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Abstract

Surface-enhanced Raman spectroscopy (SERS)
is a valuable technique, particularly for in situ
and operando studies. However, anharmonic
features, such as overtones, while rare and of-
ten overlooked, may complicate structural in-
terpretations. This aspect is illustrated for
Nickel oxyhydroxide (NiOOH), a vividly dis-
cussed oxygen evolution reaction (OER) cat-
alyst for application as anode material in al-
kaline electrolysers. Based on in situ SERS
measurements in common electrolytes, includ-
ing isotope-labeled water and Density Func-
tional Theory (DFT) calculated Raman spec-
tra, we question the presence of NiOOH upon
electrochemical oxidation of Ni(OH), and in-
stead suggest that the catalytically active sur-
face consists of Nickel dioxide (NiO,) instead.
Additional bands in the experimental spectrum,
which were previously assigned to superoxide
species, are attributed to overtones and com-
bination bands. Possible reasons for the ap-
pearance of overtones are discussed. Previously
observed shifts of these bands at varying pH
and more positive OER potentials are rational-
ized by a vibrational Stark effect rather than
changes in the material or adsorbate structure.
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Introduction

Raman spectroscopy is a versatile technique
used for chemical, biological (medical), and
material characterization.'™ The additional
advantage of studying materials immersed in
aqueous environments operando makes it an
indispensable technique for studying catalysts
under reaction conditions and gaining atomic
scale insights into reaction mechanisms.% 10
Especially under operando conditions, an en-
hancement of signal intensities is desired, which
can be achieved by Plasmon-enhanced Ra-
man spectroscopy (PERS) approaches,!1?
such as tip-enhanced Raman spectroscopy
(TERS),'? shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS),!? or surface-
enhanced Raman spectroscopy (SERS).26:8710
In some cases, the enhancement effect reveals
additional bands. These further complicate
the already complex interpretation of the spec-
tra and, thus, require additional methods, in-
cluding density functional theory (DFT) cal-
culations. %15 Furthermore, in Raman spec-
troscopy and PERS, only fundamental modes
are generally observable, as described by the se-
lection rules in the harmonic approximation. !¢
However, under certain circumstances the ap-
pearance of overtones and combination bands
can be observed, such as for molecules,!"!®
graphene, 2! MoS,?? and WS,.?% Consider-
ing that overtones are usually not covered (or
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even mentioned) in more general reviews on e
PERS, including recent works on in situ and 1
ambient pressure characterization of solid ma- 110
terials, 126819 rajses the question of whether 1
such bands might have been overlooked in some 112
research areas. 13

In this context, we will illustrate the ap- 1
pearance of such bands in the SER spectra of us
Ni (oxo-)hydroxides, a widely discussed oxygen 1
evolution reaction (OER) catalyst for applica- urs
tion in alkaline electrolyzers.?*2? Our findings 1
have direct consequences for the interpretation 1o
of structural properties, as well as for the ongo- 12
ing discussions regarding the interpretation of iz
the reaction mechanism, which strongly rely on 1
Raman spectroscopy measurements. 3034 123

Based on the current understanding, it is ac- 124
cepted that under OER conditions, Ni elec- 1
trodes are oxidized to NiOOH.3*37 Neverthe- 16
less, some puzzles related to the structural i
properties remain, which, if clarified, will have 1
implications for the description of the reac- 12
tion mechanism on this surface. For exam- 130
ple, the position of the hydrogen atoms is
still debated,®* % including studies suggesting 1z
the presence of delocalized and labile hydro- 1
gen atoms. *42 Furthermore, it was shown that 134
NiOOH consists of sheets of double hydrox- iss
ide layers, appearing in two distinct phases i
(8- and y-NiOOH). The B-NiOOH phase ex- 17
hibits a high degree of crystallinity, where Ni 13
is commonly suggested to be in the oxidation iz
state 3.0.3%36:4344 Tn contrast, the disordered
~v-NiOOH has been reported to be partially de-
protonated and to contain intercalated water or 4
cations, such as K*.36:4446 The oxidation state
of Ni in this material has been reported to range 14
between 3.3 and 3.7, suggesting that Ni(IV) is
present.3%434749 Additionally, in recent SERS
studies on NiOOH during the OER, an addi-
tional band has been reported that could not
be attributed to the bulk structure but rather
to the formation of superoxides on the NiIOOH
surface.3*%%°! In the present work, we will show
that the surface likely consists of NiO, instead
of NiOOH and that the superoxide band is actu-
ally related to overtone and combination modes
from the NiO, spectrum.

