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Abstract1

Surface-enhanced Raman spectroscopy (SERS)2

is a valuable technique, particularly for in situ3

and operando studies. However, anharmonic4

features, such as overtones, while rare and of-5

ten overlooked, may complicate structural in-6

terpretations. This aspect is illustrated for7

Nickel oxyhydroxide (NiOOH), a vividly dis-8

cussed oxygen evolution reaction (OER) cat-9

alyst for application as anode material in al-10

kaline electrolysers. Based on in situ SERS11

measurements in common electrolytes, includ-12

ing isotope-labeled water and Density Func-13

tional Theory (DFT) calculated Raman spec-14

tra, we question the presence of NiOOH upon15

electrochemical oxidation of Ni(OH)2 and in-16

stead suggest that the catalytically active sur-17

face consists of Nickel dioxide (NiO2) instead.18

Additional bands in the experimental spectrum,19

which were previously assigned to superoxide20

species, are attributed to overtones and com-21

bination bands. Possible reasons for the ap-22

pearance of overtones are discussed. Previously23

observed shifts of these bands at varying pH24

and more positive OER potentials are rational-25

ized by a vibrational Stark effect rather than26

changes in the material or adsorbate structure.27

Introduction28

Raman spectroscopy is a versatile technique29

used for chemical, biological (medical), and30

material characterization.1–5 The additional31

advantage of studying materials immersed in32

aqueous environments operando makes it an33

indispensable technique for studying catalysts34

under reaction conditions and gaining atomic35

scale insights into reaction mechanisms.6–1036

Especially under operando conditions, an en-37

hancement of signal intensities is desired, which38

can be achieved by Plasmon-enhanced Ra-39

man spectroscopy (PERS) approaches,11,1240

such as tip-enhanced Raman spectroscopy41

(TERS),10 shell-isolated nanoparticle-enhanced42

Raman spectroscopy (SHINERS),13 or surface-43

enhanced Raman spectroscopy (SERS).1,2,6,8–1044

In some cases, the enhancement effect reveals45

additional bands. These further complicate46

the already complex interpretation of the spec-47

tra and, thus, require additional methods, in-48

cluding density functional theory (DFT) cal-49

culations.2,14,15 Furthermore, in Raman spec-50

troscopy and PERS, only fundamental modes51

are generally observable, as described by the se-52

lection rules in the harmonic approximation.3,1653

However, under certain circumstances the ap-54

pearance of overtones and combination bands55

can be observed, such as for molecules,17,1856

graphene,19–21 MoS2
22 and WS2.

23 Consider-57

ing that overtones are usually not covered (or58
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even mentioned) in more general reviews on59

