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Ni-based anodes are among the most active and cost-effective oxygen
evolution reaction catalysts for alkaline electrolysis. The current
mechanistic understanding assumes that the anode surface is terminated
by nickel oxohydroxide (NiOOH) under operating conditions. Here, by
combiningisotope-labelled in situ surface-enhanced Raman spectroscopy
measurements with density functional theory-calculated Raman spectra,
we elucidate that the catalytically active surface is exclusively terminated
by nickel dioxide (NiO,) instead. Furthermore, bands previously assigned
to superoxides are attributed to overtones and combination bands. On the
basis of additional measurements on Co- and Mn-based oxides, we suggest
that these features predominantly appear in layered materials. Moreover,
the observed shifts at varying pH, potentials and electrolyte composition

arerationalized by avibrational Stark effect rather than by changesinthe
material or adsorbate structure. Finally, the implications for the mechanistic
interpretation of the oxygen evolution reaction on Ni-based anodes are
discussed on the basis of the revised structural assignment.

Ramanspectroscopy isaversatile technique used for chemical, biologi-
cal (medical) and materials characterization'’. A further advantage is
that materials immersed in aqueous environments can be probed in
operando. Hence, the technique is indispensable for investigating
catalysts under reaction conditions and for resolving reaction mecha-
nisms at the atomic scale®>. Especially under in operando conditions,
anenhancement of signal intensities is desired, which canbe achieved
by plasmon-enhanced Raman spectroscopy (PERS) approaches, includ-
ing surface-enhanced Raman spectroscopy (SERS)*”".

In some cases, the enhancement effect reveals additional bands.
These further complicate the already complex interpretation of the
spectraand, thus, require additional methods, including density func-
tional theory (DFT) calculations®. Furthermore, in Raman spectros-
copy and PERS, only fundamental modes are generally observable,
as described by the selection rules in the harmonic approximation®.
However, under certain circumstances, the appearance of overtones
and combination bands can be observed, such as for graphene’ and

MoS, (ref.10). The fact that overtones are usually not covered (or even
mentioned) in more general reviews on PERS, including recent works
oninsituand ambient pressure characterization of solid materials' >’
raises the question of whether such bands might have been overlooked
insomeresearch areas.

Ni (oxo)hydroxides are widely discussed oxygen evolution reaction
(OER) catalysts for applicationinalkaline electrolysers™ 2. On the basis
of current understanding, it is accepted that, under OER conditions,
Ni electrodes are oxidized to NiOOH"", Nevertheless, some puzzles
related to the structural properties remain, which if clarified, would
have implications for the description of the reaction mechanism on
this surface. For example, the position of the hydrogen atoms is still
debated””, including studies suggesting the presence of delocalized
and labile hydrogen atoms'®". Furthermore, it was shown that NiOOH
consists of sheets of double hydroxide layers, appearing in two distinct
phases (- and y-NiOOH). The 3-NiOOH phase exhibits a relatively
high degree of crystallinity, where Ni is commonly suggested to be
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Fig.1| Cyclic voltammogram and surface-enhanced Raman spectra of aNifilm
supported onaAuwire. a, A cyclic voltammogram for a Au@Ni wire recorded in
stirred 0.01 M KOH at a scan rate of SmV s and limits 0f 1.04 Vg, and 2.44 Vyyye.j,
current; E(Vy,e), potential vs. the reversible hydrogen electrode. b, In situ SER spectra
forNiin 0.01 MKOH, recorded at electrode potentials 0f 1.14 Vg, and 1.54 Vi, at
whichNi(OH), or NiOOH is formed, respectively. The electrode potentials during
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bothsurface-enhanced Raman spectroscopy measurements are markedina. The
inset shows the region between 800 and 1,800 cm™ magnified by a factor of 10. The
labels |, I,and I; refer to the three peaks of the first region at 479,560 and 610 cm™ of
NiOOH, whereas Il and Ill refer to the two regions at 900-1,200 cm*and 1,400-
1,800 cm™. The position of the H,0 bending vibration is highlighted in blue for both
Ni(OH),and NiOOH. /, intensity; v, Raman shift.

in the oxidation state 3.0 (refs. 13,14,20). In contrast, the disordered
y-NiOOH has been reported tobe partially deprotonated and to contain
intercalated water or cations, such as K" (refs. 13,14,21). The oxidation
state of Niin this material hasbeenreported torange between 3.3and
3.7, suggesting that Ni(IV) is present’>?>??, Moreover, according to
experimental and computational Pourbaix diagrams, a NiO, phase is
consistently proposed to be the thermodynamically favoured phase at
high pH and high potentials, that is, in the OER region® . Additionally,
inrecent SERS studies on NiOOH, an additional band that was reported
under OER conditions could not be attributed to the bulk structure
but rather to the formation of superoxides on the NIOOH surface®?”.

Toshed somelight on these prevailing discrepancies, we first sum-
marize the currentunderstanding of the structural properties of Ni (0xo0)
hydroxidesbefore and duringthe OER, in comparison with experimental
insitu SERS measurements performed in commonly used electrolytes
with varying pH, cation species and isotope composition. Further, we
illustrate that assigning DFT-computed NiOOH and NiO, Raman spectra
is not straightforward and requires insights from experimental data
(isotope-labelled SERS measurements in this work and experimental
worksreporting structural data for these materials). Combining these,
we suggest that the surface of aNianode during the OERis terminated
with a NiO, layer. This finding contradicts the prevailing view that the
active surface contains NiOOH. Nevertheless, the experimental Raman
spectrum shows additional bands that were previously attributed to
superoxide formation, which can only be rationalized by overtone
and combination bands from the fundamental modes of NiO,. Possible
reasons for the appearance of these bands are discussed on the basis of
additional Raman spectroscopy measurements on Co- and Mn-based
oxides. Furthermore, variationsin these bands caused by changing the
pH, totalion concentration and applied potential might be incorrectly
attributed to structural changes or the appearance of intermediatesin
the reaction mechanism”*%, Instead, we illustrate that these changes
can be attributed to the vibrational Stark effect. We further discuss
the implications of these findings for the interpretation of the OER
mechanism. In summary, we show that the assignment of these bands
to specific species, rather than overtones, could lead to misinterpreta-
tions of the material’s structure and reaction mechanisms.

Results

Potential and electrolyte-dependent SER spectra

A cyclic voltammogram for the surface-enhanced Raman (SER) spec-
troscopy samplerecordedinstirred 0.01 MKOH atascanrate of SmVs™

isshowninFig.1a, featuring typical redox features for Nielectrodesin
this potential region'***, A detailed description of the materials used,
the experimental setup, the experimental procedures and the data
evaluation canbe foundinthe Methods and the Supplementary Meth-
ods. Duringthe positive-going scan, aslight increase in current density
isobservedinthe potential range between1.1and approximately 1.3 Vg,
(Volt vs. the reversible hydrogen electrode), which is not directly rel-
evanttothe present work; readers interested in further details should
refer to the Supplementary Methods.

For potentials more positive than1.3 Vg, Ni(OH), is suggested to
be oxidized to NiOOH in the oxidation peak O, with amaximum at about
1.49 Vie. The reverse reaction occurs in the reduction peak R with a
maximum at about 1.2 Vi, in the negative-going scan**>’,

The change in the structural properties during the oxidation in
peak Oisapparent frominsitu SER spectrainFig.1b, recorded atelec-
trode potentials of 1.14 V,; (blue) and 1.54 Vg (black) (also markedin
Fig.1laby verticallines). Further SER spectrarecordedin steps of 0.1 Vg,
between these limits are included in Supplementary Fig. 4.

