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Water Dissociation on NiOOH in Alkaline Water Electrolysis
Improves with Increasing Alkali Metal Cation Size

Julia Gallenberger,* Clara Gohlke, Marie Neumann, Anna K. Mechler, and Jan P. Hofmann*

The activity of nickel-based electrocatalysts toward the oxygen
evolution reaction (OER) is influenced by the presence of alkali
metal cations in the electrolyte. Since the underlying mechanism
is not fully resolved yet, a study combining Raman, Fourier-
transform infrared, and photoelectron spectroscopies is con-
ducted. It is found that an improved OER activity correlates with
structural changes of the catalyst. The cations are adsorbed in
increasing amounts in the order Li* < Na®™ < K" < Cs*, opening
the layers of the NiOOH layered double-hydroxide structure
and promoting a transition from a more B-like to a more y-like
NiOOH phase. In addition, the NiOOH surface gets increasingly

1. Introduction

For the electrolysis of water, the oxygen evolution reaction (OER) is
the limiting half-reaction, where the overpotential could not yet
reach lower limits like they were achieved for the hydrogen evolu-
tion reaction."? To meet the performance demands of scalable and
economical electrolyzer stacks for industry, there are many contri-
butions in literature, which aim to improve the OER activity. A prom-
ising and economic materials class is transition metal oxides used in
anodes for alkaline water electrolysis. These oxides are studied in
various morphologies, elemental compositions, and electrochemical
conditions.*™ One parameter out of many that can influence the
activity of the catalysts is the composition of the electrolyte. lons in
the electrolyte have a direct impact on the electric double layer
(EDL).*® Its understanding has a pivotal role in understanding
and tailoring materials in electrocatalytic systems. At the EDL, the
surface of the OER active phase is in contact with the electrolyte.
The precise structure of this EDL is influenced by the detailed
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deprotonated with increasing alkali cation size. The activated cat-
alyst materials are stabilized in ultra-high vacuum and exposed to
controlled doses of H,0 to analyze the catalyst-electrolyte inter-
face in a quasi in situ approach with photoelectron spectroscopy.
Going from Li* to Cs™, more OH groups are found on the surface
after the exposure to H,O, demonstrating that such structural
changes are facilitating the dissociation of H,O. As the dissocia-
tion of H,O is a crucial step in many OER mechanisms, its modified
efficiency can be correlated with the observed trends in OER
activity in LiOH, NaOH, KOH, and CsOH.

surface structure of the catalyst, the kind of ions including solvation
shells in the electrolyte as well as adsorbed at the electrode, and the
interfacial pH, which can deviate from the bulk pH.*! In this study,
we focus on the contribution of different alkali metal cations, whose
effect on the EDL has been probed in various experimental and the-
oretical works."® In the order Lit-Na™K*-Cs™, the cation size
increases, the electronegativity decreases, the hydration energy
decreases,™ and the Lewis acidity decreases."® These properties
have implications on the hydration shell of these cations in the alka-
line electrolyte. Taking Cs* and Li* for comparison, the solvation
shell of Li* is built from stronger non-covalent bonds. Cs™, as a softer
cation, in contrast, is less solvated and is, therefore, expected to
adsorb in larger quantities on the electrode surface.*'”'® Their
hydration enthalpies range from 519 kJ mol™" for Li* to 409, 322,
and 264 kJ mol™" for Na™, K™, and Cs™, respectively."” The surface
of the catalyst, that is in our case the surface of a NiOOH, OER active
phase, varies depending on the conditions. The NiOOH phase is
unstable at open circuit potential, but is created when polarizing
the Ni(OH), phase, of which two polymorphs exist, where a-
Ni(OH), is a hydrated, disordered form of B-Ni(OH),.2*2"
Charging of B-Ni(OH), first leads to an oxidation of Ni*™ to Ni*"
and a phase change to -NiOOH. Upon further charging, the oxida-
tion state of Ni increases up to Ni***" and a y-NiOOH phase is
formed. When starting with a-Ni(OH),, immediately y-NiOOH crys-
tallizes upon polarization. In contrast to f-NiOOH, in y-NiOOH both
H,O and ions, including alkali metal cations, are intercalated.”>¥
With X-ray absorption spectroscopy (XAS), the intercalation of
the cations was shown to be reversible when reducing the sample
back to Ni(OH),.*¥ Yet, the nuances of the phase transitions and
structures are still a matter of debate.”**® For instance, Garcia
et al.*” have shown the formation of NiOO™ at 1.7 V versus revers-
ible hydrogen electrode (RHE) with Raman spectroscopy. The per-
oxo band increases when using different electrolytes from LiOH to
NaOH, KOH, and finally CsOH. In the same manner, the current
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density increased during the OER. They propose that the
NiOO™—M™ species acts as an intermediate of the OER. Such find-
ings show that the surface structure of the NiOOH catalyst is com-
plex, which complicates an evaluation whether the B-NiOOH or
v-NiOOH phase is more active toward the OER. Several studies exist
claiming the B-NiOOH phase to be the optimum phase, yet several
other studies challenge that view and report higher activities of the
v-NiOOH phase.”*=% In many more publications, the active phase
has not been explicitly specified due to its instability under ex situ
conditions, its often low crystallinity, disorder, and resulting difficul-
ties obtaining high-quality high-resolution transmission electron
microscopy and X-ray diffraction data.2°3'-34