To illustrate our reasoning, we first summa-

149

151

rize the current understanding of the struc-
tural properties of Ni (oxo-) hydroxides before
and during the OER, in comparison to experi-
mental in situ SER spectroscopy measurements
performed in commonly used electrolytes with
varying pH, cation species, and isotope compo-
sition. Raman spectra inferred from DFT cal-
culations on NiOOH and NiO, are used to val-
idate the measured Raman spectra, where the
spectrum for NiO, (Ni with an oxidation state
of 4) best matches the experimental data and
accounts for the absence of hydrogen features
in the experimental SER spectra. This find-
ing contradicts the prevailing view that the ac-
tive structure consists of NIOOH. Nevertheless,
the experimental Raman spectrum shows ad-
ditional bands that were previously attributed
to superoxide formation, which can only be ra-
tionalized by overtone and combination bands
from the fundamental modes of NiO,. Possi-
ble reasons for the appearance of these bands
are discussed. Furthermore, variations in these
bands caused by changing the pH or applied po-
tential might be incorrectly attributed to struc-
tural changes or the appearance of intermedi-
ates in the reaction mechanism.???! Instead, we
illustrate that these changes can be attributed
to the vibrational Stark effect. In summary, we
show that the assignment of these bands to spe-
cific species, rather than overtones, could lead
to misinterpretations of the material’s structure
and reaction mechanisms.

Results and Discussion

Raman Spectroscopy

SERS-active Ni samples were prepared accord-
ing to the procedure described by Diaz-Morales
et al., involving electrodeposition of about 75
layers of Ni on a roughened Au wire.5! The
SERS measurements were performed in a PFA
cell designed to minimize the distance the laser
has to pass through in the electrolyte, thereby
maximizing the resulting signal intensity. Ad-
ditionally, a stirring rod was included and used
during Raman measurements at high overpo-
tentials to disperse bubbles formed during the
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Figure 1: a) Cyclic voltammogram for Au@Ni wire recorded in stirred 0.01 M KOH at a scanrate
of 5mVs ! and limits of 1.04 V and 2.44V.b) In situ SER spectra for Ni in 0.01 M KOH, recorded
at electrode potentials of 1.14V and 1.54V, at which Ni(OH), or NiOOH is formed, respectively.
The electrode potentials during both SERS measurements are marked in a. The inset magnifies
the region between 800 cm ! and 1800 cm ™! by a factor of 10. The labels I;, Iy and I3 refer to the
three peaks of the first region at 479cm !, 558 cm ! and 610cm ! of NIOOH whereas II and III
refer to the two regions at 900 cm * to 1200 cm ! and 1400 cm ! to 1800 cm . Furthermore, the
position of the H,O bending vibration is highlighted in blue for both Ni(OH), and NiOOH.

OER and thereby reduce noise. Details on the 175
sample preparation, the electrochemical cell, 176
procedures, as well as the background and noise 177
correction applied to all SER spectra are pro- iss
vided in the SI. 179

A cyclic voltammogram for the SERS sample 1s0
recorded in stirred 0.01 M KOH at a scan rate is:
of 5mV s !is shown in Fig. 1a, featuring typical 1
redox features for Ni electrodes in this poten- iss
tial region. 26:36:37:52,53 According to previous re- 1s
ports, in the positive-going scan Ni(OH), is ox- 1ss
idized to NiOOH in the oxidation peak O, with 1ss
a maximum of 1.49 V. The reverse reaction oc- 17
curs in the reduction peak R with a maximum 1ss
of 1.2V in the negative-going scan.32:51,54,55

The change in the structural properties dur- 1%
ing the oxidation in peak O is apparent from 1o
in situ SER spectra in Fig. 1b, recorded at 10
electrode potentials of 1.14 V (blue) and 1.54 V 10
(black) (also marked in Fig. la by vertical 1o
lines). Further SER spectra recorded in steps iss
of 0.1V between these limits are included in the 10

189

ST (Fig. S5).

The SER spectrum for Ni(OH), is simi-
lar to those reported previously, containing
in region A three distinct peaks at 324 cm ™!
(peak Ay), 454cm ™! (peak Ay) and 499 cm !
(peak Aj).32425L56758 The modes at 454 and
499 cm ! were assigned to E, or Aj, represen-
tations of the corresponding point group Dsg,
while the mode at 324 cm ™! was assigned the E,
irreducible representation.*? Additional bands
appear between 850cm ' and 1100cm™! (re-
gion B) and 1200cm ! to 1500 cm ! (region
C). Region B has been observed both in situ
and under ambient conditions (and high pres-
sure).??% In the latter case, the band was as-
signed to an E, mode.” Region C has, to the
best of our knowledge, not been reported be-
fore. Finally, the feature at 1650 cm ! corre-
sponds to the bending vibration of water.%

When the electrode potential is increased
to 1.54V, the SER spectrum changes sig-
nificantly, as reported in numerous previous



197

198

199

200

201

202

203

204

205

206

207

210

211

212

213

214

215

216

217

218

219

220

I/ a.u.