PERS, including recent works on in situ and60

ambient pressure characterization of solid ma-61

terials,1,2,6,8,10 raises the question of whether62

such bands might have been overlooked in some63

research areas.64

In this context, we will illustrate the ap-65

pearance of such bands in the SER spectra of66

Ni (oxo-)hydroxides, a widely discussed oxygen67

evolution reaction (OER) catalyst for applica-68

tion in alkaline electrolyzers.24–29 Our findings69

have direct consequences for the interpretation70

of structural properties, as well as for the ongo-71

ing discussions regarding the interpretation of72

the reaction mechanism, which strongly rely on73

Raman spectroscopy measurements.30–3474

Based on the current understanding, it is ac-75

cepted that under OER conditions, Ni elec-76

trodes are oxidized to NiOOH.35–37 Neverthe-77

less, some puzzles related to the structural78

properties remain, which, if clarified, will have79

implications for the description of the reac-80

tion mechanism on this surface. For exam-81

ple, the position of the hydrogen atoms is82

still debated,38–40 including studies suggesting83

the presence of delocalized and labile hydro-84

gen atoms.41,42 Furthermore, it was shown that85

NiOOH consists of sheets of double hydrox-86

ide layers, appearing in two distinct phases87

(β- and γ-NiOOH). The β-NiOOH phase ex-88

hibits a high degree of crystallinity, where Ni89

is commonly suggested to be in the oxidation90

state 3.0.35,36,43,44 In contrast, the disordered91

γ-NiOOH has been reported to be partially de-92

protonated and to contain intercalated water or93

cations, such as K+.36,44–46 The oxidation state94

of Ni in this material has been reported to range95

between 3.3 and 3.7, suggesting that Ni(IV) is96

present.35,43,47–49 Additionally, in recent SERS97

studies on NiOOH during the OER, an addi-98

tional band has been reported that could not99

be attributed to the bulk structure but rather100

to the formation of superoxides on the NiOOH101

surface.32,50,51 In the present work, we will show102

that the surface likely consists of NiO2 instead103

of NiOOH and that the superoxide band is actu-104

ally related to overtone and combination modes105

from the NiO2 spectrum.106

To illustrate our reasoning, we first summa-107

rize the current understanding of the struc-108

tural properties of Ni (oxo-) hydroxides before109

and during the OER, in comparison to experi-110

mental in situ SER spectroscopy measurements111

performed in commonly used electrolytes with112

varying pH, cation species, and isotope compo-113

sition. Raman spectra inferred from DFT cal-114

culations on NiOOH and NiO2 are used to val-115

idate the measured Raman spectra, where the116

spectrum for NiO2 (Ni with an oxidation state117

of 4) best matches the experimental data and118

accounts for the absence of hydrogen features119

in the experimental SER spectra. This find-120

ing contradicts the prevailing view that the ac-121

tive structure consists of NiOOH. Nevertheless,122

the experimental Raman spectrum shows ad-123

ditional bands that were previously attributed124

to superoxide formation, which can only be ra-125

tionalized by overtone and combination bands126

from the fundamental modes of NiO2. Possi-127

ble reasons for the appearance of these bands128

are discussed. Furthermore, variations in these129

bands caused by changing the pH or applied po-130

tential might be incorrectly attributed to struc-131

tural changes or the appearance of intermedi-132

ates in the reaction mechanism.32,51 Instead, we133

illustrate that these changes can be attributed134

to the vibrational Stark effect. In summary, we135

show that the assignment of these bands to spe-136

cific species, rather than overtones, could lead137

to misinterpretations of the material’s structure138

and reaction mechanisms.139

Results and Discussion140

Raman Spectroscopy141

SERS-active Ni samples were prepared accord-142

ing to the procedure described by Diaz-Morales143

et al., involving electrodeposition of about 75144

layers of Ni on a roughened Au wire.51 The145

SERS measurements were performed in a PFA146

cell designed to minimize the distance the laser147

has to pass through in the electrolyte, thereby148

maximizing the resulting signal intensity. Ad-149

ditionally, a stirring rod was included and used150

during Raman measurements at high overpo-151

tentials to disperse bubbles formed during the152
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Figure 1: a) Cyclic voltammogram for Au@Ni wire recorded in stirred 0.01 M KOH at a scanrate
of 5mV s−1 and limits of 1.04V 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)2 or NiOOH is formed, respectively.
The electrode potentials during both SERS measurements are marked in a. The inset magnifies
the region between 800 cm−1 and 1800 cm−1 by a factor of 10. The labels I1, I2 and I3 refer to the
three peaks of the first region at 479 cm−1, 558 cm−1 and 610 cm−1 of NiOOH whereas II and III
refer to the two regions at 900 cm−1 to 1200 cm−1 and 1400 cm−1 to 1800 cm−1. Furthermore, the
position of the H2O bending vibration is highlighted in blue for both Ni(OH)2 and NiOOH.

