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Electrolyte Effects on the Stability of Ni—Mo Cathodes for
the Hydrogen Evolution Reaction

Jochem H. J. Wijten,” Romy L. Riemersma,” Joseph Gauthier,” Laurens D. B. Mandemaker,”
M. W. G. M. (Tiny) Verhoeven, Jan P. Hofmann," Karen Chan,' and Bert M. Weckhuysen*®

Water electrolysis to form hydrogen as a solar fuel requires
highly effective catalysts. In this work, theoretical and experi-
mental studies are performed on the activity and stability of
Ni—Mo cathodes for this reaction. Density functional theory
studies show various Ni—Mo facets to be active for the hydro-
gen evolution reaction, Ni segregation to be thermodynamical-
ly favorable, and Mo vacancy formation to be favorable even
without an applied potential. Electrolyte effects on the long-
term stability of Ni-Mo cathodes are determined. Ni—Mo is
compared before and after up to 100 h of continuous opera-
tion. It is shown that Ni—Mo is unstable in alkaline media,
owing to Mo leaching in the form of MoO,*", ultimately lead-

Introduction

In the gradual transition from fossil fuel resources (i.e., coal,
gas, and crude oil) towards more sustainable resources, such
as solar and wind energy, the storage of the produced electri-
cal energy is still a challenge."™ This storage is necessary be-
cause of the intermittent nature of green energy sources, most
easily explained by the day-night and summer-winter cycles
of the sun. Current battery technology is not (yet) applicable
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ing to a decrease in absolute overpotential. It is found that the
electrolyte, the alkali cations, and the pH all influence Mo
leaching. Changing the cation in the electrolyte from Li to Na
to K influences the surface segregation of Mo and pushes the
reaction towards Mo dissolution. Decreasing the pH decreases
the OH™ concentration and in this manner inhibits Mo leach-
ing. Of the electrolytes studied, in terms of stability, the best to
use is LIOH at pH 13. Thus, a mechanism for Mo leaching is
presented alongside ways to influence the stability and make
the Ni—-Mo material more viable for renewable energy storage
in chemical bonds.

at the global energy scale. Furthermore, the low energy densi-
ty of batteries is not suitable for heavy transport applications,
such as intercontinental airplanes, heavy-duty trucks, and large
container ships. Other aspects of fossil fuel processing, such as
polymer production, should be taken into account as well.®!
Thus, storage of energy in chemical bonds is a viable option
that is being considered. One of the most energy-rich bonds is
the hydrogen-hydrogen bond, which can be obtained by the
electrolysis of water” Not only is H, considered as a fuel by
itself, it is also an important building block in the chemical in-
dustry in, for example, the Haber-Bosch process.? It is also
used as a reductant in reactions, such as CO, conversion into
CH, or CH;0H.”!

H, obtained by water splitting, driven by solar energy, is
often dubbed a solar fuel.** To facilitate this reaction, electro-
catalysts are employed, of which the most efficient currently
known is Pt, owing to its high activity and stability."? Howev-
er, owing to its low abundance and cost, Pt is impractical for
large-scale applications and other materials are being consid-
ered.” Amongst these materials, one of the most promising
ones is alloyed Ni—Mo, which is surmised to have a hydrogen
bonding energy (HBE) similar to that of Pt, owing to the syner-
gy between Ni and Mo in alkaline water splitting.”” Alkaline
water splitting is considered because of its relevance in indus-
try and the availability of better-performing anodes in alkaline
relative to acidic media.?”™

Several strategies are employed to increase the activity of
Ni—Mo, such as nanostructuring or using nanoparticles.™ ™" It
can also be combined with light-absorbing materials as a co-
catalyst."® A lot of work is focused on studying the synthesis
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of Ni-Mo by changing the morphology and composi-
tion.""*' A Ni content of 60-80% in these alloys has been
found to be optimal for the activity and stability.”'*'%?% How-
ever, although some previous works have shown that Ni—Mo is
unstable in alkaline media, the origins of this instability have
not been extensively studied to date, aside from one key work
by Schalenbach et al.,”” who reported that Ni-Mo can form
multiple crystal phases depending on the ratio between Ni
and Mo. Furthermore, they reported that Mo can leach from
the material during electrocatalysis.®2%2"