The SER spectrumfor Ni(OH), is similartothose reported previously,
containing three distinct peaksinregion Aat326 cm™ (peak A,), 456 cm™
(peak A,) and 501 cm™ (peak A,)"****”***!, The modes at 456 and 501 cm™
were assigned to Eg or Alg representations of the corresponding point
group D4, while the modeé at 326 cm™ was assigned to the E irreducible
representation'. Previous studies have shown that peak A, vanishes in
crystalline samples and may be associated with hydrogen vacancies®",
Additional bands appear between 850 cm™and1,100 cm™ (region B) and
between1,200 cm™and 1,500 cm™ (region C).Region B hasbeen observed
bothinsituand underambient conditions (and high pressure)**. Inthe
latter case, the band was assigned to an E, mode™. Region C has, to the
best of our knowledge, not been reported before. Finally, the feature at
1,650 cm™ corresponds to the bending vibration of water®,

When the electrode potential is increased to 1.54 Vi, (around
the onset of the OER), the SER spectrum changes substantially, as
reported in numerous previous studies'*?**?>**3% Possible changes
at higher potentials will be discussed further below. In region I, the
peaks A, to A; assigned to Ni(OH), before the oxidation peak O disap-
pear uponincreasing the potential, and two intense modes at479 and
560 cm™, denoted as I, and I,, emerge. Studies aiming to assign these
peaks are scarce. Mostly, these are related to Ni-O or Ni-OH moie-
ties of NIOOH***, Similar peaks have been observed for both B- and
y-NiOOH”***%, Additional measurements reveal no discernible differ-
encesinthe SER spectra of 3-and y-NiOOH (see Supplementary Note 1
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Fig.2|Surface-enhanced Raman spectra of oxidized Ni films on a Au wire
indifferentelectrolytes. Insitu surface-enhanced Raman spectra of NiOOH
recorded in 0.01 M KOH, LiOH, NaOH, CsOH, KCIO, (pH 8.5), KOD and K'®*OH with
an applied potential of 1.64 Vg, without stirring. A waterfall plot of the spectra
for the different cationsis provided in Supplementary Fig. 8. The intensity scale
isincreased by a factor of 10 above 700 cm™. The four main features of NiOOH

at 479,560, 610 and 900-1,200 cm ' measured in 0.01M KOH are labelled as|,,

I,,I;and . Features I, and I, measured in KOH are marked in dashed black lines.
Featuresl,and I, measured in K'*OH are marked with dashed magentalines.
Overtones for KOH (black) and K'®*OH (magenta) are calculated using the features
I;and I, from KOH and added to region I1. The peak positions of I, and I, in all
electrolytes are listed in Supplementary Table 5. Measurements in KOD include
the D,0 bending vibrationsat1,210 cm™.

and ‘Differences between surface and bulk structure’ section). Hence,
inthe following, we simply refer to NiOOH.

Ashoulderat 610 cm™ (peak1,) has been observed previously, but
anexplanation for its origin is still missing?*?****"*’ Additional bands
appear at wavenumbers larger than 700 cm™, which we separate into
two regions, that is, region Il from 900 cm™to 1,200 cm™ and region
Il from1,400 cm™t01,800 cm™

Region Il has been vividly discussed previously, especially with
respect to possible reaction intermediates during alkaline OER?**"%74°,
Itwas concluded that the region consists of several convoluted peaks,
which are possibly related to Ni superoxides (Ni-007)%*?, which is
discussed in more detail below. Finally, region Ill from 1,400 cm™ to
1,800 cm™ has not been observed previously. The peak at 1,650 cm™
likewise corresponds to the water bending vibration®*, which can be
substantiated by additional measurements in KOD (Supplementary
Note2).

Ambiguous assignment of Raman peaks in the literature can be
explained by the fact that SERS measurements carried out by differ-
ent groups are generally conducted under dissimilar experimental
conditions, such as sample preparation, choice and structure of the
SERS substrate, electrolytes used and the excitation laser employed
(wavelength and power). To mitigate related issues and to summarize
recent results, we recorded in situ SER spectra for Ni deposited on
roughened Au substrates (Au@Ni) electrodes at 1.64 Vg, in different
commonly used electrolytes (Fig. 2). Specifically, measurements were
performed using 0.01 M KOH (black), LiOH (light blue), NaOH (olive),
CsOH (violet), KClO, (orange), KOD (green) and K*®*OH (pink), where
region I and region Il are separated in Fig. 2a,b. The peaks in region |
andIlare almostidenticalupon changing the electrolyte from KOH to
LiOH, NaOH or CsOH, indicating that these peaks do not depend on
the cationtype ataconcentration of 0.01 M. Only the measurementin
CsOH shows a small shift of about 2 cm™ for the I, mode (Supplemen-
tary Note 3). For similar measurements performedin 0.1 Msolutions, it
was shown that the peak size and position canvary’. Moreover, several
studies also show a shift for Cs* of about 0 to 5 cm™with respect to the
other cations®”***!, Some authors reported changes in region Il and
have attributed these variations to interactions between proposed
superoxide species and alkali metal cations®.

Using 0.01 MKCIO, (pH 8.5, orange spectrum), and hence keeping
thetotalion concentrationinthesolution constant with respectto the

0.01 MKOH solution (pH12, black spectrum), did not reveal any meas-
urable changesin the peak position of either regionlor Il. Faint changes
were only observed in theintensity of peak L,. This result suggests that
thestructures probed by Ramanareindependent of pH, in contrast to
previous reports®®*’. Note that possible dissolution processes that
could occur when changing the pH cannot be resolved with Raman,
because the removal of parts of the oxide will not change the chemical
composition of the probed layers. Small variations in the peak positions
andintensities by changing the pH, together with the totalion concen-
tration, are discussed further below in the context of the vibrational
Stark effect. Furthermore, note that a commonly observed peak at
930-950 cmrelated to ClO (ref. 42) isnot observed in the SER spectra
owingtoits low concentration (Supplementary Note 4).

The possible presence of hydrogen atoms in the NiOOH structure
is elucidated through measurements using isotope-labelled water.
The SER spectrumrecorded in KOD (black), when compared with that
recorded in KOH (green), does not reveal any measurable changes,
except for a small shoulder at around 1,210 cm™ in KOD, which can
be attributed to the D,0 bending vibration®. Similar results have
beenreported previously”, suggesting that hydrogenis absent®. The
absence of Hin NiOOH has also been indicated by UV-Vis reflectance
spectroscopy studies®. In turn, other studies using infrared spec-
troscopy and inelastic neutron scattering revealed the formation of
hydrogen-bonded hydroxyl groups in the bulk structure and further
suggested that protons are delocalized'®"****’, Thus, the behaviour of
protons in NiOOH is not yet fully understood.

Using labelled oxygen (K'®*OH), the peaksl,, I,and I, shift from 479,
560 and 610 cm™ to lower wavenumbers, that is, 454, 529 and about
590 cm™. Also, region Il shifts to lower wavenumbers compared with
measurements in KOH, as reported previously**~.