Intensity x 10

T T T
300 400 500 600 700 800

T T T T
900 1000 1100 1200 1300

p/ecm™?

Figure 2: In situ SER spectra of NIOOH in 0.01 M KOH, LiOH, KCI1O, (pH=8.5), KOD and K'*0OH
with an applied potential of 1.54V without stirring. The intensity scale is increased by a factor of
10 after 700 cm *. The four main features of NiIOOH at 479, 560, 610 and 900-1200 cm ! measured
in 0.01 M KOH are labeled as I, I, I3 and II. Features I; and I, measured in KOH are marked
in black dashed lines. Conversely, features I; and I, measured in K'®OH are marked with magenta
dashed lines. Overtones for KOH (black) and K'®*OH (magenta) are calculated using features I; and
I, from KOH and added to region II. Measurements in KOD include the D,O bending vibrations

at 1210 cm 1.

studies. 3%:42:5051,54,55,61-70 Poggible changes at 221
higher potentials will be discussed further be- 2>
low. In region I, the peaks A; to Aj assigned 22
to Ni(OH), before the oxidation peak O dis- 2
appear upon increasing the potential, and two 2s
intense modes at 479 and 558 cm ! denoted as 2
I; and I, emerge. Studies aiming at assigning 2
these peaks are scarce. Mostly, these are related 2s
to Ni—O or Ni—OH moieties of NiIOOH. 515470 5
Similar peaks have been observed for both (- 230
or v—NiOOH, 325569 hence, following, we sim- 23
ply refer to NiOOH. 23

A shoulder at 610cm ! (peak I3) has 2
been observed previously, but an ex- 2.
planation of its origin is still = miss- 23
ing.32:50,51,54,55,61°68 A dditional bands appear at 23
wavenumbers larger than 700 cm !, which we 2
separate into two regions, i.e., region II from 23
900cm ' to 1200cm ! and region III from a2
1400 cm ! to 1800 cmt. 240

Region II has been vividly discussed pre- 2a
viously, especially with respect to possi- 2
ble reaction intermediates during alkaline 23
OER.32:33:50,51.67.68 Tt was concluded that the 2

region consists of several convoluted peaks,
which are possibly related to Ni superoxides
(Ni—OO),32505LT discussed in more detail
below. Finally, region III from 1400 cm™! to
1800cm ! has not been observed previously.
The peak at 1650 cm ™! corresponds to the wa-
ter bending vibration,® which can be substan-
tiated by additional measurements in KOD (see
Fig. S8 in the SI).

Ambiguous assignment of Raman peaks in the
literature can be caused by the fact that SERS
measurements carried out by different groups
are generally conducted under dissimilar exper-
imental conditions, such as sample preparation,
choice and structure of the SERS substrate,
electrolytes used, and the employed excitation
laser (wavelength and power). To mitigate re-
lated issues and to summarize recent results,
we recorded in situ SER spectra for Au@Ni
electrodes at 1.54 V in different commonly used
electrolytes, shown in Fig. 2. Specifically, mea-
surements were performed using 0.01 M KOH
(black), LiOH (light blue), KClO, (orange),
KOD (green), and K'™OH (pink), where re-
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gion I and region II are highlighted in Fig. 2a 204
and b. 205
The peaks in region I and II are almost iden- 206
tical, upon changing the electrolyte from KOH 2
to LiOH, indicating that these peaks do not de- 2
pend on the cation type. A similar observation e
has been reported previously, where SER spec- 30
tra recorded in KOH were compared to those sa
recorded in CsOH.3? Using a range of alkali s
metal ions (Li, Na, K, and Cs), other authors 3z
report that depending on the alkali metal ion 3o
used, the features change in region 1?7 and re- sos
gion II.%* Some authors suggest that the fea- 3o
tures in region II are related to superoxides so
(discussed below), and hence, the changes in re- s0s
gion II were rationalized by the interactions of 3o
the alkali metal ions with these superoxides.® s
Using KC1O, (pH =8.5, orange spectrum) did su
not reveal any measurable changes in either re- s
gion I or II compared to measurements per- s
formed in KOH (black) and LiOH (blue). This
result suggests that, in contrast to previous
reports, our results indicate that the pH has
no effect on the underlying structures.?™ Ad- sis
sorbed ClO, is commonly observed at 930 to s
950 cm ! but is not measurably observed in our s
SER spectrum. " 318
The possible presence of hydrogen atoms in s
the NiOOH structure is elucidated through s
measurements using isotope-labeled water. The 32
SER spectrum recorded in KOD (black) com- 2
pared with that recorded in KOH (green) does 32
not reveal any measurable changes, except for s
a small shoulder at around 1210 cm ! in KOD, sz
which can be attributed to the D,O bend- s
ing vibration.®® Similar results have been re- s
ported previously,,?? suggesting that hydrogen sz
is absent.% The absence of H in NiOOH has 32
also been indicated by UV-vis reflectance spec- 33
troscopy studies.™ On the other hand, previous ss
work using infrared spectroscopy and inelas- 33
tic neutron scattering revealed the formation of 33
hydrogen-bonded hydroxyl groups in the bulk s34
structure, and further suggested that protons sss
are delocalized. 4277 Thus, the behavior of 33
protons in NiOOH is not yet fully understood. 33
Using labeled oxygen (K'®OH), the peaks I, s
I, and I3 shift from 479, 559 and 610cm ! 33
to lower wavenumbers, i.e., 462, 534, and 3w