Here, we used a combination of Raman spectroscopy, per-
formed both in situ and ex situ, and X-ray photoelectron spectros-
copy (XPS) to track changes in the NiOOH phase induced by Li*,
Na*, K*, or Cs* in a purified (Fe-free) electrolyte. Furthermore,
the ultra-high vacuum-stabilized NiOOH phase was exposed to con-
trolled doses of H,0, which is a quasi in situ approach to follow the
electrolyte-surface interactions. The outcome is followed with X-ray
and ultraviolet photoelectron spectroscopy (XPS, UPS). Our
results imply that the improved OER activity in the order
Cs* > K" >Na" > Li" goes along with a more y-NiOOH like struc-
ture of the activated catalyst. These structural changes seem to be
induced by an increased intercalation of the alkali cations in the
same order, that is ¢(Cs*) > c(K") > c(Na™) > ¢(Li*) after activation.
Importantly, these alterations facilitate the dissociation of water.
Both in the O 1s core level spectra and in the valence band spectra,
a relative increase in adsorbed OH groups is observed, which is cor-
relating with the activity of the catalyst. In many of the proposed
mechanistic pathways for the alkaline OER, the dissociation of H,0 is
necessary for the formation of OER intermediates at the surface.*>*¢
Therefore, the enhanced water dissociation has a direct effect on
the overpotential required for the OER reaction.

2. Results and Discussion

Ni plates were conditioned in purified 1M KOH to obtain
a Ni(OH), thin film (Figure S5, Supporting Information). The

effectiveness of such an electrochemical conditioning to form
Ni(OH), from Ni metal was demonstrated in a recent publica-
tion.®” Two sets of samples were prepared. One was used
for XPS and UPS measurements, the other one for Fourier-
transform infrared (FTIR), Raman, and an extended activity mea-
surement. The experimental sequence is outlined in Figure S1,
Supporting Information. Figure 1a shows the OER overpotential
at TmAcm™2, referenced to 1.23V. The gray bar shows the
overpotential of the created Ni(OH), thin films measured in
KOH at the end of the conditioning sequence. The samples were
subsequently activated at 1.6V versus RHE in 1 m LiOH, NaOH,
KOH, and CsOH to form the OER active NiOOH phase. The
electrochemical performance was evaluated with a chronopoten-
tiometry (CP) measurement at 1 mA cm 2 (Figure 1a), chronoam-
perometry at 1.6V vs. RHE (Figure 1b), and a CV up to 1.8V
versus RHE (Figure 1c) in the presence of the respective
alkali hydroxide solutions. The activity follows the order
LiOH < NaOH < KOH < CsOH. This is in line with trends reported
in literature.'#3839 |n Figure S3, Supporting Information, the
electrochemical activity is itemized for the two sets of samples
used for XPS and vibrational spectroscopy, respectively.

The first set of activated samples was taken out of the elec-
trochemical cell at 1.6 V versus RHE and transferred within 3 min
into ultra-high vacuum (UHV) to stabilize the phase. By then,
some NiOOH can have decomposed into Ni(OH),, but the major-
ity of the sample is still in its NiIOOH phase as formed during the
electrochemical activation. This approach and the stability of the
NiOOH phase were studied in a previous article.” Additionally, a
control experiment was performed, where the transfer time
between activation with different alkali cations and vacuum sta-
bilization was closely monitored. If the time period, during which
the NiIOOH decomposition is happening, is kept constant for all
samples, the amount of decomposition is similar for all samples.
Consequently, any differences between these spectra need to be
an effect of the treatment with different cations. An extended
discussion is done based on Figure S6, Supporting Information.
The NiOOH phase shows the characteristic shape of the Ni 2p core
level (Figure 2a).2°% The valence band and core levels are
shifted to lower binding energies compared to Ni(OH),, indicating
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Figure 1. a) Overpotential at 1 mAcm™2, b) current density at 1.6V versus RHE after activation in 1 m LiOH, NaOH, KOH, and CsOH. Before the activation,
all samples were prepared with a conditioning protocol in 1 m KOH to form a Ni(OH), layer, that could then be activated in the respective alkali cation
solutions. ¢) Cyclic voltammogram at 10mV s~ in 1 m LiOH (red), NaOH (yellow), KOH (purple), and CsOH (turquoise) from the extended activity

measurements of the samples used for vibrational spectroscopy.