OER and thereby reduce noise. Details on the153

sample preparation, the electrochemical cell,154

procedures, as well as the background and noise155

correction applied to all SER spectra are pro-156

vided in the SI.157

A cyclic voltammogram for the SERS sample158

recorded in stirred 0.01 M KOH at a scan rate159

of 5mV s−1 is shown in Fig. 1a, featuring typical160

redox features for Ni electrodes in this poten-161

tial region.26,36,37,52,53 According to previous re-162

ports, in the positive-going scan Ni(OH)2 is ox-163

idized to NiOOH in the oxidation peak O, with164

a maximum of 1.49V. The reverse reaction oc-165

curs in the reduction peak R with a maximum166

of 1.2V in the negative-going scan.32,51,54,55167

The change in the structural properties dur-168

ing the oxidation in peak O is apparent from169

in situ SER spectra in Fig. 1b, recorded at170

electrode potentials of 1.14V (blue) and 1.54V171

(black) (also marked in Fig. 1a by vertical172

lines). Further SER spectra recorded in steps173

of 0.1V between these limits are included in the174

SI (Fig. S5).175

The SER spectrum for Ni(OH)2 is simi-176

lar to those reported previously, containing177

in region A three distinct peaks at 324 cm−1
178

(peak A1), 454 cm−1 (peak A2) and 499 cm−1
179

(peak A3).
32,42,51,56–58 The modes at 454 and180

499 cm−1 were assigned to Eg or A1g represen-181

tations of the corresponding point group D3d,182

while the mode at 324 cm−1 was assigned the Eg183

irreducible representation.42 Additional bands184

appear between 850 cm−1 and 1100 cm−1 (re-185

gion B) and 1200 cm−1 to 1500 cm−1 (region186

C). Region B has been observed both in situ187

and under ambient conditions (and high pres-188

sure).32,59 In the latter case, the band was as-189

signed to an Eg mode.59 Region C has, to the190

best of our knowledge, not been reported be-191

fore. Finally, the feature at 1650 cm−1 corre-192

sponds to the bending vibration of water.60193

When the electrode potential is increased194

to 1.54V, the SER spectrum changes sig-195

nificantly, as reported in numerous previous196
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Figure 2: In situ SER spectra of NiOOH in 0.01M KOH, LiOH, KClO4 (pH=8.5), KOD and K18OH
with an applied potential of 1.54V without stirring. The intensity scale is increased by a factor of
10 after 700 cm−1. The four main features of NiOOH at 479, 560, 610 and 900-1200 cm−1 measured
in 0.01 M KOH are labeled as I1, I2, I3 and II. Features I1 and I2 measured in KOH are marked
in black dashed lines. Conversely, features I1 and I2 measured in K18OH are marked with magenta
dashed lines. Overtones for KOH (black) and K18OH (magenta) are calculated using features I1 and
I2 from KOH and added to region II. Measurements in KOD include the D2O bending vibrations
at 1210 cm−1.