about 590 cm 1. Also, region II shifts to lower
wavenumbers compared to measurements in
KOH, as reported previously. 35!

In total, based on the shifts observed in
K'™OH in region II and the suggested lack of
hydrogen species (inferred from measurements
in KOD), region II is commonly associated with
peroxide or superoxide species, which have been
discussed as active oxygen species during the
OER. 3250517071 However, since region 11 ap-
pears already before the onset of the OER, some
authors argued that bands in this region must
be related to lattice moiety instead of an active
oxygen intermediate.3? Moreover, region II con-
sists of a rather broad band, which is somewhat
unexpected for superoxides, which, for other
systems, such as CeO, and Pt oxides, usually
consist of fewer and sharper peaks.”®"” Conse-
quently, the precise origin of region Il remains
unclear.

Density Functional Theory

The peaks I;, Iy, and I3 in the experimen-
tal SER spectra of NIOOH have not yet been
unambiguously assigned to a specific surface
structure. Nevertheless, a significant number
of theoretical studies report on various proper-
ties of NiOOH, predominantly focusing on the
structure of NIOOH at the onset or during the
OER.3%™ 84 However, none of the theoretical
studies explicitly show computed Raman spec-
tra and, hence, a direct correlation between ex-
periment and theory is not met.

To approach this issue, we computed SER
spectra for various bulk and surface structures
with periodic DFT calculations using the Vi-
enna ab initio Simulation Package (VASP) uti-
lizing the PBE exchange-correlation functional
and the Projector augmented wave (PAW)
method.® 88 Additionally, DF'T-D3 corrections
were employed to account for dispersion inter-
actions.® Detailed information on the calcula-
tions, considered structures, and the calculated
Raman spectra can be found in Section S9 in
the SI.

To interpret the experimentally measured
SER spectra, we considered four structures
in our computational study, ¢.e., NIOOH and
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Figure 3: Relaxed structures of NiOOH bulk,
NiO, bulk, NiOOH and NiO, surface slabs used
for the DFT calculations and the resulting Ra-
man spectra in Fig. 4.
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NiO, bulk systems as well as a (0001) surface
for each of these Ni-oxides, see Fig. 3. Based
on previous studies,*®*3 we adopted a Brucite-
type structure for bulk S-NiOOH (Fig. 3a),
which is similar 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.?® For the bulk NiO,
structure, the H atoms of bulk -NiOOH were
removed, and the structure was relaxed. As
a result, the ABBCCA O-layer stacking order
transformed into an ABAB stacking order. Fi-
nally, for both NIOOH and NiO,, a structure
was calculated with 15.1A or 14.4A of vac-
uum above the surface. The corresponding cal- 37
culated Raman spectra for all structures are 37
shown in Fig. 4, including the experimental 372
data for reference. Full spectra for both NiOOH 373
structures with additional modes below 300 and 374
above 1300 cm ! are shown in Fig. S9 in the SI, 7
along with tables listing the position of each 37
mode for all structures.
We first focus on the computed Raman spec- 37
tra of the NiOOH structures in Fig. 4a. For the 37
bulk structure of S-NiOOH, three modes are 380
observed below 600cm *. The two peaks at 3t
458 and 576 cm ! are close to the peaks I; and 3
I, found in the experiment, but the intensity 383
ratio is opposite. The mode with the highest 38

377

I/ a.u.