ChemSusChem 2025, 18, €202402596 (2 of 9)

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85U8017 SUOWIWOD SAIERID 3|dedt|dde au A peuseno a2 saolie YO ‘8sh J0 SNl 1oy Akeid1 auljuQ A1 UO (SUORIPUOD-PU-SULBIWI0D" A8 | AReiq 1 pul|uo//:Schiy) SUORIPUOD pue swiie | 84} 88S *[6202/60/2T ] Uo ARIqi]8uliuo A8|IM ‘JeIsD oIesssy HAWSD Yo!ine winnuezsBunyos o Aq 965201202 98S9/200T 0T/10p/LI0d A8 | im Azelq 1 jpuljuo'ado.ne-Auis Iwsyoy//:sdny wouy pepeojumod ‘€T ‘0z ‘XyosrosT


http://doi.org/10.1002/cssc.202402596

Chemistry
Research Article Europe

European Chemical

ChemSusChem doi.org/10.1002/cssc.202402596 Socreties Publishing
(a) T T T T T T T T T T T T T T (b) T o T . T " T
XPS, Ni 2p
——LiOH
. NaOH .
T |——KOH o
N |——csoH N
© ©
£ £
o o)
£ £
2 Py
= =
{ = (=
(0] (0]
S S
1 " 1 1 1 " 1 1 1 " 1 L 1 1 1 " 1 1

885 880 875 870 865 860 855
Binding Energy (eV)

850 534 532 530 528

Binding Energy (eV)

Reflectance (a.u.)

(C) Y T z T T ) T Y T z T (d) T ¥ T y T g T T T
=== NiOOH / Ni NiOOH / Ni(OH), ~ ——LiOH .
Ni(OH), / Ni o Raman, ex-situ
...\/_\_,..\\/ ——CsOH ——LiOH
NaOH
§ —— KOH
N —— CsOH
©
£
o
=
>
c
9L
=
L 1 " 1 " 1 i 1 " 1 L 1 " 1 1 " 1 L 1 L 1 L 1 L
4000 3000 2000 1000 3500 2500 1500 500 400 600 800 1000 1200 1400

Wavenumber (cm™)

Raman shift (cm™)

Figure 2. a) Ni 2p, b) O 1s core level spectra of NiOOH activated at 1.6V versus RHE in LiOH, NaOH, KOH, and CsOH. c) Left: FT-IRRAS of Ni(OH), prepared
by conditioning (bright) and of NiOOH activated in the respective electrolyte (dark), right: difference spectra NiOOH/Ni(OH),. d) Ex situ Raman spectra after

activation.

a p-type electronic structure of the NiOOH phase. In our previous
article, we could assign the peak at 528.9 eV in the O 1s spectrum
to the unprotonated oxygen in the NiOOH structure. In the results
presented in Figure 2b, the intensity of this peak depends on the
type of electrolyte used during activation. Namely, it is largest
after activation in CsOH, followed by KOH, and then NaOH
and LiOH. The O 1s spectra are normalized at 530.4 eV. A similar
trend was observed in the control experiment in Figure S6,
Supporting Information, which confirms the cation effect on
the amount of unprotonated oxygen on the surface. To under-
stand this spectral evolution, a second set of samples was acti-
vated and transferred as quickly as possible into the FTIR
sample compartment, which was evacuated for the FTIR
reflection-absorption spectroscopy measurement. Immediately
afterward, a Raman spectrum was collected exsitu. Figure 2c
compares the FTIR spectra of the Ni(OH), phase before activation,
the NiOOH phase after activation, and the difference spectra with

ChemSusChem 2025, 18, €202402596 (3 of 9)

Ni(OH), as the reference spectrum. The spectra show that the
phase composition before activation was similar for all samples,
namely B-Ni(OH),, with a strong lattice OH stretching vibration at
3646 cm ™' and a smaller bending vibration at around 520 cm™,
and some a-Ni(OH), with a lattice mode at 607-634 cm~" and an
OH bending vibration at 1380-1410 cm™". Intercalated H,O con-
tributes intensity at 3590 and 1630 cm™". To conclude, applying
the conditioning procedure to polished Ni metal creates mostly
B-Ni(OH), with some disorder appearing in the form of turbos-
tratic a-Ni(OH),. This combination could signify some ao/p-
interstratification.””'** After activation, the sharp peak at
3646 cm ' is lost, which means the loss of non-hydrogen-bonded
OH groups. This is partly caused by a general decrease of OH
groups in NiIOOH compared to Ni(OH),, while the remaining
OH groups are now bonded to hydrated H,O. The inter-
facial water appears in the spectra as a broad feature from
2670-3630cm™". An increased hydration of the material after