Herein, we present a combined theoretical-experimental
study of the activity and stability of Ni-Mo as a hydrogen evo-
lution reaction (HER) electrocatalyst. By using density function-
al theory (DFT) and a simple thermodynamic model of HER ac-
tivity, we predict the model Ni—-Mo system to be highly active
towards the HER on several facets.”” As Mo leaches, the
nature of the electrolyte is expected to play a key role. To this
end, we studied different commonly used electrolytes—NaOH,
KOH, and LiOH—and show that the choice can play a signifi-
cant role in HER performance.” Our calculated energies sug-
gest Ni segregation and Mo vacancy formation to be favora-
ble.”* Experimentally, by using X-ray spectroscopy (SEM-
EDX), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), and UV/Vis spectroscopy, we char-
acterized the stability of Ni-Mo materials in a variety of elec-
trolytes and at various pH values. We confirm that Mo leaches,
as reported by Schalenbach et al.,*” and found that Mo leach-
es as MoO,”". Roughening and changes in electrocatalytic ac-
tivity were a result of Mo leaching. The cation in the electrolyte
(K*, Na™, or Li") and the solution pH significantly influence
these effects. With this work, we present an understanding of
the Mo leaching phenomenon through both experiment and
theory.

Results and Discussion
Theoretical activity

Density functional theory (DFT) was used to investigate hydro-
gen and cation adsorption, Ni and Mo surface segregation,
and vacancy formation energies. Differential Gibbs free ener-
gies of hydrogen adsorption, DG,, were calculated as it has
been shown previously to be a good descriptor for the HER ac-
tivity on a variety of materials.?>?*?® Further details regarding
the calculation of DGy can be found in the Experimental Sec-
tion. We use the limiting potential, determined theoretically as
the potential at which all steps in the HER mechanism become
exergonic, as an estimate of activity. For the HER, this limiting
potential is simply defined as U =—|DGy|/e and so the theo-
retical prediction of activity is maximized for U =0 and hence
DGy =0 eV. This theoretically determined limiting potential has
been shown to correlate well with experimental activity for
several processes.”>?2% We chose Ni;Mo as the model Ni—Mo
system, owing to the similarity in stoichiometry to the experi-
mental system. Figure 1 shows DG, as a function of the surface
hydrogen coverage, gy, for the three terrace facets of Ni;Mo.
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Figure 1. DG, as a function of surface hydrogen coverage, q.

At moderate surface coverages DGy, approaches zero, indicat-
ing high predicted activity towards the HER for all studied sur-
face facets.

Experimental activity

To study Ni—Mo alloy surfaces in detail, the material was syn-
thesized by electrodeposition on Ti substrates (see the Experi-
mental Section).?°>? The materials generally form amorphous,
granular structures with cracks on the surface on a mm scale,
which are typical structures found for electrodeposited materi-
als (see the Supporting Information, S.1).%% Elementally, these
materials mostly consist of Ni and Mo in a 3:1 ratio, but also
Na (<6%) is found in the material (see the Supporting Infor-
mation, S.2); Na is present during electrodeposition, originat-
ing from the precursors used.

These samples were subjected to electrocatalysis by chrono-
potentiometry at —10 mAcm™ in 1m hydroxide solutions;
note that all calculations are done on the basis of the substrate
surface area. The behavior is similar for the materials employed
in 1Tm KOH (Figure 2a) or 1m NaOH (Figure 2¢c). One differ-
ence, however, is that the catalyst in Tm KOH takes a longer
time to activate towards the optimum overpotential at about
30 h, compared with 15 h in 1Tm NaOH. The absolute overpo-
tential changes from 0.18 to 0.13V, it then stays stable for sev-
eral days before increasing again. The low overpotential shows
it is indeed active as suggested by theory and previous
studies.>” ¥

Stability: Theoretical considerations

To investigate the origin of the changing overpotential, we in-
vestigated the stability of the Ni—-Mo system under HER condi-
tions. Cation and hydroxyl adsorption free energies, DG,y and
DGy, respectively, were calculated under operating conditions
(U=—-0.15V vs. reversible hydrogen electrode, RHE, pH 13) to
determine if they play a role in the changes of surface mor-
phology.