T T T
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p/ecm™?

I/ a.u.

T T T
800 1000 1200

p/ecm™?

T
600

Figure 4: (a): Raman spectra of of NiIOOH
bulk and NiOOH surface (b): Raman spec-
tra of NiO, bulk and NiO, surface. Calcu-
lated spectra are displayed using an arbitrary
Lorentzian peak width for comparison with ex-
perimental data. Experimental SER spectra in
0.01M KOH at 1.54V measured without stir-
ring added to (a) and (b).

intensity at 370 cm ! is, however, missing in the
experimental spectrum. A further broad band
is predicted between 1125c¢cm ' to 1153cm !
which overlaps with region II in the experimen-
tal spectrum. According to the computational
model, the band corresponds to an OH bending
vibration. The peak I3 observed in the experi-
ment is not present in the computed spectrum.
Further peaks are predicted at 294cm ! and
2234 cm ! (see Fig. S9 in SI), of which the lat-
ter corresponds to an OH stretching vibration.
Neither of these peaks are observed in the ex-
perimental spectrum.

The computed spectrum of the NiOOH sur-
face (brown) is similar to that of the NIOOH
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bulk (purple). The peaks of the surface at s
256cm t, 379cm !, 445cm !, 541cem ! and 4
647cm ! are prominent, with the peak at s
379 cm ! having the highest intensity. Further- s
more, the O—H bending band from 1076 cm ! 4
to 1109cm ™! appears with relatively high in-
tensity. Finally, the O—H stretching vibration o
is predicted by intense peaks at 2273 cm ! and sa
3730cm ! (Fig. S9). Similar to the calculated
Raman spectrum for the bulk structure, only s
peaks at 445cm ! and 541 cm ! can be vaguely s
attributed to I; and I, while the other pre- as
dicted peaks are not present in the experimental 44
spectrum. As not all predicted peaks appear in s
the experimental spectrum of NiOOH and as s
the isotope-labeled SERS measurements indi- a4
cate a lack of hydroxyl groups, we suggest that aso
the near-surface region in the experiment acces- s
sible by Raman spectroscopy does not contain ss
any OH species. 453
A potential hydrogen-free structure is NiO,, 45
whose structure is based on deprotonated ass
NiOOH. The corresponding computed Raman ase
spectra for a NiO, bulk (green) and surface ss
(red) are shown in Fig. 4b, including the exper- sss
imental Raman spectrum (black). The Raman sso
spectrum for the NiO, surface (green) shows s
two peaks at 479 and 558 cm !, which almost s
perfectly match the position of the peaks I; 4
and I in the experimental spectrum. However, 463
the peak intensities differ, where the peak at ses
558 cm ! has a higher intensity than the peak sss
at 479 cm ! compared to the experimental spec- s
trum. The peaks can be assigned the symme- 7
tries E; and Ajg, considering that the NiO, s
structure belongs to the point group Dsg. Two 60
additional modes are predicted at 548-551 and
627 cm !, corresponding to the symmetry Ay, o
and E, modes, that can also be rationalized
by group theory. However, due to their sym-
metry properties, they are not Raman active, 47
and thus are not attributed a relevant intensity 473
by the DF'T calculation. Peak I3 and peaks in 47
the region between 900 and 1200 cm ! are not 475
present in the computed spectrum. No further 47
peaks are observed beyond the region shown in 77
Fig.4. 478
The calculated Raman spectrum for the NiO,, 47
surface (red) in Fig. 4b shows two bands at s

474 and 557 cm ! which match the position of
peaks I; and I, in the experiment. In this case,
the predicted intensities resemble more closely
that in the experimental spectrum. Both peaks
can again be assigned the symmetry E, and
Ay,. Additionally, the calculation of the sur-
face predicts two additional, less intense modes
at 552 (which is concealed by the A;, mode)
and 634 cm ! (visible as a small shoulder upon
close inspection). These modes correspond to
E, and Ay, symmetries of the NiO, bulk struc-
ture and are usually not expected to be Raman
active. Nevertheless, DFT calculations predict
small Raman activities for both modes. The
appearance of these modes can be explained by
a distortion of the symmetry at the surface of
a NiOOH surface, which disrupts the symme-
try of the E, and A,, modes. Therefore, the
selection rules are lifted, allowing both modes
to become Raman active.??® The A,, mode of
NiO, surface at 634 cm ! appears at a similar
position as peak I3 of the experimental Raman
spectrum, suggesting that both peaks are re-
lated.