Intotal, on the basis of the shifts observed inK'®OH in region Iland
the suggested lack of hydrogen species (inferred from measurements
inKOD), region Ilis commonly associated with peroxide or superoxide
species, which have been discussed as active oxygen species during
the OER?**"* However, because region Il appears already before the
onset ofthe OER, some authors argue that bands in this region must be
related to lattice moieties instead of an active oxygen intermediate?.
Moreover, region Il consists of arather broad band, which is somewhat
unexpected for superoxides, which, for other systems, suchas CeO,and
Pt oxides, usually consist of fewer and sharper peaks*®. Consequently,
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Fig. 3| Density functional theory-computed structures and Raman spectra
compared with experimental data. a-d, Relaxed geometries of NiOOH

bulk (ferromagnetic) (a), NiO, bulk (b), NiOOH (ferromagnetic) (c) and NiO,
(d) surface slabs calculated with D3 corrections. Ni atoms are shown in grey,
Oinred and Hin white. e, Raman spectra of the NiOOH bulk and NiOOH
surface calculated with either Hubbard-U (5.5) correction or D3 dispersion
correction using a ferromagnetic low-spin configuration. Calculations with
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antiferromagnetic spin configurations are shown in Supplementary Fig. 10.
f,Raman spectra of NiO, bulk and NiO, surface calculated with either Hubbard-U
(5.5) correction or D3 dispersion correction. Calculated spectra are displayed
using an arbitrary Lorentzian peak width for comparison with experimental data.
Experimental SER spectrain 0.01 M KOH at 1.54 Vg,,: measured without stirring
arealsoshownineandf.

the precise origin of region Il remains unclear on the basis of current
understanding of Raman spectra.

DFT-guided assignment of Raman spectra

The peaks I;, I, and I, in the experimental SER spectra of NIOOH have
not yet been unambiguously assigned to a specific surface structure.
Nevertheless, a substantial number of theoretical studies report on vari-
ous properties of NiOOH, predominantly focussing on the structure of
NiOOH at the onset or during the OER***¢, However, none of the theo-
retical studies explicitly show computed Raman spectra. Hence, adirect
correlation between experiment and theory has not been established.

To approach this gap in the literature, we computed SER spectra
forvarious bulk and surface structures using periodic DFT calculations
with the Vienna ab initio Simulation Package. Detailed information
on the calculations, considered structures and the calculated Raman
spectra canbe foundinthe Methods.

To interpret the experimentally measured SER spectra, we con-
sidered four structures in our computational study, that is, NIOOH
and NiO, bulk systems, as well as a (0001) surface for each of these Ni
(hydr)oxides (Fig. 3). On the basis of previous studies'*°, we adopted
a brucite-type structure for bulk -NiOOH (Fig. 3a), which is simi-
lar to that of Ni(OH), with half of the hydrogen atoms removed. We
further consider an ABBCCA O-layer stacking order, as suggested
by theory®. Additionally, all NiOOH structures were calculated with

bothferromagnetic and antiferromagnetic spin configuration, which
does notseemto have asubstantial influence onthe computed Raman
spectra (Supplementary Fig.10). In the following, we only show spectra
for the ferromagnetic configuration. For the bulk NiO, structure, the H
atoms of bulk 3-NiOOH were removed and the structure was relaxed.
As aresult, the ABBCCA O-layer stacking order transformed into an
ABAB stacking order. Finally, surface structures for both NiOOH and
NiO, were calculated with vacuum, resulting inalayer-to-layer distance
of around 18 A. The corresponding calculated Raman spectra for all
structures (excluding the antiferromagnetic configuration) are shown
inFig. 3, including the experimental data (black curve) for reference.
The full spectra for both NiOOH structures, including the antiferro-
magnetic configuration, with additional modes below 300 and above
1,300 cm™, are shown in Supplementary Fig. 10.

We first focus on the computed Raman spectra of the NIOOH
structures in Fig. 3e. For the bulk structure of 3-NiOOH (brown and
light blue, using D3 or Hubbard correction, respectively), several
peaks are observed below 600 cm™ and insufficiently fit the funda-
mental modes observed inthe experiment. Furthermore, OH bending
vibrations are observed between 900 and 1,200 cm™, which roughly
match the position of region Il. Finally, OH stretching vibrations are
predicted (Supplementary Fig.10) but not observedin the experiment.
Ramanspectra of the surface structures show asimilar behaviour, with
peaks having different intensities that are shifted with respect to the
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Table 1| Calculated peak positions for NiO,

Peaks and point groups

Method I, - I, Is

Eg E, Ay Ay,
Experimental 479 560 610°
Bulk (+D3) 481 558 558 631
Bulk (+U) 508 556 561 650
Surface (+D3) 479 556 559 638
Surface (+U) 508 556 560 653

The values are DFT-calculated positions for vibrational modes of NiO, (point group Dgg).

E, and A, are Raman-active (but IR-inactive) modes, while E, and A,, are IR-active (but
Raman-inactive) modes. Experimental peak positions are added for comparison. *The position
of peak I, can only be determined approximately, as it does not form a distinct peak.

peaks of the bulk Raman spectrum. Overall, none of the calculations
could reproduce regionlas observed in the experiment. In addition,
because the isotope-labelled experiments did not show any shift
with deuterium in the SER spectrum, the DFT-calculated structures
containing hydroxyl groups might not correspond to those captured
by the experiment.

A potential hydrogen-free structure is NiO,, whose structure is
based on deprotonated Ni(OH),. The corresponding computed Raman
spectra for NiO, bulk (green with D3, violet with DFT+U) and surface
(redwith D3, blue with DFT+U) are shownin Fig. 3f, including the experi-
mental Raman spectrum (black). The position of the modes and their
representations are summarized in Table 1along with the experimental
peak positions.

Independent from the computational approach (D3 or +U) and
the structure (bulk or surface), two Raman active modes are predicted,
closely matching the positions of the peaks I, and I, observed in the
experiment. For the surface structures, the intensities of the peaks
match those in the experiment (inverse intensity ratios are found for
the bulk structures). Peaks in region Il are missing in all calculations,
and no further peaks are observed outside of the range of wavenum-
bers presented in Fig. 3f. Even though peak I, is not reproduced in the
computed Raman spectrum, the calculations show a Raman-inactive
A,,mode (surface and bulk) thataligns closely with peak I, of the experi-
mental Ramanspectrum (Table1), suggesting that the two peaks might
berelated. Furthermore, the calculations also suggest aRaman-inactive
E,mode, located between peaksl,and I,.

Inprinciple, distortions of symmetry of the structure can disrupt
vibrational modes***°, such asE,and A,,. Consequently, these selection
rules are lifted, allowing both modes to become Raman active. Such
distortions can be particularly pronounced at the surface, especially
in the presence of an electric field, as discussed below in the context
of the vibrational Stark effect.

To further rationalize that the experimental Raman spectrum
corresponds to NiO, rather than NiOOH, we compared the calcu-
lated density of states and structural properties of both systems with
experimental and computational results. The former turns out to be
non-conclusive because band gaps inferred from reported experi-
mental values®? show large variations. Given these discrepancies, a
more detailed discussion of the density of states is provided in Sup-
plementary Note 7.

More conclusive answers can be drawn by comparing the intera-
tomic distances of Ni-Ni and Ni-O for the calculated structures (this
work) and reported experimental results, summarized in Table 2. The
DFT-computed interatomic distances for the individual computational
methods are expanded in Supplementary Table 3.

Overall, good agreement between computational and experimen-
tal data is observed for both NiO, and Ni(OH),. More specifically, for
NiO,, the calculated interatomic distances are consistent with reported
extended X-ray absorption fine structure (EXAFS) measurements and

Table 2 | Experimental and computed interatomic distances
for various Ni (hydr)oxides

Structure  Method Ni-Nidistance () Ni-Odistance(4) Ref.