The calculations were done with Ni;Mo as the system of
choice. X-ray diffraction was attempted (see the Supporting In-
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Figure 2. Boxed in red are the experiments performed in 1m KOH: a) Chro-
nopotentiometric curve obtained at —10 mAcm~? for Ni-Mo electrodepo-
sits. The SEM images show the Ni—Mo surfaces after different times of catal-
ysis, with 0 h and 100 h taken on the same sample (see the Supporting In-
formation, S.1, for images of other unspent samples). b) Amount of Ni and
Mo found in spent electrolytes as determined by ICP-AES per cm? of elec-
trode. Boxed in green are the experiments performed in 1m NaOH: c) Chro-
nopotentiometric curve obtained at —10 mAcm~? for Ni-Mo electrodepo-
sits. The SEM images show the Ni—Mo surfaces after different times of catal-
ysis, with 0 h and 100 h taken on the same sample (see the Supporting In-
formation, S.1, for images of other unspent samples). d) Amount of Ni and
Mo found in spent electrolytes as determined by ICP-AES per cm? of
electrode.

formation, S.3) but the crystallites were found to be too small,
or amorphous, to be conclusive on the exact X-ray structure.
With EDX, a stoichiometric Ni/Mo ratio of 3:1 was found, and
this was used for the calculations with the assumption that
this refers to the crystal structure.

Figure 3 shows these energies for a step and terrace termi-
nation of Ni;Mo. Similar plots for terrace facets (010) and
(001) can be found in the Supporting Information (S.4). We
find that cations bind unfavorably to both steps and terraces
at these potentials. Assuming a Boltzmann distribution, the ex-
pected coverage of cations q, is therefore effectively 0. How-
ever, solvent stabilization may allow cations to adsorb at small
coverages at more negative potentials. Similarly, *OH binds un-
favorably on the step, and weakly on the terrace. Solvent stabi-
lization again may allow some small coverage of *OH.

The energy to segregate Mo to the surface was then calcu-
lated according to Equation (1):

DE = Eseg_EcIean_(EMo_ENi) (1)

seg,Mo
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Figure 3. DFT investigation into the thermodynamics of surface restructur-
ing, calculated under operating conditions (U=—0.15V vs. RHE, pH 13).

a) Energetics at a stepped Ni;Mo surface. b) Energetics for a Ni;Mo terrace
surface.

where E; is the energy of a surface where one surface Ni
atom is replaced with one bulk Mo atom, E,, is the clean sur-
face, Ey, is the energy of one Mo atom in Ni;Mo relative to
bulk Ni, and Ey; is the energy of one Ni atom in Ni;Mo relative
to bulk Mo.

Similarly, segregation energies for bringing Ni to the surface
from bulk Ni;Mo, while sending a surface Mo atom to a solvat-
ed molybdate ion, were determined according to Equation (2):

DEseg,Ni = Eseg_EcIean_[ENi_(EMo(s) + DEMo,diss)] (2)

where Ey, is the energy of a molybdenum atom in its pure
solid phase and DE, 4 is the energy of the dissolution reac-
tion, which converts Mo(s) into a molybdate ion, details of
which can be found in the Supporting Information. Molybdate
is considered as it is the most likely to form at pH 14, under
the studied potentials, according to the Pourbaix diagram.®

The energy required to form a Mo vacancy on the surface
by dissolution of Mo, DE,,., was calculated according to Equa-
tion (3):

DEvac = Evacancy_Eclean_(EMo(s) + DENIo,diss) (3)
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Here, E,acaney is the energy of the surface with a vacancy, and
Eqean is the clean surface. The segregation and vacancy forma-
tion energies were calculated both on clean slabs and in the
presence of cations and OH*. These are tabulated in Figure 3.

We find that it is energetically unfavorable to enrich the sur-
face in Mo while enriching the bulk in Ni, regardless of cation
adsorption. Additional results for cation adsorption can be
found in the Supporting Information (S.4). We do find, howev-
er, that *OH can significantly stabilize Mo surface enrichment,
although it is still unfavorable energetically. This is likely due to
molybdenum’s high oxophilicity. Ni enrichment, however, is
generally energetically favorable, consistent with experimental
observation, as discussed in the following. We find that the for-
mation of a Mo vacancy on the surface through dissolution to
molybdate is feasible on the step, but not on the terrace. Be-
cause the films in this study are highly amorphous and are
likely to contain sites less coordinated than the step presented
here, we expect the Mo conversion to molybdate to occur
without an applied potential.