In total, the SER spectrum of NiIOOH mea-
sured at 1.54V in 0.01M KOH (black curve)
can be accurately described by the DFT cal-
culation using a NiO, surface (red curve).
This comparative experimental and theoretical
study further substantiates the claim that the
NiOOH surface is deprotonated. In addition,
given that the here calculated NiO, structure
contains Ni in an oxidation state of IV, the for-
mation of such oxidation states on the surface
of NiIOOH warrants further discussion, which
will be addressed further below.

Overtone and combination modes

An often overlooked aspect in the interpretation
of Raman spectra is the role of overtones, also
referred to as higher-order harmonics or higher-
order scattering. In general, overtone and com-
bination modes in Raman spectra would be
forbidden according to the selection rules in
the harmonic approximation. However, as de-
scribed in the introduction (and below), under
certain conditions, such features can appear. 316
Within the harmonic approximation, the posi-
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Figure 5: a) In situ SER spectra of NIOOH s
in 0.01 M KOH with an applied potential of s
1.54V up to 1800cm '. b) In situ SER spec- s
tra of NiOOH in 0.01 M H,'®O with an applied sx
potential of 1.54V up to 1800 cm !. The inset s»
of both spectra highlights the first and second s
overtone and combination bands. The position s
of possible overtone, combination modes, and s
the position of the v5(H20) bending vibration ss
of water are highlighted. Using only the cal- s
culated position within a margin of £10 cm ! s
of the predicted peaks, the spectra in the inset sz
were deconvoluted. Additionally, the deconvo- sz
lution contained HoO or Hi*O bending vibra- su
tion. 532
533

To discuss the role of overtones, we highlight 53

region II and III of the experimentally mea- 5%
sured SER spectrum of NIOOH (NiO, based on 5%

the DFT results above) in the inset of Fig. 5a 5

8

and indicate possible overtone and combination
modes. The first overtones for the peaks I; and
I; are expected at the positions 2I; and 2I,, and
the combination of both modes would appear
at the position Iy + I (marked in the inset).
These peaks are all within region II of the SER
spectrum. Using the positions of these over-
tones and the combination band, we deconvo-
luted region II into three peaks (dashed curves
in the inset of region IT), where the sum of the
peaks (red curve) follows the experimental Ra-
man spectrum in this region. Details on the
fitting procedure are provided in Section S4 in
the SI. The positions of the most relevant de-
convoluted peaks for the discussion are summa-
rized in Table 1, including overtones in KOD
(Fig. S8) and K'®OH (Fig. 5b).

Elaborating further on possible higher over-
tones, we suggest that region III (1400cm !
to 1800cm ') consists of the second overtones
of the fundamental peaks I; and I, as well
as the combination modes from these peaks.
To deconvolute this region, we also considered
the band related to the bending mode of H,O
(marked in blue). In addition, combination
bands with peak I3 are expected to appear
within the respective overtone regions. How-
ever, the intensity is presumably too low to
provide a significant contribution to the mea-
sured signal in this region. A similar approach
can be used for SER spectra recorded in KOD,
where in addition, the bending vibration related
to D,O at 1200cm ™! has to be taken into ac-
count, as demonstrated in Fig. S8 in the SI.

More interesting is the deconvoluted SER
spectrum for NiOOH recorded in K'™OH,
shown in Fig. 5b. Here, the fundamental modes
(peaks I and 1) shift to lower wavenumbers.
Hence, the overtones and combination modes
also shift to lower wavenumbers in regions II
and I1I. The peak related to H,'%0 at 1618 cm ™
is considered in the deconvoluted SER spec-
trum. Consequently, previous studies claiming
that this region is associated with oxygen are, in
principle, true. But the shift of region II and III
is only an indirect effect, caused by the shift of
the fundamental modes, and is likely not related
to possible oxygen species (superoxides) present
on the electrode surface at these potentials. In
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Table 1: Position of the fundamental modes s,
(from the experimental SER spectrum), and s
position of the deconvoluted overtone, and com- 4,
bination modes (given in cm ') of the Raman s,
spectrum in Fig. 5 and Fig. S8 in SI. Peak I3 is 4,
marked with a * since the exact position of its s,
maximum can not be determined. Since the in- ;
tensity of peak I3 is low, overtone and combina- .,
tion modes with this peaks were not considered g
for deconvoluting the spectra in Fig. 5. The es- 4
timated positions of these modes are listed and «;
likewise marked by a *. ses

569

| | Region | KOH | KOD | K™OH |

570

L I 479 | 481 454 | .,
I, I 560 560 528 | ..,
I* I 610% | 610% | 590% | ..,
21, 11 961 966 908 | su

L+ 1, I 1033 | 1042 972 | s
21, I 1109 | 1115 | 1046 | sw

I + I3* I 1090* | 1090* | 1044* | s

I, + I3* I 1170% | 1170% | 1118% | s
215 * 11 1220% | 1220% | 1180% | sm
31, 11 1449 | 1452 | 1364 | *°

21, + I, 111 1514 | 1511 | 1436 | *

I, + 21, 111 1589 | 1591 | 1504 | **

L +2L | III 1676 | 1669 | 1574 |

M0 | TI1 | 1634 | 1195 | 1628 | ..