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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activation in LiOH to CsOH is hardly visible in the difference spec-
tra NiOOH/Ni(OH),. However, this could be caused by difficulties
in correctly determining the gradient of the baseline in these
spectra. In the FTIR spectra, no trend can be derived that corre-
lates with the variation of the electrolyte. The situation is different
for Raman spectroscopy. Here, Figure 2d displays the Eg5 and Aq
lattice vibrations of NiOOH at about 477 and 555 cm™', respec-
tively, and some intensity from 900 to 1160cm™', which is
assigned to NiOO™."**¢ The ratio of the £, and A, lattice vibra-
tions was found to be sensitive to the structure of NiOOH,
whereby a higher peak ratio was found for y-NiOOH.“*4”! |n
Figure 2d, a correlation of the peak ratio with the kind of electro-
lyte becomes apparent. The spectra were normalized to visualize
the relative increase of the 555 cm™' band after activation in LiOH
compared to after activation in CsOH, signifying an increasing
amount of y-NiOOH with increasing cation size. The peak of
the E, lattice vibration shifts from 477.4 to 475 cm™" after activa-
tion in LiOH versus in CsOH.

Since the NiOOH phase is slowly decomposing to Ni(OH), dur-
ing the measurement in air, Raman spectra were also acquired
in situ. Figure 3a shows that with increasing potential, the peaks
shift to higher wavenumbers and the peak ratio changes, irre-
spective of the electrolyte. The peak ratio change with elevating
polarization was already observed in previous publications.®4”

In the upper row of Figure 3a, the peak ratio is compared for
in situ measurements in the various electrolytes. Dashed lines with
the peak maxima in LiOH as reference are included to visualize the
lower intensity at 555 cm™" in CsOH compared to the other electro-
lytes, which fits to the trend seen in the exsitu Raman measure-
ments (Figure 2d). The lower row in Figure 3a shows the spectral
region of NiOO ™. The sharp peak at 1068 cm ' is attributed to car-
bonate in the electrolyte.*® Garcia et al?”’ observed a cation

dependence of this region. As its intensity increases the most in
CsOH electrolyte in their study, they correlate this to the
increased OER activity in CsOH. In our spectra, the intensity in this
region increases the most during potential increase in CsOH.
Comparing the total area of the spectra obtained in different elec-
trolytes at 1.7 V versus RHE, there is a slight increase from LiOH to
NaOH, KOH, and finally CsOH.

However, this trend is not reproduced for the measurements
at lower potentials or ex situ. Possibly, the stabilization of NiOO™
by the cations is stronger on the surface than in the bulk. In this
case, surface-enhanced Raman spectroscopy, which was not
employed here, might yield more precise results. Yet another
observation in the Raman spectra was that the peaks shifted
to lower wavenumbers from LiOH to CsOH (Figure 3b). This
was also observed by Garcia et al.?” Michael et al®® and
Hou et al."¥ and is related to a longer Ni—O bond with decreasing
wavenumbers. To sum up the findings, NiOOH undergoes struc-
tural changes when activated with different alkali metal cations.
With this knowledge, we want to come back to the O 1s spectrum
and discuss the assignment of the peak at 528.9 eV. Payne et al.”
show in their O 1s spectra a smaller O*~ peak in B-NiOOH than in
v-NiOOH. This enhanced deprotonation of NiOOH in the y-phase
is consistent with the higher oxidation state of Ni found in this
phase. Combined with our results from Raman spectroscopy, we
can confidently argue that the change in peak ratio in our O 1s
spectra in Figure 2b is due to a structural change of a more B-like
NiOOH to a more y-like NiOOH, when changing the electrolyte
from LiOH, to NaOH, KOH, and finally CsOH.