NiO, Theory  277-2.82 1.85-1.88 This work
NiOOH Theory 2.87-2.99 1.86-2.11 This work
Ni(OH), Theory 3.12-3.23 2.07-211 This work
NiO, EXAFS 2.82 1.88 58
LigoNiO,  EXAFS  2.82 1.89 54
LipuNiO,  XRD 2.81-2.82 - 55
NiOOH EXAFS 2.82and 3.13 1.88 and 2.07 57
NiOOH EXAFS 2.82-2.86and 3.09 1.88-1.92and212 22
NiOOH EXAFS 2.82 1.86 58
NiOOH EXAFS 2.83-2.84 1.89-1.92 61

NiOOH EXAFS 2.84 1.89 62
NiOOH EXAFS 2.82 1.88 63
NiOOH EXAFS 2.81 1.85 27
NiOOH EXAFS 2.81 1.86 64
NiOOH XRD 2.82 — 20
Ni(OH), EXAFS 2.82 and 313 2.05 57
Ni(OH), EXAFS 3an 2.05 58
Ni(OH), EXAFS 3n 2.08 27
Ni(OH), XRD 3.07 — 20

‘Theory’ refers to interatomic distances inferred from the DFT-computed structures of
Ni(OH),, NiOOH and NiO, using PBE+D3, PBE+U, PBEO, B3LYP and HSEO6 functionals.
Experimental values are inferred from the literature from the given sources and are based on
extended X-ray absorption fine structure (EXAFS) and X-ray diffraction (XRD) measurements.
More extensive results for calculated interatomic distances, split into the individual methods,
are given in Supplementary Table 3.

also previous computational studies™ ., This agreement is further
supported by the work of Fantin et al., reporting on Raman spectra of
Lio 0;NiO,, assigned to Ni(IV) species (confirmed by hard X-ray photo-
electron spectroscopy)®, which closely resemble the Raman spectra
in this work. Similarly, the calculated Ni-Ni and Ni-O distances for
Ni(OH), are in good agreement with experimental values®>*”*"** (only
the calculated Ni-Ni distance obtained in this work using PBE+D3 is
slightly overestimated at 3.23 A).

For NiOOH, the interpretation is more complex. First, the calcu-
lated Ni-Nidistances for NiOOH spanawiderange of values, attributed
to aJahn-Teller distortion, which has also been reported in previous
computational works'>'¢#4859¢0_Second, some experimental works
present two values®>’, which were also rationalized by a Jahn-Teller
distortion, although most studies report only a single distance (the
shorter one)?*?*%¢-¢* None of these reported experimental values
match our computed interatomic distances for NiOOH. Interestingly,
both reported experimental Ni-Ni distances of NiOOH match either
that of NiO, (shorter distance) or that of Ni(OH), (longer distance),
as suggested by our calculation and previously reported measure-
ments of NiO, (refs. 53-55) and Ni(OH), (refs. 20,27,57,58). For the
Ni-O distances, the assignment is less clear, because the values can
be assigned to interatomic distances of experimental and theoretical
values of either NiO, or Ni(OH),. However, the reported values also fit
the largest and smallest values from our calculation on NiOOH. Note
thatsome valuesin the range of the calculated values of NIOOH do not
match any experimental values.

In general, we suggest that, on the basis of this comparison, it is
likely that the NiOOH phase discussed in the literature might actu-
ally be a mixture of Ni(OH), and NiO,, which has also been suggested
previously®*®. The possible role of mixed phases is further elabo-
rated on in ‘Differences between surface and bulk structure’ section.
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Fig.4 | Overtone deconvolution of surface-enhanced Raman spectra of

oxidized Niin pure and labelled water. a,b, In situ surface-enhanced Raman

spectra of NiO, on Au@Ni recorded at an applied potential of 1.54 Vg, up to

1,800 cm™in 0.01 M KOH (a) and 0.01 M KOH (b) with H;so assolvent. Theinset

of both spectra highlights the first and second overtone and combination bands.
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The position of possible overtone, combination modes and the position of the
v,(H,0) bending vibration of water are highlighted. Using only the calculated
position withinamargin of £10 cm™ of the predicted peaks, the spectrain the
inset were deconvoluted. Additionally, the deconvolution contained the H,0 or
H§80 bending vibration.

Furthermore, on the basis of the detailed comparison above (DFT
and experimental interatomic distances) and the lack of a deuterium
shift in our isotope-labelling experiments (Fig. 2), we now assign the
Raman spectrum close to the OER to NiO, rather than NiOOH. Note
that the computed Raman spectrum does not yet capture the peaks
observed inregion Il, and neither of the other structural models pro-
vided insights on the origin of region IlI (Fig. 1b), which is the subject
ofthe next section.

Overtone and combination band dormationin Raman spectra
An often-overlooked aspectin the interpretation of Raman spectra is
the role of overtones, also referred to as higher-order harmonics or
higher-order scattering. Ingeneral, overtone and combination modes
inRamanspectrawould be forbiddenaccordingto the selectionrules
in the harmonic approximation. However, as described above (and
below), under certain conditions, such features can appear®, Within
the harmonic approximation, the positions of overtones correspond
tointeger multiples of fundamental modes, while combination modes
result from the sum of different fundamental modes.

Todiscuss therole of overtones, we highlight regionIland Il of the
experimentally measured SER spectrum of NiO, (formerly assigned to
NiOOH) inFig.4a (inset) and indicate possible overtone and combina-
tionmodes. Thefirst overtones of peaksl,and |, are expected at twice
the measured positions of the corresponding fundamental modes, that
is, at 2I,and 2I,, while the combination of both modes would appear at
I, +1,, as marked in the inset. These peaks are all within region Il of the
SER spectrum. Using the positions of these overtones and the combina-
tion band, we deconvoluted regionIlinto three peaks (dashed curves
intheinset of regionIl), where the sum of the peaks (red curve) follows
the experimental Raman spectrumin this region. Details on the fitting
procedure are provided in the Methods. The positions of the most
relevant deconvoluted peaks for the discussion are summarized in
Supplementary Table 6, including overtones in KOD (Supplementary
Note 2) and K'®OH (Fig. 4b).

Elaborating further on possible higher overtones, we suggest that
region 11l (1,400-1,800 cm™) consists of the second-order overtones
of the fundamental peaks I, and I, as well as the combination modes
fromthese peaks. For the deconvolution, we also considered the band
related tothe bending mode of H,0 (marked inblue). Inaddition, com-
bination bands with peakl;are expected to appear within the respective
overtoneregions. However, the intensity of peak I, is low, and a possible
contributiontoregion Il will be discussed with the potential-dependent

measurements shownin ‘Influence of the vibrational Stark effect’ sec-
tionandin Supplementary Note 8.

Asimilar peak deconvolution approach canbe used for SER spectra
recorded in KOD, where, in addition, the bending vibration related to
D,0 at 1,200 cm™ has to be taken into account, as demonstrated in
Supplementary Note 2.

More interesting is the deconvoluted SER spectrum for NiO,
recorded in K'*OH (Fig. 4b). Here, the fundamental modes (peaks I, and
I,) shift to lower wavenumbers. Hence, the overtones and combination
modes also shift to lower wavenumbers in regions Il and Ill. The peak
related to H,"®0 at 1,628 cmis considered in the deconvoluted SER
spectrum. Consequently, previous studies claiming that this region
Ilis associated with oxygen are, in principle, true. However, the shifts
in regions Il and Ill are only an indirect effect caused by the shift of
the fundamental modes related to lattice oxygen species rather than
shiftsin the vibrational modes of reactive oxygen intermediates, which
could be expected in this region Ilwith pronounced peaks*¢. Note that,
for some systems or conditions, such species could still appear and
fall near or within overtone bands. Reliable assignment then requires
bands that cannot be deconvoluted with the position of higher-order
harmonics for atleast one isotope.

Insummary, assigning the bands inregions Il and Ill to overtones
and combination modes allows us to revisit the previously discussed
DFT-calculated Raman spectra and rationalize their absence. Appar-
ently, these modes arise from anharmonic effects, which are not
accounted for by the finite difference approach that we employed
to calculate phonon modes. Thus, with the origin of regions Il and IlI
accounted for, the DFT-calculated Raman spectrum of NiO, aligns well
with the experimental findings, further supporting our suggestion that
the Raman spectrum corresponds to that of NiO,.