studies.32,42,50,51,54,55,61–70 Possible changes at197

higher potentials will be discussed further be-198

low. In region I, the peaks A1 to A3 assigned199

to Ni(OH)2 before the oxidation peak O dis-200

appear upon increasing the potential, and two201

intense modes at 479 and 558 cm−1 denoted as202

I1 and I2 emerge. Studies aiming at assigning203

these peaks are scarce. Mostly, these are related204

to Ni−O or Ni−OH moieties of NiOOH.51,54,70205

Similar peaks have been observed for both β-206

or γ−NiOOH,32,55,69 hence, following, we sim-207

ply refer to NiOOH.208

A shoulder at 610 cm−1 (peak I3) has209

been observed previously, but an ex-210

planation of its origin is still miss-211

ing.32,50,51,54,55,61–68 Additional bands appear at212

wavenumbers larger than 700 cm−1, which we213

separate into two regions, i.e., region II from214

900 cm−1 to 1200 cm−1 and region III from215

1400 cm−1 to 1800 cm−1.216

Region II has been vividly discussed pre-217

viously, especially with respect to possi-218

ble reaction intermediates during alkaline219

OER.32,33,50,51,67,68 It was concluded that the220

region consists of several convoluted peaks,221

which are possibly related to Ni superoxides222

(Ni−OO– ),32,50,51,71 discussed in more detail223

below. Finally, region III from 1400 cm−1 to224

1800 cm−1 has not been observed previously.225

The peak at 1650 cm−1 corresponds to the wa-226

ter bending vibration,60 which can be substan-227

tiated by additional measurements in KOD (see228

Fig. S8 in the SI).229

Ambiguous assignment of Raman peaks in the230

literature can be caused by the fact that SERS231

measurements carried out by different groups232

are generally conducted under dissimilar exper-233

imental conditions, such as sample preparation,234

choice and structure of the SERS substrate,235

electrolytes used, and the employed excitation236

laser (wavelength and power). To mitigate re-237

lated issues and to summarize recent results,238

we recorded in situ SER spectra for Au@Ni239

electrodes at 1.54V in different commonly used240

electrolytes, shown in Fig. 2. Specifically, mea-241

surements were performed using 0.01 M KOH242

(black), LiOH (light blue), KClO4 (orange),243

KOD (green), and K18OH (pink), where re-244

4



gion I and region II are highlighted in Fig. 2a245

and b.246

The peaks in region I and II are almost iden-247

tical, upon changing the electrolyte from KOH248

to LiOH, indicating that these peaks do not de-249

pend on the cation type. A similar observation250

has been reported previously, where SER spec-251

tra recorded in KOH were compared to those252

recorded in CsOH.32 Using a range of alkali253

metal ions (Li, Na, K, and Cs), other authors254

report that depending on the alkali metal ion255

used, the features change in region I27 and re-256

gion II.64 Some authors suggest that the fea-257

tures in region II are related to superoxides258

(discussed below), and hence, the changes in re-259

gion II were rationalized by the interactions of260

the alkali metal ions with these superoxides.64261

Using KClO4 (pH =8.5, orange spectrum) did262

not reveal any measurable changes in either re-263

gion I or II compared to measurements per-264

formed in KOH (black) and LiOH (blue). This265

result suggests that, in contrast to previous266

reports, our results indicate that the pH has267

no effect on the underlying structures.51,70 Ad-268

sorbed ClO –
4 is commonly observed at 930 to269

950 cm−1 but is not measurably observed in our270

SER spectrum.72271

The possible presence of hydrogen atoms in272

the NiOOH structure is elucidated through273

measurements using isotope-labeled water. The274

SER spectrum recorded in KOD (black) com-275

pared with that recorded in KOH (green) does276

not reveal any measurable changes, except for277

a small shoulder at around 1210 cm−1 in KOD,278

which can be attributed to the D2O bend-279

ing vibration.60 Similar results have been re-280

ported previously,,32 suggesting that hydrogen281

is absent.69 The absence of H in NiOOH has282

also been indicated by UV-vis reflectance spec-283

troscopy studies.73 On the other hand, previous284

work using infrared spectroscopy and inelas-285

tic neutron scattering revealed the formation of286

hydrogen-bonded hydroxyl groups in the bulk287

structure, and further suggested that protons288

are delocalized.41,42,74,75 Thus, the behavior of289

protons in NiOOH is not yet fully understood.290

Using labeled oxygen (K18OH), the peaks I1,291

I2 and I3 shift from 479, 559 and 610 cm−1
292

to lower wavenumbers, i.e., 462, 534, and293

about 590 cm−1. Also, region II shifts to lower294

wavenumbers compared to measurements in295

KOH, as reported previously.32,51296

In total, based on the shifts observed in297

K18OH in region II and the suggested lack of298

hydrogen species (inferred from measurements299

in KOD), region II is commonly associated with300

peroxide or superoxide species, which have been301

discussed as active oxygen species during the302

OER.32,50,51,70,71 However, since region II ap-303

pears already before the onset of the OER, some304

authors argued that bands in this region must305

be related to lattice moiety instead of an active306

oxygen intermediate.32 Moreover, region II con-307

sists of a rather broad band, which is somewhat308

unexpected for superoxides, which, for other309

systems, such as CeO2 and Pt oxides, usually310

consist of fewer and sharper peaks.76,77 Conse-311

quently, the precise origin of region II remains312

unclear.313

Density Functional Theory314

The peaks I1, I2, and I3 in the experimen-315

tal SER spectra of NiOOH have not yet been316

unambiguously assigned to a specific surface317

structure. Nevertheless, a significant number318

of theoretical studies report on various proper-319

ties of NiOOH, predominantly focusing on the320

structure of NiOOH at the onset or during the321

OER.38,78–84 However, none of the theoretical322

studies explicitly show computed Raman spec-323

tra and, hence, a direct correlation between ex-324

periment and theory is not met.325

To approach this issue, we computed SER326

spectra for various bulk and surface structures327

with periodic DFT calculations using the Vi-328

enna ab initio Simulation Package (VASP) uti-329

lizing the PBE exchange-correlation functional330

and the Projector augmented wave (PAW)331

method.85–88 Additionally, DFT-D3 corrections332

were employed to account for dispersion inter-333

actions.89 Detailed information on the calcula-334

tions, considered structures, and the calculated335

Raman spectra can be found in Section S9 in336

the SI.337

To interpret the experimentally measured338

SER spectra, we considered four structures339

in our computational study, i.e., NiOOH and340
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Figure 3: Relaxed structures of NiOOH bulk,
NiO2 bulk, NiOOH and NiO2 surface slabs used
for the DFT calculations and the resulting Ra-
man spectra in Fig. 4.

NiO2 bulk systems as well as a (0001) surface341

for each of these Ni-oxides, see Fig. 3. Based342

on previous studies,38,43 we adopted a Brucite-343

type structure for bulk β-NiOOH (Fig. 3a),344

which is similar to that of Ni(OH)2 with half345

of the hydrogen atoms removed). We further346

consider an ABBCCA O-layer stacking order347

as suggested by theory.38 For the bulk NiO2348

structure, the H atoms of bulk β-NiOOH were349

removed, and the structure was relaxed. As350

a result, the ABBCCA O-layer stacking order351

transformed into an ABAB stacking order. Fi-352

nally, for both NiOOH and NiO2, a structure353

was calculated with 15.1 Å or 14.4 Å of vac-354

uum above the surface. The corresponding cal-355

culated Raman spectra for all structures are356

shown in Fig. 4, including the experimental357

data for reference. Full spectra for both NiOOH358

structures with additional modes below 300 and359

above 1300 cm−1 are shown in Fig. S9 in the SI,360

along with tables listing the position of each361

mode for all structures.362

We first focus on the computed Raman spec-363

tra of the NiOOH structures in Fig. 4a. For the364

bulk structure of β-NiOOH, three modes are365

observed below 600 cm−1. The two peaks at366

458 and 576 cm−1 are close to the peaks I1 and367

I2 found in the experiment, but the intensity368

ratio is opposite. The mode with the highest369

Figure 4: (a): Raman spectra of of NiOOH
bulk and NiOOH surface (b): Raman spec-
tra of NiO2 bulk and NiO2 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−1 is, however, missing in the370