585

586

total, the appearance of overtones would also 587
explain why region II is not reproduced by the s
DFT calculation. These modes arise from an-
harmonic effects, which are not accounted for .,
by the finite difference approach that we em-
ployed to calculate phonon modes. 500
Interestingly, overtones are also apparent in *
the in situ Raman spectra of oxidized Ni sheets 2
without SER support, measured under simi- >3
lar conditions, albeit with reduced intensity as %*
demonstrated in Fig. S5 in the SI. Therefore,
it is unlikely that the observed overtones origi- >
nate from a SERS effect. In contrast, a Raman 57
spectrum for Ni(OH), can only be observed, in *%
the presence of a SER substrate (blue curve in *®
Fig. 1b). Here, the additional features B and C &°
in the experimentally obtained SER spectrum ¢
can also be explained by overtones, as demon- %2
strated in Fig. S7 in the SI. 603

Following, we briefly discuss possible reasons
for the appearance of overtones. The most com-
mon explanation would be a relation to the
resonance-enhancement effect, which was pre-
viously proposed for NiOOH for excitation at
a laser wavelength of 633nm.°"% In contrast,
no resonance effect is known or stands out for
Ni(OH), at this wavelength. While first over-
tones can occur due to resonance Raman scat-
tering in form of triple Raman scattering res-
onance, the occurrence of a complete second
overtone band is unlikely.16:2922.96 Hence, res-
onance enhancement alone does not fully ra-
tionalize the observed overtone features in our
case. Considering reports on overtones and
combination modes for other systems, it seems
these features appear predominantly in layered
materials such as MoS,,?? WS,,? graphene ox-
ide,”” transition metal oxides such as LiCoO,
(under ambient conditions and in situ dissolved
in propylene carbonate),”® or RuO,.%1% For
some of these systems, overtone and combi-
nation modes were also suggested to be re-
lated to resonance effects.?%2397 In general, lay-
ered materials are prone to defects and mis-
matches due to comparably weak interlayer in-
teractions. 01102 Therefore, we suggest that the
overtones exhibited by these materials might be
enhanced or even induced by such defects gener-
ated by the intermolecular interactions between
the layers. Further detailed studies are, how-
ever, required to substantiate this assumption.

Vibrational Stark effect

So far, our results and discussion were based on
the Ni oxide structure found at around the on-
set of the OER. Following, we illustrate the con-
sequences of addressing the peak in region II to
overtones on the interpretation of SER spectra
recorded during the OER, i.e., at higher overpo-
tentials. where this feature is usually attributed
to superoxides.®?°! Therefore, we performed in
situ SERS measurements on the Au@Ni elec-
trodes in 0.01M KOH at potentials between
1.54 to 2.74V Fig. 6a. Furthermore, to eluci-
date possible pH effects in this potential region,
we show in Fig. 6b, SER spectra recorded in 0.1,
0.01 and 0.001 M KOH.
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Figure 6: a) SER spectra of Ni from 1.54 to
2.74V recorded in 0.01 M KOH. b) SER spec-
tra recorded at 1.64 V in 0.1 M, 0.01 M, 0.001 M
KOH. All measurements were performed while
stirring to prevent bubble formation. Region I
(I, I, I3) and II are marked and modes, were
changes are visible, are highlighted. The de-
picted intensity from 700 to 1250 cm * is scaled
by a factor of 10.

Upon increasing the electrode potential in
0.1M KOH (Fig. 6a), the intensity of the
peak I3 and that of region II increase. Further-
more, the intensity of peak I, increases slightly
compared to peak I;. Additionally, the posi-
tion of peak Iy and I3 shifts by approximately
6cm ! to 10 cm ! upon increasing the electrode
potential by 1.2 V (from 1.5V). In region II,
the changes observed are more complex, as re-

gion II separates into two bands, of which the w
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band with the higher wavenumber also shifts
by around 10cm . A shift of the band with
a lower wavenumber of region II is not clearly
visible, but its general shape changes with in-
creasing potential. A similar effect is observed
in measurements using electrolytes with vary-
ing pH, such as 0.1 M, 0.01 M, 0.0001M KOH
while applying a potential of 1.64V (Fig. 6b).
Note that, as shown above, when the ionic con-
centration is kept constant, the Raman peaks
do not shift when varying the pH (compare the
black and orange curves in Fig. 2 for NIOOH).