Stability: Experimental characterization

Leaching of Mo was further confirmed experimentally. On a
larger scale, SEM was performed on the samples at several
time intervals. In both the case of NaOH and of KOH, after a
long time (100 h) of operation, edges and other nanoscaled
features form on the material, which can be linked to the va-
cancy formation described in Figure 3. This effect is similar to
that observed during anisotropic etching of noble metals, and
thus could be linked to Mo leaching.*>3¢

The similarity with anisotropic etching led us to measure
ICP-AES (see the Supporting Information, S.5) of the electro-
lytes after catalysis, to observe the possible Mo or Ni leaching
(see Figure 2b,d for Tm KOH and 1m NaOH, respectively).
Indeed, Mo leaches, most obviously when using KOH as an
electrolyte. Leaching in KOH starts slower than in NaOH during
the first hour, but continues to a higher value of 1.84 mmol Mo
after 100 h. In the case of NaOH, it leaches to a value of
0.09 mmol Mo after just 1 h, but after that no more leaching
takes place. In either situation, both activity and stability are
superior to pure Ni and Mo electrodes (see the Supporting In-
formation, S.6).

Despite the significant difference in Mo leaching between
KOH and NaOH electrolytes, we observe that the chronopoten-
tiometry does not change much after about 30 h of operation,
suggesting a steady state is achieved. Furthermore, as shown
in Figure 3, according to DFT, neither Na*™ or K* adsorbs, sug-
gesting that this is not a pathway through which leaching is
influenced. The apparent roughening observed in SEM is a
suitable explanation for the slight decrease in overpotential
observed during the beginning of the chronopotentiometry:
the available surface area increases and thus activity increases.
To quantify the roughening process, double layer capacitance
measurements and AFM were employed. First, this capacitance
is not only a function of surface area: the specific capacitance
of a material depends on the composition as well.?’=% Previ-
ous research shows that the Ni?*/Ni** redox couple can also
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be used to determine surface areas,”” but we find, that as the
surface concentration of Ni changes, that this approach like-
wise is limited. Furthermore, to be able to study in detail what
happens during HER catalysis, applying oxidizing potentials
might result in electrochemical processes that are usually not
found for the Ni—Mo system under HER conditions such as
anodic etching.

As neither approach of determining the surface area is ideal,
we attempt to, at least, exclude the possibility that differences
in capacitance values are due to small differences between
samples, by performing experiments where every 30 min of
catalysis alternates with double layer capacitance measure-
ments (Figure 4). Immediately, it is clear that there is an influ-
ence from the electrolyte. In KOH it takes longer for the cata-
lyst to reach the optimum in overpotential (take note of the
different x-axes). During this process, the capacitance increases
with a rate of 2.3 mFh™" before levelling off at a normalized ca-
pacitance of 13 mF, whereas in NaOH this rate is only
1.3 mFh™" and it levels off at only 4 mF. Although these data
cannot be directly related to roughness, it shows the change
of the material is gradual during HER catalysis and that it
occurs on the same timescale as the change in overpotential.
With AFM, we found that the increase in surface area after
24 h is 23% when using NaOH (Figure 4d). This is significantly
less than the factor four increase found with the capacitance
measurements, immediately proving that the capacitance
cannot be directly linked to surface roughness. In the case of
KOH (Figure 4b), it is even more extreme and a decrease in
surface area is observed.

It should be noted that the root-mean-square (RMS) deter-
mination (see the Supporting Information, S.7) is difficult
owing to the presence of micrometer-scale cracks. Further-
more, features on the nanometer scale, such as possible pores
having formed are not taken into consideration on this scale.
We selected spots based on their relative lack of large features
at the beginning. Nevertheless, as seen in the AFM images of
Figure 4b, large changes can occur owing to cracking or re-
moval of whole grains as a result of flaking, which will influ-
ence the determined RMS significantly. Furthermore, experi-
ments on pure Ti, pure Ni, and pure Mo show that the specific
capacitance of Mo is higher than that of Ni (see the Supporting
Information, S.6) meaning this can be related to more Mo
being present at the surface. It furthermore shows that Ti has
no change in capacitance, excluding this as a possible explana-
tion for the observations.

The large change in surface capacitance and the observed
leaching led us to study the surface in more detail. As men-
tioned before, with EDX Na is present at the surface, and fur-
thermore, after catalysis, this amount is either increased
(NaOH) or replaced by K (KOH) (see the Supporting Informa-
tion, S.2). To find what is really occurring on the surface itself
and in the first few 100 nm, we used XPS depth profiling (see
Figure 5a). Prior to catalysis, the samples contain Na, Ni, and
Mo homogeneously dispersed throughout the first 600 nm,
with only the surface being significantly higher in Na and Mo
content. Furthermore, the Mo content is higher near the sur-
face (40%) than what was found with EDX (25 %), which is ef-
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