We now address the question what might cause this struc-
tural transformation. XPS allows for a quantitative analysis of
the elemental surface composition of the samples, which we used
to determine the amount of alkali metal cations adsorbed on the
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Figure 3. a) Normalized insitu Raman spectra at increasing potentials in different electrolytes. b) Stacked spectra recorded at 1.6V versus RHE. Color code:

LiOH: red, NaOH: yellow, KOH: purple, CsOH: turquoise.
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Figure 4. a) Core level spectra of alkali metal cations adsorbed on NiOOH activated at 1.6V versus RHE. b) Calculated at% of the respective alkali metal cat-

jons. Orbitals used for calculation: Ni 2p, O 1s, C 1s, K 2p, Na 1s/Cs 3d.

surface or intercalated in the outer layers of the films. For the
stoichiometry calculations, we used the core level spectra Li
1s, Na 1s, K 2p, Cs 3d for the alkali metal cations (Figure 4a),
Ni 2p and O 1s for the NiOOH catalyst, and C 1s to include
carbon residuals, employing the relative sensitivity factors of
Scofield.® Figure 4b lists the calculated values. During the acti-
vation, the respective alkali metal cations are adsorbed, where
¢(Cs™) > c(Na*) > c(Li*). The exact concentration of Li* was not
calculated as the core level spectrum hardly shows any intensity
(Li also has a very low photoionization cross section). In the sec-
ond column of Figure 4b the concentration of K* was included
because it shows that some K* is left in the structure after the
conditioning in 1 M KOH. It also shows that Cs* is most effective
in replacing K", since c(K")cson < c(KM)naon < c(KH)Lion after
activation. Actually, when analyzing Ni(OH), after conditioning,
very little K* appears in XPS, with values of 0.1-0.2 at%. The
increase of K in the XPS spectrum after activation in LiOH,
NaOH, and CsOH, needs to either stem from K* traces in the
respective electrolyte or from K* that was built into the bulk
of the Ni(OH), structure during conditioning and was enriched
at the surface during the activation. This is an indication that the
intercalation or adsorption of alkali metal cations is quasi
reversible when the NiOOH phase is reduced to Ni(OH), inside
the electrolyte, as it was also observed with insitu XAS by
Trzesniowski et al.*¥

In a next step, we exposed the activated catalyst to controlled
doses of H,O to study by XPS and UPS if the adsorption or dis-
sociation of water is influenced by the type of cation in the elec-
trolyte. This is a quasi in situ approach to test any impact on the
energetics of the OER mechanism. There are several possible
pathways for the oxygen evolution reaction.”'*? Many of those
include one step, where H,0 needs to dissociate to form an OER
intermediate at the catalyst surface.”*>%

In the experiment, the vacuum-stabilized NiOOH phase was
exposed inside UHV to a dose of 15 s:1073 mbar H,0, measured
with XPS and UPS, exposed again to H,O, but now for
15min-10> mbar, and measured again with XPS and UPS.
The changes that are observed are gradual. Therefore, only
the initial and the final spectra, after 15min-10"3 mbar, will
be shown in the following plot. For easier readability, the final
spectra will be denoted as “H,0 exposed.” The H,O exposure

ChemSusChem 2025, 18, €202402596 (5 of 9)

was done at room temperature. Water in contact with the sur-
face will either adsorb as H,O molecule, dissociate, or not react
with the surface at all. Figure 5a shows the O 1s spectra directly
after stabilization in vacuum and after exposure to H,O for each
electrolyte. What they have in common is an increase of the
peak at 530.5 eV and a slight shift of this peak to higher binding
energies. Figure 5b displays the difference spectra “H,O
exposed”-“initial”. For Figure 5c, the O 1s was fitted with
one peak at 528.8 eV for O bonded to Ni, one peak around
530.4 eV for OH bonded to Ni, and one small peak around
532.8 eV for molecular H,0. An exemplary fit is shown in
Figure S7, Supporting Information. The relative change of these
components with H,0 exposure is pictured in Figure 5c. In all of
those illustrations it is visible, that the increase of OH groups
after H,0O exposure scales with the electrolyte cations in the
order Li" < Na* < K* < Cs*. Simultaneously, the at% of Ni—O
decreases, while there are no significant changes in the com-
ponent assigned to adsorbed or intercalated H,O.