Further insights on the possible origin of the overtone and com-
bination modes canbe gained from comparing Raman measurements
with and without SERS support and recorded at different potentials.
First, overtones are also apparent in the in situ Raman spectra of Ni
sheets oxidized to NiO, without SER support, measured under simi-
lar conditions, albeit with reduced intensity, as demonstrated in
Supplementary Fig. 5. Therefore, it is unlikely that the observed over-
tones originate from a SERS effect. In contrast, aRaman spectrum for
Ni(OH), canonly be observedinthe presence of a SER substrate (Fig. 1b,
bluecurve). Here, the additional features Band Cin the experimentally
obtained SER spectrum can also be explained by overtones, asdemon-
strated in Supplementary Note 9.
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Fig.5|Surface-enhanced Raman spectra of a Au wire supported Co-and
Mn-based oxides at different potentials. a, In situ SER spectra of Co deposited
onAuwirein 0.01 MKOH at 0.77 Vg, (violet; 194,482,523, 619 and 691 cm™) and
1.17 Ve (red; 498 and 581 cm™), where Co,0, and CoOOH is formed, respectively.
The fundamental modes of both Co,0, and CoOOH are highlighted witha
dashed line, including the modes of CoOOOH contamination (yellow) in the
spectrum of Co,0,. Additionally, the overtones of CoOOOH of both materials are

highlighted. b, In situ SER spectra of Mn deposited on Auwirein 0.01 M KOH at
0.67 Vg (green; 321,378,481, 560 and 660 cm™) and 1.47 Vi, (brown; 501, 577,
621and 661 cm™), where Mn,0, (and Mn,0,) and MnO, is formed, respectively.
The fundamental modes are marked, and the respective overtones of MnO,

and possible overtones of I, and I; of Mn,0, are highlighted. The assignment of
Raman spectra was performed on the basis of previous literature summarized in
Supplementary Table 8.

The most common possible reasons for the appearance of
overtones would be related to the resonance-enhancement effect,
which was previously proposed for NiOOH for excitation at a laser
wavelength of 633 nm (refs. 26,35). In contrast, no resonance effect
is known or stands out for Ni(OH), at this wavelength. While the first
overtones can occur owing to resonance Ramanscattering in the form
of triple-resonance Raman scattering, the occurrence of a complete
second overtone band is unlikely owing to selection rules® ™.

Hence, resonance enhancement alone does not fully rationalize
the observed overtone features in our case.

Considering reports on overtones and combination modes for
other systems, it seems that these features appear predominantly
in layered materials such as MoS, (ref. 10). Other examples of over-
tones in layered materials are summarized in Supplementary Table 7.
Additionally, some rare examples report overtones for non-layered
materials, suchas RuO, powder®. For some but not all of these systems,
overtone and combination modes were also suggested to berelated to
resonance effects™.

To substantiate our assumption that layered materials predomi-
nantly show pronounced overtones, we additionally recorded in situ
SER spectraof Coand Mnin 0.01 MKOH at two potentials (Fig. 5). The
peaks commonly reported in the literature are marked in the spectra.
The band positions and the surface structures to which they have
been assigned are given in Supplementary Table 8, including refer-
ences. For Co, at 0.77 Vy,: (purple), the electrode consists of a mixture
between Co;0,and CoOOOH. At1.17 Vi (red), presumably only CoOOH
is present.

Most importantly, COOOH is considered to have a layered struc-
ture, while Co;0, hasarigid spinel structure. According to our assump-
tion, for CoOOH (red), the peaks in region Il are related to overtone
and fundamental modes. For the SER spectrum of Co,0, (violet), we
suggest that the overtone region is dominated by the overtones from
CoOOH, because the shape does not change substantially and also
no additional features that could be attributed to overtones of the
fundamental modes of Co,0, appearinregionll.

Comparable conclusions can be drawn from the Raman spectra
of MnshowninFig.5b. At 0.67 Vg, the five bands in the SER spectrum
can be attributed to Mn,0,, although Mn,0O, might as well be present.
Both Mn,;0,and Mn,0, possess arigid structure. The overtone region
only shows two weak features that may vaguely correspond to the over-
tones of I, and I;0f Mn,;0,. Admittedly, the intensity of the fundamental
modes is low for Mn;0,, which may result in potential overtone bands
being obscured by noise. Upon applying1.47 Vg,,;, the Raman spectrum

changes markedly. Accordingto previous reports, the features canbe
attributed to MnO,, but they probably reflect amixture of MnO, phases,
including layered structures with intercalated cations. Also, in this case,
the overtone region matches the overtones of the fundamental peaks.

Overall, the measurements of Co, Mn and Ni substantiate a ten-
dency for layered materials to exhibit overtone modes. In general,
these materials are prone to defects and mismatches due to comparably
weak interlayer interactions®. Therefore, we suggest that the overtones
might be enhanced or eveninduced by such defects orintermolecular
interactions between the layers. This appearance of overtones could
potentially aid in discriminating between layered phases and more
rigid, non-layered structures, such asin CoOOOH and Co,0,. Note that
these findings do not indicate that overtones occur only in layered
materials, which is further supported by the possible weak overtone
features detected for Mn,0, or the previously reported overtones in
RuO, powders®®. Further studies are required to elaborate on these
aspects more closely.

Influence of the vibrational Stark effect
Sofar, ourresults and discussion on the Ni oxide structure focussed on
the potential region before and at around the onset of the OER. Below,
weillustrate the consequences of assigning the peakinregion Il to over-
tonesontheinterpretation of SER spectrarecorded during the OER, by
performinginsitu SERS measurements on Au@Ni electrodesin 0.01M
KOH with increasing potential and varyingion concentration (Fig. 6).

The evolution of the Raman spectra with increasing poten-
tial (from 1.54 to 2.74 Vy,e) in 0.01 M KOH are shown in Fig. 6 (see
Supplementary Fig. 12 for an overlay plot). Focussing on region
I, peak I, shifts slightly to higher wavenumbers and the intensity of
peak I, increases, as does that of peak I, which also shifts slightly to
higher wavenumbers (6-10 cm™). Furthermore, subtle changes can
be observed between peaks I, and I,, which may be associated with
potential-dependent changesin the E,band (see below and Supplemen-
tary Note 8). Whether or not these shifts originate from the presence of
adsorbed species cannot be excluded from our work. However, usually,
adsorbed species (such as O or OH) should lead to the appearance of
additional sharper bands at higher wavenumbers*®. The formation of
an adsorption complex would then possibly also lead to a substantial
change in the vibrational properties of the fundamental modes. In
region I, the changes observed are more complex, developing two
broad features.