experimental spectrum. A further broad band371

is predicted between 1125 cm−1 to 1153 cm−1
372

which overlaps with region II in the experimen-373

tal spectrum. According to the computational374

model, the band corresponds to an OH bending375

vibration. The peak I3 observed in the experi-376

ment is not present in the computed spectrum.377

Further peaks are predicted at 294 cm−1 and378

2234 cm−1 (see Fig. S9 in SI), of which the lat-379

ter corresponds to an OH stretching vibration.380

Neither of these peaks are observed in the ex-381

perimental spectrum.382

The computed spectrum of the NiOOH sur-383

face (brown) is similar to that of the NiOOH384

6



bulk (purple). The peaks of the surface at385

256 cm−1, 379 cm−1, 445 cm−1, 541 cm−1 and386

647 cm−1 are prominent, with the peak at387

379 cm−1 having the highest intensity. Further-388

more, the O−H bending band from 1076 cm−1
389

to 1109 cm−1 appears with relatively high in-390

tensity. Finally, the O−H stretching vibration391

is predicted by intense peaks at 2273 cm−1 and392

3730 cm−1 (Fig. S9). Similar to the calculated393

Raman spectrum for the bulk structure, only394

peaks at 445 cm−1 and 541 cm−1 can be vaguely395

attributed to I1 and I2, while the other pre-396

dicted peaks are not present in the experimental397

spectrum. As not all predicted peaks appear in398

the experimental spectrum of NiOOH and as399

the isotope-labeled SERS measurements indi-400

cate a lack of hydroxyl groups, we suggest that401

the near-surface region in the experiment acces-402

sible by Raman spectroscopy does not contain403

any OH species.404

A potential hydrogen-free structure is NiO2,405

whose structure is based on deprotonated406

NiOOH. The corresponding computed Raman407

spectra for a NiO2 bulk (green) and surface408

(red) are shown in Fig. 4b, including the exper-409

imental Raman spectrum (black). The Raman410

spectrum for the NiO2 surface (green) shows411

two peaks at 479 and 558 cm−1, which almost412

perfectly match the position of the peaks I1413

and I2 in the experimental spectrum. However,414

the peak intensities differ, where the peak at415

558 cm−1 has a higher intensity than the peak416

at 479 cm−1 compared to the experimental spec-417

trum. The peaks can be assigned the symme-418

tries Eg and A1g, considering that the NiO2419

structure belongs to the point group D3d. Two420

additional modes are predicted at 548-551 and421

627 cm−1, corresponding to the symmetry A2u422

and Eu modes, that can also be rationalized423

by group theory. However, due to their sym-424

metry properties, they are not Raman active,425

and thus are not attributed a relevant intensity426

by the DFT calculation. Peak I3 and peaks in427

the region between 900 and 1200 cm−1 are not428

present in the computed spectrum. No further429

peaks are observed beyond the region shown in430

Fig.4.431

The calculated Raman spectrum for the NiO2432

surface (red) in Fig. 4b shows two bands at433

474 and 557 cm−1 which match the position of434

peaks I1 and I2 in the experiment. In this case,435

the predicted intensities resemble more closely436

that in the experimental spectrum. Both peaks437

can again be assigned the symmetry Eg and438

A1g. Additionally, the calculation of the sur-439

face predicts two additional, less intense modes440

at 552 (which is concealed by the A1g mode)441

and 634 cm−1 (visible as a small shoulder upon442

close inspection). These modes correspond to443

Eu and A2u symmetries of the NiO2 bulk struc-444

ture and are usually not expected to be Raman445

active. Nevertheless, DFT calculations predict446

small Raman activities for both modes. The447

appearance of these modes can be explained by448

a distortion of the symmetry at the surface of449

a NiOOH surface, which disrupts the symme-450

try of the Eu and A2u modes. Therefore, the451

selection rules are lifted, allowing both modes452

to become Raman active.90–95 The A2u mode of453

NiO2 surface at 634 cm−1 appears at a similar454

position as peak I3 of the experimental Raman455

spectrum, suggesting that both peaks are re-456

lated.457

In total, the SER spectrum of NiOOH mea-458

sured at 1.54V in 0.01M KOH (black curve)459

can be accurately described by the DFT cal-460

culation using a NiO2 surface (red curve).461

This comparative experimental and theoretical462

study further substantiates the claim that the463

NiOOH surface is deprotonated. In addition,464

given that the here calculated NiO2 structure465

contains Ni in an oxidation state of IV, the for-466