To probe adsorbates on the outmost surface, UPS is a suitable
method with a detection depth of 20 A at most.*™ Figure 6a
shows the valence band, measured with monochromatic He Il
radiation (40.8 eV), of Ni(OH), and NiOOH formed in 1M KOH.
The three peaks in the valence band of Ni(OH), stem from a
Ni 3d® emission, and from the 3¢ and 17 orbitals of the OH groups
in Ni(OH),.*® In NiOOH these peaks appear as well, just shifted by
1.1 eV to lower binding energies due to a Fermi level shift. Note,
that these measurements were not done in situ and that the pres-
ent valence band spectrum should not be taken as a reference for
a clean and well-structured NiOOH surface. In this study, the
important finding is that upon exposure to H,0, there is an inten-
sity increase at 6-8 eV and a decrease at 2.4 eV. To interpret these
changes, difference spectra were calculated and are plotted in
Figure 6b. In this representation, it becomes visible that the inten-
sity increase from 6-8 eV is actually composed of 2 peaks. Those
can be assigned to the 3¢ and 1z orbitals of OH groups adsorbed
onto the surface. These add to the maximum detection depth of
UPS, which is the cause for the decrease of the Ni 3d® emission at
2.4 eV and the decrease of the signal of the K 3p and Cs 5p core
levels in the case of activation in KOH and CsOH, respectively.””
The adsorption of OH recognized in the valence band fits to the
increase of OH groups in the O 1s core level spectra. Similarly, a
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Figure 5. a) O 1s spectra of NiOOH, which was activated in different alkali metal cation electrolytes, stabilized in UHV (“initial”), and exposed inside UHV
to H,0 ("H,0 exposed”). b) Difference spectra of “H,0 exposed”-“initial” shown in (a). ¢) Change in at% of O bonded to Ni, OH bonded to Ni, and H,0,
obtained by a fitting of the spectra in (a).
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Figure 6. a) Top: He Il valence band (VB) spectrum of Ni(OH),. Bottom: He Il VB spectrum of NiOOH activated in 1 m KOH in the stabilized state
and exposed to H,0. b) Difference spectra of the H,0 exposed surface minus the initial surface for all electrolytes.

cation dependence is also visible in the valence band spectra, We have shown that structural changes and a deprotonation
where NiOOH activated in LiOH adsorbs the least OH groups  of the NiOOH surface upon interaction with different alkali
on the surface. metal cations cause an improved dissociation of H,O. A favored
ChemSusChem 2025, 18, €202402596 (6 of 9) © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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dissociation also implies a modified adsorption-free energy and
an enhanced stability of the dissociation products on the cata-
lyst surface. Their adsorption is part of most mechanisms to form
key OER intermediates. For instance, the reaction

*0+4+H,0 — *OOH+H" +e" (1)

is the rate and potential determining step (RDS/PDS) in many
calculations.>>*® |n alkaline solution, this step is written as®®

*O4+0OH — "OOH + e~ )

The bond strength between metal center to adsorbed *OH is
often discussed in the context of volcano plots. According to the
Sabatier principle, an intermediate should neither bond too weakly
nor too strongly to the surface. It was found that in the OER mech-
anism, the adsorption energy of O* scales linearly with the adsorp-
tion energies of HO* and HOO*. Additionally, a universal scaling
relationship between the free energy of adsorption of *OH and
*OOH was found to be at AGgy + AGoon = 3.2 In volcano plots,
catalysts with well-balanced adsorption energies of all intermedi-
ates, show the best catalytic performance.™ Enhanced adsorption
of OH, as it is observed in Figure 5 and 6, can therefore alter the
energy of the rate and potential determining step of the OER
and thereby lower the overpotential both in acidic and alkaline
solution.

Hou et al. have already calculated a higher OH adsorption
energy in the presence of Cs*""! In the present study, we could
verify this result experimentally.

What exactly causes the changes in dissociation activities of H,O
and the associated improvement of the OER? Our article and the
works of others have shown that NiOOH undergoes structural trans-
formations depending on the electrolyte cations. First, there are var-
iations of Ni—O bond lengths. Raman results show they are
elongated in CsOH, whereas XAS measurements indicate the oppo-
site.l?73881 We speculate that Cs™ is attracting charge of the lattice
oxygen, whereby the Ni—O bond length is increased in Raman spec-
troscopy. A new finding is that the peak ratios of the £ and A4 lattice
vibrations of NiOOH in the Raman spectra are also affected. The
peak ratio rises from LiOH to CsOH, which signifies a structural
change to a more y-like NiOOH. This phase has a more open struc-
ture compared to B-NiOOH, as it is intercalated with H,O and ions.
This result supports the calculations of Gorlin et al. who calculated
an increase in layer separation from Li* to Cs*. The cause is an
increased cation-oxygen coordination distance of the cations both
with lattice oxygen and nearby water molecules.*"*? We could
interpret that the intercalation is directly visible in the XPS core level
spectra of the alkali metal cations, where more at% of Cs* than of
Li* have been detected in the surface near layers. Yet, here, we can-
not specify how much of the signal is from intercalated or surface-
adsorbed cations. We expected to see the intercalation of H,O in the
FTIR spectra, however, no unambiguous correlation of the spectra
with the electrolyte could be found. The O 1s core level spectra
show that the structural change is accompanied by more deproto-
nated sites after activation in CsOH. This makes sense, as Ni was
found to have a higher oxidation state in y-NiOOH.¥
Furthermore, from the perspective of charge compensation, the
presence of, eg., Cs™ on the surface can contribute to the
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deprotonation. As Cs* has a weaker solvation shell, it is able to inter-
act with and adsorb on the surface more effectively than the small,
harder, hence stronger solvated, Li*[''® The abundance of depro-
tonated sites could be a major factor in the enhanced dissociation of
H.,0. Zaffran and Toroker have calculated that the formation of the
OOH intermediate, that forms with the dissociation of H,O, requires
less energy on a deprotonated NiO, surface than on a partly hydro-
genated NiOOH, surface. They argue that an electrostatic repulsion
of the OOH intermediate with the H atoms on the catalyst surface
destabilizes the OOH group.®® Furthermore, the deprotonation pro-
moted by the alkali metal cation could first increase the Ni oxidation
state and then favor a charge transfer from O to Ni. Both outcomes,
an elevated oxidation state of Ni or an electron-deficient oxygen
site, were shown to enhance the OER*? We also want to reflect
on the findings of Gorlin et al. who correlate the increase in OER
activity from LiOH to CsOH with an increase of pH of these solu-
tions.®” Since we see an increased adsorption of the larger cations
and a correlating structural transformation of NiOOH, we believe
that the cations do have their own contribution to the OER activity.
However, the change in pH can very well have an additional and
significant influence, especially when discussing the deprotonation
of the catalyst surface. The pH of the solutions used in this study is
displayed in Table S3, Supporting Information.