The pronounced changes at high wavenumbers of the overtone
and combination band in region Il can be rationalized by the changes

Nature Catalysis


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-026-01613-9

Intensity x 10

Intensity x 10

Il I
3
g” \
M
PSS /\'\
P\
- /f\\
e
T T T T T T
300 500 700 900 1100 1,300 300 500 700 900 1100 1,300
P (cm™ V(cm™

Fig. 6 | Vibrational Stark effect in surface-enhanced Raman spectra of NiO,. a,
Insitu surface-enhanced Raman spectra of NiO, on Au@Ni from 1.54 t0 2.74 Vyye
recordedin 0.01 M KOH. b, In situ surface-enhanced Raman spectra recorded in
0.1M,0.01 Mand 0.001 MKOH at1.6,1.64 and 1.58 V.. All measurements were

performed while stirring to prevent bubble formation. Region I (I, 1, I;) and Il are
marked, and modes where changes are visible are highlighted. The datain region
IIfrom 700 t0 1,250 cm™is scaled by a factor of 10.

in peak shape, intensity and position of the fundamental modes in
region I. Furthermore, the influences of peak I on the overtone band
canbeobserved at high potentials (Supplementary Fig.12), indicating
thatitcorrespondstoafundamental mode of the lattice, inagreement
with our earlier assignment of this peak I; to the IR-active A,, mode on
the basis of DFT calculations. This also means that these modes are
present at lower potentials but only become discernible by changing
the potential. The extent to which the second possible IR-active E,mode
inferred from DFT above contributes to the overtoneregionis unclear.
The findings underscore that potential-dependent measurements
canindirectly reveal modes through changes in the fundamental and
overtone regions.

The peak changes and shifts observed upon varying the potential
canalsobeinducedby usingelectrolytes with varying pH (and varying
totalion concentration), suchas 0.1 M, 0.01 Mand 0.001 MKOH, while
applying a potential of 1.60 Vg, 1.64 Viyye and 1.58 Vi, as illustrated
inFig. 6b. In the case that the total ion concentration is kept constant
uponvarying the pH, the SERS bands remain unchanged, asillustrated
inFig.2.

In combination, on the basis of these measurements, we sug-
gest that the changes in the vibrational properties observed in the
Raman bands are related to changes in the interfacial electric field at
the electrode surface, denoted as the vibrational Stark effect®®. Upon
applying a potential to the electrode, the field in the double layer will
simply follow. Similarly, changing the ion concentration (and in this
case, also pH) in the solution will change the local accumulation of
ions close to the electrode and hence cause a change in the interfacial
electricfield. Keeping theion concentration constant upon changing
the pH (Fig.2), theinterfacial electric field does not change and hence
the Raman spectraappear similar. Note that thelocal electric field also
depends onthe nature of the ions. Thisinfluence probably accounts for
the small shift observed for Cs* compared with Li*, Na*and K" in Fig. 2
and might become more pronounced in more concentrated solutions.

Such Stark effects have previously been observed in SERS studies
of adsorbed species such as CO on Pt, affecting both the position (by up
to5.3 cm™per 0.1 Vg Step) and the intensity of the vibrational modes®.
Considering these findings and our results, we suggest that the Stark
effect contributes substantially to the changes observed in both the
fundamental modes and the overtoneregionslland Ill. Consequently,
possible structural modifications or the presence of adsorbed species,
aswellasthe associated OER mechanisms that were attributed on the
basis of changes in this region, might have to be reconsidered®**"*.

Differences between surface and bulk structure
Considering that our combined Raman and DFT study suggests that,
after the electrochemical oxidation of Ni(OH), (oxidation state II),

NiO, (oxidation state IV) is formed at the surface instead of the widely
accepted NiOOH (oxidation state 3.0), and the discrepancies between
the various structural models highlighted throughout this work, we
briefly discuss possible surface, near-surface and bulk structures at
high overpotentialsin alkaline electrolytes (OER region). Animpression
about therelative stability of the potential-and pH-dependent stability
ofthese phases canbe inferred from experimental and computational
Pourbaix diagrams® . Some studies predict the direct formation of
NiO, from Ni(OH), without the formation of astable NIOOH intermedi-
ate, while others identify a narrow stability window for NiOOH. Most
importantly, all reports agree that NiO, becomes the thermodynami-
cally favoured phase at high pH and high potential.

While this conclusion supports our findings, it conflicts with other
studies reporting oxidation states for chemically prepared f3- and
y-NiOOH ranging from 3.0 to 3.7, as determined by titration'***’°, or
bulk-sensitive X-ray absorption near edge structure (XANES) measure-
ments of electrochemically oxidized samples reporting mixed oxida-
tionstatesbetween 3.22 and 3.6 (refs.22,27,58,61,62,71-73). Although
these measurements suggest or confirm the presence of Ni(IV), they
also suggest lower oxidation states, typically attributed to hydroxide
species, which were not detected inthe Raman spectra, on the basis of
isotope-labelled experiments in D,0. Experimental methods that per-
mitresolution of the catalyst surface structural properties under reac-
tion conditions beyond Raman spectroscopy remain scarce, especially
because Nioxides with high oxidation states tend to decompose when
removed fromthe electrolyte for ex situ characterization, such as X-ray
photoelectron spectroscopy (XPS)”*”*. Thus, synchrotron-based tech-
niques such as EXAFS measurements on thin films are among the few
methods capable of providing in operando structural insights. Along
that line, some EXAFS studies have suggested the direct oxidation of
Ni(II) to Ni(IV) instead of Ni(lll) by analysing interatomic distances®*®.
Similar conclusions were drawn in ‘DFT-guided assignment of Raman
spectra’ section. However, other authors have also suggested mixed
oxidation states including Ni(Ill) using XANES**?"*87172_Detection of
hydrogen in bulk-sensitive inelastic neutron scattering’ and infrared
spectroscopy’®***, revealing hydrogen-bonded hydroxyl groups, fur-
ther supports the presence of NiOOH but could also support a mixture
of NiO, and Ni(OH),. Overall, we suggest that the apparent discrepan-
ciesinstructural assignment arise from the different probing depths of
theemployed techniques. Methods such as EXAFS and X-ray diffraction
usually provide combined information about the surface aswell as the
bulk and thus also very much depend on the nature of the sample, such
as thin-film thickness or particle sizes, and the choice of the support.
For SERS, the question about the probing depth cannot be answered
with as much confidence, because to the best of our knowledge, dedi-
cated studies on the probing depth of Raman on solid materials are
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notavailable. Possible hints about the probing depth of the substrate
can be gained indirectly from Raman studies. For example, in studies
without electrolyte and without SERS substrate, a Raman scattering
study on MoS, layers supported on SiO, showed that the Sisignal from
the substrate decreases with increasing MoS, layer thickness, vanish-
ing entirely for more than five layers'®. Inamuch more related system,
but also without a SERS substrate, Li,NiO,, the Raman probing depth
has been suggested to range from 100 to 200 nm (ref. 55). For solids
in electrolytes and using SERS substrates, a probing depth of 3-4 nm
was suggested in SERS measurements on the electrooxidation of Cu
on a Au substrate”. We used a similar approach, and by analysing the
time-dependent evolution of the SER spectra during Ni electrooxida-
tionto Ni(OH),, we obtaina probing depth smaller than 3.2 nm, thatis,
less than seven monolayers (Supplementary Note 10). These insights
suggest that the probing depth strongly depends on the experimental
conditions and the material.

Consistent with this picture, no new features appearinthe Raman
spectra after continuous oxidation at 1.49 Vg, or at higher potentials
(up t0 2.7 Vg, Figs. 1a and 6b). Such changes in bulk structure are
apparent in cyclic voltammagrams when a Ni electrode is exposed to
extended oxidation reduction cycles to form 3- and y-NiOOH (Sup-
plementary Note 1). Because the Raman spectra remain unchanged
(NiOQ,), these structural changes must occur in the bulk, which is not
accessible with SERS. Consequently, the bulk composition, whether
NiOOH or a mixture of NiO, and Ni(OH), (see ‘DF T-guided assignment
of Raman spectra’ section), cannot be conclusively determined with
our methodology. This also means that changes in the bulk structure
seem to have little effect on the surface structural properties of the
terminating NiO, layer, thus possible effects on electrocatalytic reac-
tions might be negligible.