mation of such oxidation states on the surface467

of NiOOH warrants further discussion, which468

will be addressed further below.469

Overtone and combination modes470

An often overlooked aspect in the interpretation471

of Raman spectra is the role of overtones, also472

referred to as higher-order harmonics or higher-473

order scattering. In general, overtone and com-474

bination modes in Raman spectra would be475

forbidden according to the selection rules in476

the harmonic approximation. However, as de-477

scribed in the introduction (and below), under478

certain conditions, such features can appear.3,16479

Within the harmonic approximation, the posi-480

7



tions of overtones correspond to integer multi-481

ples of fundamental modes, while combination482

modes result from sums of different fundamen-483

tals.484

Figure 5: a) In situ SER spectra of NiOOH
in 0.01 M KOH with an applied potential of
1.54V up to 1800 cm−1. b) In situ SER spec-
tra of NiOOH in 0.01 M H2

18O with an applied
potential of 1.54V up to 1800 cm−1. The inset
of both spectra highlights the first and second
overtone and combination bands. The position
of possible overtone, combination modes, and
the position of the ν2(H2O) bending vibration
of water are highlighted. Using only the cal-
culated position within a margin of ±10 cm−1

of the predicted peaks, the spectra in the inset
were deconvoluted. Additionally, the deconvo-
lution contained H2O or H18

2 O bending vibra-
tion.

To discuss the role of overtones, we highlight485

region II and III of the experimentally mea-486

sured SER spectrum of NiOOH (NiO2 based on487

the DFT results above) in the inset of Fig. 5a488

and indicate possible overtone and combination489

modes. The first overtones for the peaks I1 and490

I2 are expected at the positions 2I1 and 2I2, and491

the combination of both modes would appear492

at the position I1 + I2 (marked in the inset).493

These peaks are all within region II of the SER494

spectrum. Using the positions of these over-495

tones and the combination band, we deconvo-496

luted region II into three peaks (dashed curves497

in the inset of region II), where the sum of the498

peaks (red curve) follows the experimental Ra-499

man spectrum in this region. Details on the500

fitting procedure are provided in Section S4 in501

the SI. The positions of the most relevant de-502

convoluted peaks for the discussion are summa-503

rized in Table 1, including overtones in KOD504

(Fig. S8) and K18OH (Fig. 5b).505

Elaborating further on possible higher over-506

tones, we suggest that region III (1400 cm−1
507

to 1800 cm−1) consists of the second overtones508

of the fundamental peaks I1 and I2, as well509

as the combination modes from these peaks.510

To deconvolute this region, we also considered511

the band related to the bending mode of H2O512

(marked in blue). In addition, combination513

bands with peak I3 are expected to appear514

within the respective overtone regions. How-515

ever, the intensity is presumably too low to516

provide a significant contribution to the mea-517

sured signal in this region. A similar approach518

can be used for SER spectra recorded in KOD,519

where in addition, the bending vibration related520

to D2O at 1200 cm−1 has to be taken into ac-521

count, as demonstrated in Fig. S8 in the SI.522

More interesting is the deconvoluted SER523

spectrum for NiOOH recorded in K18OH,524

shown in Fig. 5b. Here, the fundamental modes525

(peaks I1 and I2) shift to lower wavenumbers.526

Hence, the overtones and combination modes527

also shift to lower wavenumbers in regions II528

and III. The peak related to H2
18O at 1618 cm−1

529

is considered in the deconvoluted SER spec-530

trum. Consequently, previous studies claiming531

that this region is associated with oxygen are, in532

principle, true. But the shift of region II and III533

is only an indirect effect, caused by the shift of534

the fundamental modes, and is likely not related535

to possible oxygen species (superoxides) present536

on the electrode surface at these potentials. In537
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Table 1: Position of the fundamental modes
(from the experimental SER spectrum), and
position of the deconvoluted overtone, and com-
bination modes (given in cm−1) of the Raman
spectrum in Fig. 5 and Fig. S8 in SI. Peak I3 is
marked with a * since the exact position of its
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
for deconvoluting the spectra in Fig. 5. The es-
timated positions of these modes are listed and
likewise marked by a *.