3. Conclusion

To summarize, we demonstrate that the activation of a nickel
oxide OER catalyst in LiOH, NaOH, KOH, or CsOH affects both
the structure and the surface of the OER-active NiOOH phase.
After activation, increasing amounts of alkali metal cations are
adsorbed on the catalyst in the order Lit <Na® <K' < Cs™,
whereby the layers of the NiOOH layered double hydroxide struc-
ture are opened up to form a more y-like NiIOOH phase.
Additionally, from LiOH to CsOH an increased deprotonation
of the NiOOH surface is observed. Importantly, a more deproto-
nated surface is shown to result in a more effective dissociation of
water on that surface. As the dissociation of water is a crucial step
in many OER mechanisms, an improved H,O dissociation might
directly correlate with the observed decreased OER overpotential.

Yet, the discussion highlights that the facilitation of H,O dis-
sociation can be a result of many intertwined phenomena.
Structural bulk and surface changes, pH changes, changes in
the electric double layer, and probably even more aspects need
to be considered in future studies about the impact of alkali metal
cations on nickel-based anodes for the alkaline water electrolysis.

4. Experimental Section

Sample Preparation

Nickel plates of 12 mm diameter and 1 mm thickness (Goodfellow,
99.0% purity) were used as substrate. After polishing with 0.5 um alu-
mina paste (MicroPolish Alumina, Buehler), they were cleaned sequen-
tially in an ultrasonic bath with acetone, isopropanol, and Millipore
water for 5 min each. Next, a thin layer of Ni(OH), was formed by
electrochemical conditioning, as described in the next section.
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Electrochemical Measurements

Exsitu electrochemical measurements were conducted in a three-
electrode setup in a PECC-2 cell from Zahner Elektrik, controlled by a
potentiostat from Gamry Instruments (Interface 1000E). Before the mea-
surement, a Hg/HgO reference electrode from ProSense was calibrated
against a RHE (HydroFlex, Gaskatel). The Hg/HgO potential in 1 m KOH at
RT varied between 0.913 and 0.921 V versus RHE. The counter electrode
was made of a platinum wire. Via electrochemical impedance measure-
ments at open circuit potential (OCP), the current responses during
cyclic voltammetry (CV) were manually iR-corrected in the data post-
treatment. All samples were conditioned in purified 1m KOH (Carl
Roth, ICP-OES: <0.6 ppb Fe). The purification was done according to
the article of Spanos et al. and its effectiveness was confirmed with
inductively coupled plasma optical emission spectrometry (ICP-OES)
(Table S1, Supporting Information).”® The conditioning was done for
4 h, which means 650 CV from 0.5-1.6V versus RHE with 100 mV s’
scan rate. The full protocol is described in Figure S2a, Supporting
Information.

The conditioned samples were then used to study the impact of the
alkali metal cations. For this purpose, they were activated in the respec-
tive 1 M MOH solution (M = Li, Na, K, Cs). The activation was always per-
formed 1day after the conditioning. In between the samples were
stored in air. Since all samples had a conditioning pretreatment in
1M KOH, some K' remained on the samples. The catalyst surface
was therefore influenced by a combination of M* and K*, that is the
respective cation from the electrolyte plus potassium from the sample
preparation.