Mechanistic implications

Ourrevised identification of the surface structure (NiO, versus NiOOH)
and the fact that SERS does not provide direct evidence of reaction
intermediates will probably have consequences for current endeavours
to understand the still-unresolved OER mechanism on Ni anodes. In
general, for the previously suggested NiOOH(0001) surface, several
mechanisms were suggested'®’®””, Usually, two mechanisms are pri-
marily discussed to describe the OER: the lattice oxygen mechanism
(LOM), inwhich lattice oxygen directly participatesin thereaction, and
the adsorbate evolution mechanism (AEM), where all evolved oxygen
originates from the electrolyte’®. For both mechanisms for NiOOH,
afavourable suggested first step is the deprotonation of lattice OH
groups, followed by the adsorption of H,0 or OH™ at the resulting depro-
tonated site'®””. Considering now that NiO, provides the active sites,
such adeprotonation step could be discarded from the catalytic cycle.

In an AEM in subsequent steps, after the adsorption and depro-
tonation of H,0 or OH", either the deprotonated species react with
another H,0 or OH™ from the electrolyte or two of these adsorbed
deprotonated species recombine to form O,, recovering the NiO,
surface. Considering that the O-0O distance (Table 2) of NiO, (2.77-
2.82 A) is shorter compared with NiOOH (2.87-2.99 A), and hence
that of adsorbed oxygen atoms also is, the recombination to form O,
would be facilitated. However, the distance between neighbouring
adsorbed oxygen species still remains relatively large, compared with
other materials, such as IrO, where Ir-O,-Ir coupling was suggested,
allowing direct bonding between adsorbed O”°.

The LOM would only require the formation of a single deproto-
nated OH™ or H,0 on alattice oxygen atom, which is released with the
lattice oxygen of the adsorption site. The thereby created vacancy
would be filled by adsorption and deprotonation of OH™or H,O in the
final step. The involvement of the lattice oxygen species was dem-
onstrated by ®0 isotope-labelling experiments®*°, Furthermore,
DFT-based mechanistic studies on NiO, derived from deprotonated
isolated two-dimensional NiOOH sheets, that is, where the lattice

constant is not that of a pure NiO, structure, support a LOM mecha-
nismand ascribe the NiO, structure alower overpotential for the OER
than NiOOH®'.

Finally, one hasto consider that real catalyst materials, including
the system studied in this work, consist of edge and defect sites as
well as grainboundaries, which are difficult to isolate experimentally.
For NiO,, it is likely that these sites behave differently from those on
NiOOH®. Similar extensive theoretical studies to those on NiOOH-
627780 and NiO,-like structures® are now required for NiO,; aside from
the structural effects, they should also consider the possible influence
of the oxidation state, the magnetization and geometry on the OER.

Conclusion

Inthis Article, we highlight the implications of overtone formation, in
combination with isotope-labelled experiments and DFT-computed
Ramanspectra, for surface structural assignment, as demonstrated by
the oxidation of Niin alkaline electrolytes at potentials near and beyond
the onset of the OER using SERS. The surface structural properties were
elucidated by combining experiments in isotope-labelled water with
DFT-computed Raman spectra. These combined findings, including
the absence of adeuterium shift (isotope-labelled experiments) in the
experimental Raman spectra, illustrate that the surface is terminated by
Ni(IV)O,ratherthanthe widely discussed Ni(Il) OOH. Next, we attribute
the experimentally observed Raman bands of NiO, between 900 cm™
and 1,200 cm™, previously assigned to superoxides, to overtones and
combination bands. This assignment is further substantiated by the
detection of second-order overtonesin the SER spectra of NiO,, as well
asbothfirst-and second-order overtonesinthe SER spectra of Ni(OH),.
We propose that layered materials are particularly prone to exhibiting
overtones, which was substantiated by additional potential-dependent
Raman measurements on Co- and Mn-based oxides and should stimu-
late further fundamental Raman studies on this class of materials.

Inaddition, we show that, according to the SERS data, the surface
structure of NiO, in an alkaline environment is not directly affected
by pH, the type of cation such as Li*, Na*, K" and Cs* or possible phase
transitions between - and y-NiOOH in the bulk. Moreover, we rational-
ized the changes observed inthe SER spectrainthe overtone region at
increasing potentials or increasing electrolyte concentration, previ-
ously assigned to structural changes of the material, to a vibrational
Stark effect.

Webelieve that these findings are relevant to the ongoing discus-
sion of the structure and understanding of the catalytic behaviour of
oxides, in particular for the reaction mechanism of the OER. Moreover,
the observation of overtones for different oxides (Mn, Co and Ni)
underscores the importance of accounting for anharmonic effectsin
spectral analysis to avoid misinterpretation during material charac-
terizationin general.

Methods

Materials

HCIO, (99.999%), Ni(NOs), - (H,0), (99.999%), Co(NOs), - (H,0),
(EMSURE), MnCl, - (H,0),(EMSURE), KCl (EMSURE), KOH (99.99 %, semi-
conductor grade), LiOH -H,0 (99.995%), NaOH - H,0 (99.99%, semicon-
ductor grade) and CsOH -H,0 (99.5%) were purchased from
Sigma-Aldrich. Ni sheets (99.99%) were purchased from Mateck. Solu-
tionsandelectrolytes were prepared with Milli-Qwater (18.2 MQ), except
for experiments with isotope-labelled water, that is, D,0 (99.9%) and
H320 (97%), which were purchased from Deutero. Caro’s acid was pre-
pared with 3 parts of 95% H,SO, (technical grade) from VWR chemicals
and 1 part of 30% H,0, (for synthesis) from Sigma-Aldrich. Possible Fe
impuritiesin KOH were removed accordingto the procedure described
by Trotochaud et al. for measurements with Nisamples®. This procedure
involved precipitating Ni(NO;), in 1M KOH. The precipitated Ni(OH),
was washed with Milli-Q water and centrifuged. Afterwards, KOH was
added to the redispersed Ni(OH), and shaken. After a resting period of
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atleast 3 h, the KOH mixture was centrifuged and subsequently used for
measurement. All perfluoroalkoxy alkane (filament; filamentworld),
polyvinylidene fluoride (filament; 3Dogg) and glass components were
cleaned by soaking in Caro’s acid for at least 1 day. Before the experi-
ments, the components were rinsed with and subsequently boiled in
ultrapure water at least three times for at least 1 h.

Electrochemical Raman spectroscopy setup

Insitu SERS measurements were performed in a perfluoroalkoxy alkane
cell (VITLAB GmbH) with a three-dimensional-printed lid made of
polyvinylidene fluoride, whichisillustrated in Supplementary Fig. 15.
The lid had a hole covered by a transparent borosilicate glass disk
(Marienfeld), allowing the laser of the Raman spectrometer to inter-
act with the sample. The glass disk was mounted shortly before the
start of the experiment to minimize its dissolutionin alkaline electro-
lytes, to prevent silicate contamination. A magnetic stirring bar was
included to disperse the bubbles formed during the OER, which limit
the Raman measurements at high overpotentials. For measurements
inisotope-labelled water (KOD and K'*OH), a similar cell was used but
with a smaller electrolyte volume and without a stirring bar. The stir-
ring bar was used only during measurements in the larger cell under
OER conditions, as no effect was observed under other conditions and
omittingit ensured consistency between measurements performedin
thelarger and smaller cells.

The potential was controlled with a PG-285 potentiostat
(HEKA-Elektronik), using aleakless Ag/AgCl miniature reference elec-
trode (eDAQ) and aPt wire (MaTeck, 99.99%) as a counter electrode. The
Ptwirewas prepared by soakingitin hotacetone (50°C) foratleast0.5h
and subsequently sonicatingitin Milli-Q water at room temperature for
another1h. The Raman spectrawere recorded with an inVia confocal
Raman microscope (Renishaw) equipped witha charge-coupled device
detector,aHe-Nelaser with awavelength of 633 nm (maximum power
of 17mW) and a 50x long working-distance objective.