Region KOH KOD K18OH

I1 I 479 481 454
I2 I 560 560 528
I3* I 610* 610* 590*

2I1 II 961 966 908
I1 + I2 II 1033 1042 972
2I2 II 1109 1115 1046

I1 + I3* II 1090* 1090* 1044*
I2 + I3* II 1170* 1170* 1118*
2I3* II 1220* 1220* 1180*

3I1 III 1449 1452 1364
2I1 + I2 III 1514 1511 1436
I1 + 2I2 III 1589 1591 1504
I1 + 2I2 III 1676 1669 1574

H2O III 1634 1195 1628

total, the appearance of overtones would also538

explain why region II is not reproduced by the539

DFT calculation. These modes arise from an-540

harmonic effects, which are not accounted for541

by the finite difference approach that we em-542

ployed to calculate phonon modes.543

Interestingly, overtones are also apparent in544

the in situ Raman spectra of oxidized Ni sheets545

without SER support, measured under simi-546

lar conditions, albeit with reduced intensity as547

demonstrated in Fig. S5 in the SI. Therefore,548

it is unlikely that the observed overtones origi-549

nate from a SERS effect. In contrast, a Raman550

spectrum for Ni(OH)2 can only be observed, in551

the presence of a SER substrate (blue curve in552

Fig. 1b). Here, the additional features B and C553

in the experimentally obtained SER spectrum554

can also be explained by overtones, as demon-555

strated in Fig. S7 in the SI.556

Following, we briefly discuss possible reasons557

for the appearance of overtones. The most com-558

mon explanation would be a relation to the559

resonance-enhancement effect, which was pre-560

viously proposed for NiOOH for excitation at561

a laser wavelength of 633 nm.51,63 In contrast,562

no resonance effect is known or stands out for563

Ni(OH)2 at this wavelength. While first over-564

tones can occur due to resonance Raman scat-565

tering in form of triple Raman scattering res-566

onance, the occurrence of a complete second567

overtone band is unlikely.3,16,20,22,96 Hence, res-568

onance enhancement alone does not fully ra-569

tionalize the observed overtone features in our570

case. Considering reports on overtones and571

combination modes for other systems, it seems572

these features appear predominantly in layered573

materials such as MoS2,
22 WS2,

23 graphene ox-574

ide,97 transition metal oxides such as LiCoO2575

(under ambient conditions and in situ dissolved576

in propylene carbonate),98 or RuO2.
99,100 For577

some of these systems, overtone and combi-578

nation modes were also suggested to be re-579

lated to resonance effects.22,23,97 In general, lay-580

ered materials are prone to defects and mis-581

matches due to comparably weak interlayer in-582

teractions.101,102 Therefore, we suggest that the583

overtones exhibited by these materials might be584

enhanced or even induced by such defects gener-585

ated by the intermolecular interactions between586

the layers. Further detailed studies are, how-587

ever, required to substantiate this assumption.588

Vibrational Stark effect589

So far, our results and discussion were based on590

the Ni oxide structure found at around the on-591

set of the OER. Following, we illustrate the con-592

sequences of addressing the peak in region II to593

overtones on the interpretation of SER spectra594

recorded during the OER, i.e., at higher overpo-595

tentials. where this feature is usually attributed596

to superoxides.32,51 Therefore, we performed in597

situ SERS measurements on the Au@Ni elec-598

trodes in 0.01M KOH at potentials between599

1.54 to 2.74V Fig. 6a. Furthermore, to eluci-600

date possible pH effects in this potential region,601

we show in Fig. 6b, SER spectra recorded in 0.1,602

0.01 and 0.001M KOH.603
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Figure 6: a) SER spectra of Ni from 1.54 to
2.74V recorded in 0.01M KOH. b) SER spec-
tra recorded at 1.64V in 0.1M, 0.01M, 0.001M
KOH. All measurements were performed while
stirring to prevent bubble formation. Region I
(I1, I2, I3) and II are marked and modes, were
changes are visible, are highlighted. The de-
picted intensity from 700 to 1250 cm−1 is scaled
by a factor of 10.