The following electrolytes were used: 1 m LiOH (anhydrous, 99.9% trace
metals basis, Sigma-Aldrich), 1 m NaOH (1 N, volumetric standard solu-
tion, Carl Roth), T m KOH (1 N, volumetric standard solution, Carl Roth),
1M CsOH (cesium hydroxide monohydrate, 99.95% trace metals basis,
Sigma-Aldrich). 1 m LiOH and 1m CsOH were prepared with Millipore
water and the molarity was verified by titration. All electrolytes were
purified using the method by Spanos et al.’” yielding Fe contents
<1 ppb measured with ICP-OES. The activation consisted of chronoam-
perometry (CA) at 1.6 V versus RHE for 2 x 10 min. Before and after acti-
vation, the OER activity was measured using CV and CP. The full protocol
is again outlined in Figure S2b, Supporting Information. After the last CA
step, the sample was removed from the electrolyte while the potential
was still applied. The sample was rinsed with ultrapure water and trans-
ferred as quickly as possible to the exsitu spectroscopy. A first set of
samples was stabilized within 3 min in UHV for XPS and UPS measure-
ments. A second set was freshly prepared and activated and likewise
transferred within 3 min to the FTIR sample compartment and evacu-
ated to p < 3 mbar, then transferred to the Raman microscope for the
exsitu and insitu characterization. After the vibrational spectroscopy
characterization, an extended activity measurement of the samples
was added. The detailed procedure is outlined in Figure S2c,
Supporting Information. All experiments were performed at RT.

X-Ray and Ultraviolet Photoelectron Spectroscopy

For the XPS measurements, a SPECS PHOIBOS 150 spectrometer imple-
mented at the DAISY-FUN cluster tool was used. It is equipped with an
Al K, X-ray source (monochromatic Focus 500 with XR50 M (SPECS),
hv = 1486.74 eV). Survey and detail spectra were measured in fixed ana-
lyzer transmission mode, while choosing a pass energy of 20 eV (step
size of 0.5 eV) for the survey and 10 eV (step size of 0.05 eV) for the core
levels. The system was calibrated to 0.00 eV binding energy of the Fermi
level of sputter-cleaned Au and Cu as well as to the emission lines of Au
4f,,, at 83.98 eV, Ag 3ds,, at 368.26 eV, and Cu 2ps, at 932.67 eV binding
energy with deviations <0.1 eV. The valence band spectra were mea-
sured with UPS, using a helium lamp (HIS 13 Mono, Focus GmbH) with
monochromatized Hell radiation of hv =40.81 eV. Here, a pass energy
of 5eV and a step size of 0.05eV was chosen. The data analysis was
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performed with CasaXPS, version 2.3.22.7" The O 1s core level spectra
were fitted with a Shirley background and peaks of a GL(30) line shape.
Intensity calculations were done based on relative sensitivity factors
published by Scofield.*”

Raman Spectroscopy

Spectra were acquired with a Bruker Senterra | Raman microscope
with a 532 nm laser. Ex situ measurements were performed at 9-
18 cm™' resolution, 50x objective, a laser power of 37 mW on the
sample surface, and 5 s integration time with 2 coadditions. For in situ
measurements, a commercial cell named “TSC Raman” from rhd
instruments was used. It was operated in a three-electrode configu-
ration. As counter electrode, a gold-plated ring was installed in the
base, and as reference electrode, a leak-free micro Ag/AgCl electrode
from Innovative Instruments was used and calibrated against a
reversible hydrogen electrode (RHE, HydroFlex, Gaskatel). Potential
control was performed with a potentiostat from Gamry instruments
(Interface 1000E). The potential was increased in steps of 0.05 V from
1.20 to 1.50V, followed by steps of 0.02V from 1.50 to 1.70V versus
RHE. At each step, the potential was applied for 110s while the
Raman spectrum was taken after 60s of applied potential. Here,
the 20x objective was chosen, with a laser power of 36 mW reaching
the sample surface, and again 5 s integration time with 2 coadditions
was set. For plotting and interpretation of the in situ Raman spectra, a
linear background was subtracted in the regions of interest.

FTIR Spectroscopy

FTIR spectroscopy was done on a VERTEX 80v FTIR spectrometer (Bruker)
from 4000 to 400cm~'. A room temperature DLaTGS detector was
employed. Samples were measured on a monolayer/grazing angle spec-
ular reflectance accessory (Specac) at an incidence angle of 70° w.r.t. the
surface normal. For background scans, a bare, polished nickel surface
was used. Both sample and background scans (250 scans each) were
acquired with a scanner velocity of 2.5 kHz and a resolution of 4cm™".
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