Sample preparation

The SERS active Niworking electrode (Nisupported onaAusubstrate,
denoted as Au@Ni) was prepared electrochemically in a glass cell,
equipped with a Ag/AgCl (3.4 M) reference electrode and a graphite
rod counter electrode. The potential of the working electrode was
controlled with aVSP-300 potentiostat from BioLogic. The preparation
procedure for the working electrode was adapted from the procedures
described by Diaz-Morales et al.”**?Inshort, a Auwire (MaTecK 99.995%)
was annealed in abutane flame and then roughened with 30 potential
cycles in 0.1 M KCI. Afterwards, deposition was performed ina 5 mM
Ni(NO;), and 0.1 M KCIO, solution using a current of 10 pA. For the
deposition of Co or Mn, Co(NOs), - (H,0), or MnCl, - (H,0), was used
instead. A more detailed procedure can be found in the
Supplementary Methods.

Raman spectra processing
Theraw Raman spectrawere post-processed by adjusting the baseline
and removing noise. The baseline was determined with asymmetric
least-squares smoothing® and subtracted from the signal. Addition-
ally, aSavitzky-Golay filter was applied to all spectra to remove noise**,
which improves the visual separation of peaks from the noise. In all
figures, the filtered signal is plotted as a solid line on top of the raw
noisy signal (shown with amore transparent colouring).
Measurements performed during different measuring series and
during OER conditions can have varying total intensity. To improve
comparability, the intensity of each NiO, spectrum in the manuscript
was scaled so that the maximum of the first peak at 450-480 cm™
has a unified intensity. Peak deconvolution of various SER spectra
was performed using the Voigt model from the Python-based Imfit
library®. To deconvolute the overtone and fundamental modes, their
positions were estimated by summing the corresponding fundamental

frequencies of the experimentally measured spectrum. A tolerance
of +10 cm™ was allowed to account for possible deviations during the
deconvolution process.

Computational methods

All calculations were performed with the Vienna Ab initio Simulation
Package 6.2.0°*%. The projector augmented wave method was utilized
todescribe electron-coreinteractions®. Inall calculations, plane waves
with a cutoff of 600 eV were employed and Gaussian smearing with a
width of 0.05 eV was used. The 600-eV cutoff was determined on the
basis of a cutoff study for NiOOH (see below), considering both accu-
racy computational cost. The corresponding values are summarized
inSupplementary Table 9.

Bulk structures of Ni(OH),, NiOOH and NiO, were investigated
with DFT using the generalized gradient approximation developed
by Perdew, Burke and Ernzerhof (PBE) to describe electronic exchange
and correlation®’, Each DFT calculation was performed once with D3
correction’®, and once with Hubbard correction® using the approach
of Dudarev et al.”* with a U~/ value of 5.5 eV. Similar values have been
used in previous reports™'**7¢*”*_Furthermore, for all bulk structures,
hybrid functional calculations were carried out using PBEO (with a
Hartree-Fock exchange of 25%), HSEO6 and B3LYP°**°, For Ni(OH),, a
layered brucite-type structure was assumed, consistent with experi-
mental observations'?°. The employed unit cells contain two formula
units of Ni(OH),, resulting in a total of ten atoms per cell. Tomodel the
B-NiOOH bulk structure, we used a similar framework as for Ni(OH),,
but with half of the hydrogen atoms removed, in line with previous
studies™?, yielding eight atoms per unit cell. The bulk NiO, structure
was then obtained by removing the remaining hydrogen atoms from
the NiOOH structure, resulting in six atoms per cell. Spin-polarized
calculations were performed using a low-spin electronic configura-
tion for the Ni ions, allowing for both ferromagnetic and antiferro-
magnetic couplingin Ni(OH), and NiOOH. Previous reports generally
assume that Ni(OH), adopts an antiferromagnetic arrangement®. For
NiOOH, anantiferromagnetic arrangement has also been suggested*’,
although ferromagnetic configurations have also been reported”. In
this work, both ferromagnetic and antiferromagnetic configurations
were considered for both materials. The geometry and cell parameters
of the three structures were optimized with each of the four above
introduced methods, employing a 5 x 3 x 4 k-point mesh according
to the Monkhorst-Pack scheme?”. Convergence was achieved when
the maximum force applied on any atomis smaller than 0.05 meV A™,
and the energy difference of the electronic self-consistent field was
smaller than 1076 eV. The optimized cells yielded stacking orders of
ABAB, ABBCCA and ABAB for Ni(OH),, NiOOH and NiO,, respectively.
Structural parameters can be found in Supplementary Table 2. Density
of states were calculated for all bulk structures using a10 x 6 x 8 k-point
mesh. To compute formation energies, O, and H, molecules were cal-
culated for all functionals and formulism described above inside a30
x30x30 A cell using ak-point mesh of 1x1x 1. Furthermore, calcula-
tionswere performed for an optimized Ni lattice containing six atoms
arranged ina1x 3 x 2 rhombohedral lattice (a = 60°), corresponding
to the face-centred cubic unit cell. Here, a 5 x 3 x 4 k-point mesh was
employed. The optimized structures areavailablein the Supplementary
Information and ref. 98.

Surface structures of NiOOH and NiO, were created using four lay-
ers of the optimized bulk structure. Only surfaces calculated with D3
or with Hubbard correction were created owing to the computational
cost of hybrid functionals. Each layer consisted of four formula units
of either NiOOH or NiO,, and the positions of the bottom two layers
were fixed during geometry optimization. To capture the influence
of the surface on the Raman spectra, vacuum was added above each
surface slab. The layer-to-layer distances across the vacuum region
were17.6 Aand18.4 A for NiOOHand17.8 Aand 19.4 A for NiO, when cal-
culated with D3 and Hubbard corrections, respectively. Furthermore,
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the NiOOH structures were calculated using both ferromagnetic and
antiferromagnetic spin configurations. In the antiferromagnetic con-
figuration, each layer itself is antiferromagnetic, where in each layer
the two Ni atoms at the smaller x coordinates share the same spin
orientation but have opposite spins relative to the two Ni atoms with
larger x coordinates. The magnetic moments for the surface structures
are of the same order of magnitude as those of the corresponding bulk
structures. Phonons were calculated for all structures optimized with
D3 or Hubbard corrections using a finite difference approach with a
step size of 0.01 A and a cutoff of 600 eV for the plane wave energy.
k-points were employed using a 8 x4 x1k-point meshaccording to the
Monkhorst-Pack scheme. To calculate the phonons for the NiOOH and
NiO,surfaces, the positions of the bottom three layers were fixed and
only modes for the top layer were calculated.

Finally, to calculate Raman intensities, an adapted Python script
by Fornari and Stauffer was employed, which allows for calculating
the macroscopic dielectric tensor with respect to each normal mode
by displacing each atom by 0.01 A along each normal mode vector’.
Again, for the NiOOH and NiO, slabs, only the atoms of the top layer
were displaced. Raman intensities were then calculated according to
the procedure proposed by Porezag et al.”° The complete calculated
Ramanspectrafor the bulk and surface structures of NIOOH are shown
in Supplementary Fig. 10. Calculations of bulk Ni(OH), are presented
in Supplementary Fig. 11. Furthermore, the intensity of all calculated
phononsand their positions are summarized for each structurein the
Supplementary Information.

Data availability
Thedatasupporting the findings of this study are available viaZenodo
at https://doi.org/10.5281/zen0do0.21899094 (ref. 98).
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