The ionic strength influences local interfacial
electric fields at the surface, similar to the ap-
plied potential, which in turn perturbs vibra-
tional modes and is manifested by a vibrational
Stark effect.'® Such Stark effects have previ-
ously been observed in SERS studies of ad-
sorbed species such as CO on Pd or Pt, affect-
ing both the position (by up to 5.3cm™! per
0.1V step) and the intensity of the vibrational
modes. 104106

Notably, the Stark effect alone accounts for
all changes observed in both the fundamental
modes and, hence, also for the changes observed
in the overtone regions II and III. Consequently;,
possible structural modifications or the pres-
ence of adsorbed species as well as associated
OER mechanism that were attributed based on
changes in this region might have to be recon-
sidered.32:51,70

Surface structure of NiOOH

Our combined Raman and DFT study shows
that, after the electrochemical oxidation of
Ni(OH), (oxidation state 2.0), NiO, (oxidation
state 4.0) is formed instead of the widely ac-
cepted NiOOH (oxidation state 3.0). Consider-
ing that previous studies report oxidation states
for NiOOH ranging from 3.0 to 3.7,3236:43,107-109
it is very likely that Ni(IV) species must be
present in the material with oxidation states
larger than 3.0. The question thus arises
whether these structures are completely mixed
or differ at the electrode surface, near-surface
region, and the bulk.

Bulk-sensitive EXAFS measurements in
previous studies have revealed a Jahn—Teller
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distortion in oxidized Ni
sistent with theoretical predictions for 7
NiOOH. 3949109111 1 contrast, other EX- 70
AFS investigations on NiOOH films including 710
v—NiOOH with oxidation states exceeding m
3.6 reported no evidence of a Jahn—Teller 2
distortion.3>4%112.113 Fyidence for hydrogen in 73
the bulk of NiIOOH is substantiated by inelastic 7.
neutron scattering®? and infrared spectroscopic s
experiments, '™ revealing hydrogen-bonded 716
hydroxyl groups within the lattice.

Based on these findings, we infer that SER 7s
spectra mainly provide insights into the near- 79
surface region, which appears to be oxi-
dized to NiO,, while the bulk could still re-
main as NiOOH. The high oxidation states
of v—NiOOH, which have been observed to
range from 3.3 to 3.7, could be accounted for
by a large surface area resulting from signifi-
cant structural disorder, which is characteristic
for y—NiOOH. 36,107,114

samples, con- 7o

717

720
721

722

723
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726
Conclusion 27
728
In this work, we investigated the oxidation of 72
Ni in various alkaline electrolytes at potentials
near and after the onset of the OER using SER 7
spectroscopy. Furthermore, the underlying sur-
face structure was elucidated by combining ex-
periments in isotope-labeled water with DFT-
computed Raman spectra. These combined 7
findings illustrate that the surface primarily
consists of Ni(IV)O, rather than the widely dis-
cussed Ni(III)OOH. Furthermore, we showed ™
that the surface structure of NiOOH/NiO, in ™
an alkaline environment is not directly affected
by pH and cations such as Li" and K. Next,
we attribute the experimentally observed Ra-
man bands of NIOOH/NiO, between 900 cm !
and 1200 cm !, previously assigned to superox-
ides, to overtones and combination band. This
assignment is further substantiated by the de- ,,,
tection of second-order overtones in the SER .,
spectra of NIOOH/NiO,, as well as both first- ,,,
and second-order overtones in the SER spectra ,,
of Ni(OH),. We propose that layered materi-

als are particularly prone to exhibiting over-

tones, which should stimulate further funda-
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737

738
739

740

11

mental Raman studies on this class of materials.
Moreover, we rationalized the changes observed
in the SER spectra in the overtone region at in-
creasing potentials or ionic strength, previously
assigned to structural changes of the material,
to a vibrational Stark effect.

We believe that these findings are relevant
for the ongoing discussion of the structure and
understanding of the catalytic behavior of ox-
idized Ni anodes, in particular for the reac-
tion mechanism of the OER. Moreover, they
demonstrate that overtones can be observed in
SER spectra, underscoring the importance of
accounting for anharmonic effects in spectral
analysis to avoid misinterpretation during ma-
terial characterization
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