk NizMo7 in line with recent
results of very durable nanoparticulate Mo-Ni catalysts, it is likely
that their “durability” is the result of extremely fast decomposition
in the reaction media.

Conclusion

The single-phase intermetallic compounds NisMo, NizMo and
NizMo; were synthesized as bulk-materials and investigated by
two different ADT protocols along with elemental nickel and the
substitutional alloy Ni80Mo20. In alkaline media and upper re-
verse potentials of +0.4 V vs RHE, the Mo-Ni materials corroded
due to preferential dissolution of molybdenum, leading to in-
creased specific surface areas. Except for NizMo, this did not
happen when the potential limit was restricted to 0.0 V vs RHE.
Irrespective of the applied protocols, the ECSA-specific HER
current densities decreased during the ADTs. This change of
activity is related to the composition of the near-surface region
obtaining a higher Ni(OH). content with respect to the reference
state. An influence of the ordered crystal structure of intermetal-
lic compounds on the HER activity could not be observed.

Experimental Section

The intermetallic compounds NisMo, NisMo and the substitutional alloy
Ni80Mo20 were prepared by arc melting of stoichiometric amounts of
nickel pellets (6 mm, ChemPUR, 99.995%, Co < 10 ppm) and molyb-
denum foil (0.025 mm, Alfa Aesar, 99.95%) in an argon-filled glovebox
(O2 and H20 below 0.1 ppm). All samples were homogenized by remelt-
ing the samples three times, then pressed flat with a hydraulic press at
12 kbar. To obtain the ordered intermetallic compounds, the samples
were annealed in evacuated quartz-glass ampoules for 14 d at 890 °C



and 45 d at 750 °C for NisMo and NisMo, respectively, then quenched in
brine to ambient temperature. For the synthesis of NizMoz, nickel (powder
<10 pm, ChemPUR, 99%) and molybdenum (powder 2-5 pm, ChemPUR,
99.95%) were mixed in a 47:53 ratio and pressed to a pill at 12 kbar in a
hydraulic press. In a glovebox, the pill was placed in a corundum crucible
along with 15 mg of iodine, then transferred into a quartz-glass ampoule.
The ampoule was sealed under static vacuum and constant cooling, then
placed in an oven for 14 d at 1000 °C. After quenching, the pill was
crushed to powder, then compacted by spark-plasma-sintering. Therefor
powders were put into a dye (d = 8.1 mm), compacted by a pressure of
400-500 bar and heated up to 1000 °C at a heating rate of ~100 K/min
(pulsed DC current). The choices of encapsulation materials were not
ideal. While the common choice of carbon dyes and -foils leads to the
formation of MoCq, the usage of Mo-foils leads to an enrichment of the
molybdenum content of the sintered materials. To minimize this influence,
a trade-off of sample compaction and molybdenum intrusion into the
sample needed to be found. Thus, the reaction time was decreased to a
minimum and the NizMo7 powders were only heated up to 1000 °C and
cooled down to ambient temperature directly afterwards. Before further
usage, the as-obtained SPS-pills were sanded with P800 SiC grinding
paper from all sides to remove potential Mo-enriched material.

All samples were embedded with an electric contact to the rear in a
PMMA-based resin (Technovit 5071, Heraeus-Kulzer). Then grinded
(SiC-paper) and polished (diamond-suspension) to a finish of 0.125 pm.
The pores of the NizMo7 sample were closed off by covering a pre-
polished surface with a thin layer of two-component resin (UHU-
Schnellfest). The hardened resin was carefully removed by polishing,
resulting in a flat surface of intermetallic compound and resin domains.

Sample characterization was done on the embedded electrodes in the
same state as they were subjected to the electrochemical experiments.
Phase analysis was conducted by XRD in reflection mode (Enraf Nonius,
Inel CPS120 detector, Cu Ka: radiation A = 1.54056 A, Ge (111) mono-
chromator, range 7° < 26 < 113°), light- (Zeiss, Axioscope Al) and elec-
tronmicroscopy (Philips, XL30). GI-XRD measurements were conducted
in reflection mode with an incident angle of w = 0.42° (Smartlab Studio I,
Rigaku, 4.5 kW rotating anode, Cu Ka radiation, nickel filter). For XPS
measurements, the electrode cylinders were cut to a height of 10 mm,
evacuated overnight, then transferred into the high-vacuum chamber of
the XPS device (SPECS-spectrometer, X-ray source: XR50m, FOCUS
500 monochromator (adjusted for Al-Ka, hv = 1486.7 eV, PHOIBOS 150
MCD-9 hemispherical analyser, chamber pressure p <3 x 10° mbar,
photoelectron take-off angle: 45°). Fitting constraints of XP-spectra and
relative quantification details are given in the Supporting Information.

Elemental analysis of the samples and electrolytes after the ADT was
conducted by ICP-OES against a matrix-calibrated standard (Agilent,
ICP-OES 715, radial torch). A fraction of the sample was dissolved in
aqua regia, diluted with distilled deionized water and acidified with HCI
before analysis.

The electrochemical experiments were conducted in an in-house built
one-compartment electrochemical cell, using quartz-glass and Teflon as
building materials. Perfluorinated sealing rings were used to seal the cell.
The working electrode was placed in the bottom of the cell. For the
reference electrode, Hg/HgO (BaslInc) or a reversible hydrogen electrode
(RHE, Hydroflex, Gaskatel) was used. All the potentials are reported with
reference to the RHE. A platinum gauze (2.5cm?) served as counter
electrode. Experiments were conducted at ambient temperature in un-
stirred 30 mL of freshly prepared KOH-solutions. All electrolytes were
prepared by dissolving potassium hydroxide (Grissing, puriss. water
content 15%) in ultrapure water (Millipore, 18.2 MQ cm. Prior to the
measurements, the electrolyte was purged with argon (99.999%, Air
Liquide) for 20 minutes with around 50 ml/min to remove dissolved
oxygen and a dynamic argon atmosphere was maintained above the
electrolyte during the electrochemical experiments.

Corrosion studies were conducted by measuring the OCP for 20 minutes,
then applying a forward- and backward linear voltammetry scan around
+200 mV vs OCP with a sweep rate of 0.5 mV/s. The corrosion current
density was calculated from the individual corrosion current densities as
obtained by extrapolated intersections of the linear cathodic and anodic
branches ofthe Tafel plots. The ADT protocols were adapted from Scha-
lenbach et al.l?5l and are briefly described in the following. The ADTs are
composed of alternating sequences. The first is used for the activity
determination after different ADT cycles and is composed out of three
cycles between 0.0 (0.1 V for the harsh ADT) and -0.4V vs RHE at a
scan rate of dE/dt = 10 mV s The positive sweep of the third cycle is
reported. The ADT cycles were conducted between 0.0 (0.4 V for the
harsh ADT) and -0.4 V vs RHE at a scan rate of 200 mV s*. The activity
is reported in the polished state, after three, 350 and 700 ADT cycles.
The chronopotentiometric measurement was conducted at a current
density of -100 mA cm2.
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Bulk intermetallic compounds in the Mo-Ni system were investigated in the hydrogen evolution reaction in alkaline media by means of
accelerated durability tests and thorough characterization. The often-claimed ordered Mo-Ni crystal structures, being responsible for
high HER activities, proved to be unstable in the reaction media. Enhanced surface areas and thus higher apparent activities could
be achieved by enforcing preferential molybdenum dissolution and/or selecting compounds with a high initial molybdenum content.
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