Upon increasing the electrode potential in604

0.1M KOH (Fig. 6a), the intensity of the605

peak I3 and that of region II increase. Further-606

more, the intensity of peak I2 increases slightly607

compared to peak I1. Additionally, the posi-608

tion of peak I1 and I3 shifts by approximately609

6 cm−1 to 10 cm−1 upon increasing the electrode610

potential by 1.2 V (from 1.5V). In region II,611

the changes observed are more complex, as re-612

gion II separates into two bands, of which the613

band with the higher wavenumber also shifts614

by around 10 cm−1. A shift of the band with615

a lower wavenumber of region II is not clearly616

visible, but its general shape changes with in-617

creasing potential. A similar effect is observed618

in measurements using electrolytes with vary-619

ing pH, such as 0.1M, 0.01M, 0.001M KOH620

while applying a potential of 1.64V (Fig. 6b).621

Note that, as shown above, when the ionic con-622

centration is kept constant, the Raman peaks623

do not shift when varying the pH (compare the624

black and orange curves in Fig. 2 for NiOOH).625

The ionic strength influences local interfacial626

electric fields at the surface, similar to the ap-627

plied potential, which in turn perturbs vibra-628

tional modes and is manifested by a vibrational629

Stark effect.103 Such Stark effects have previ-630

ously been observed in SERS studies of ad-631

sorbed species such as CO on Pd or Pt, affect-632

ing both the position (by up to 5.3 cm−1 per633

0.1V step) and the intensity of the vibrational634

modes.104–106635

Notably, the Stark effect alone accounts for636

all changes observed in both the fundamental637

modes and, hence, also for the changes observed638

in the overtone regions II and III. Consequently,639

possible structural modifications or the pres-640

ence of adsorbed species as well as associated641

OER mechanism that were attributed based on642

changes in this region might have to be recon-643

sidered.32,51,70644

Surface structure of NiOOH645

Our combined Raman and DFT study shows646

that, after the electrochemical oxidation of647

Ni(OH)2 (oxidation state 2.0), NiO2 (oxidation648

state 4.0) is formed instead of the widely ac-649

cepted NiOOH (oxidation state 3.0). Consider-650

ing that previous studies report oxidation states651

for NiOOH ranging from 3.0 to 3.7,32,36,43,107–109652

it is very likely that Ni(IV) species must be653

present in the material with oxidation states654

larger than 3.0. The question thus arises655

whether these structures are completely mixed656

or differ at the electrode surface, near-surface657

region, and the bulk.658

Bulk-sensitive EXAFS measurements in659

previous studies have revealed a Jahn–Teller660
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distortion in oxidized Ni samples, con-661

sistent with theoretical predictions for662

NiOOH.39,49,109–111 In contrast, other EX-663

AFS investigations on NiOOH films including664

γ−NiOOH with oxidation states exceeding665

3.6 reported no evidence of a Jahn–Teller666

distortion.32,49,112,113 Evidence for hydrogen in667

the bulk of NiOOH is substantiated by inelastic668

neutron scattering42 and infrared spectroscopic669

experiments,41,74,75 revealing hydrogen-bonded670

hydroxyl groups within the lattice.671

Based on these findings, we infer that SER672

spectra mainly provide insights into the near-673

surface region, which appears to be oxi-674

dized to NiO2, while the bulk could still re-675

main as NiOOH. The high oxidation states676

of γ−NiOOH, which have been observed to677

range from 3.3 to 3.7, could be accounted for678

by a large surface area resulting from signifi-679

cant structural disorder, which is characteristic680

for γ−NiOOH.36,107,114681

Conclusion682

In this work, we investigated the oxidation of683

Ni in various alkaline electrolytes at potentials684

near and after the onset of the OER using SER685

spectroscopy. Furthermore, the underlying sur-686

face structure was elucidated by combining ex-687

periments in isotope-labeled water with DFT-688

computed Raman spectra. These combined689

findings illustrate that the surface primarily690

consists of Ni(IV)O2 rather than the widely dis-691

cussed Ni(III)OOH. Furthermore, we showed692

that the surface structure of NiOOH/NiO2 in693

an alkaline environment is not directly affected694

by pH and cations such as Li+ and K+. Next,695

we attribute the experimentally observed Ra-696

man bands of NiOOH/NiO2 between 900 cm−1
697

and 1200 cm−1, previously assigned to superox-698

ides, to overtones and combination band. This699

assignment is further substantiated by the de-700

tection of second-order overtones in the SER701

spectra of NiOOH/NiO2, as well as both first-702

and second-order overtones in the SER spectra703

of Ni(OH)2. We propose that layered materi-704

als are particularly prone to exhibiting over-705

tones, which should stimulate further funda-706

mental Raman studies on this class of materials.707

Moreover, we rationalized the changes observed708

in the SER spectra in the overtone region at in-709

creasing potentials or ionic strength, previously710

assigned to structural changes of the material,711

to a vibrational Stark effect.712

We believe that these findings are relevant713

for the ongoing discussion of the structure and714

understanding of the catalytic behavior of ox-715

idized Ni anodes, in particular for the reac-716

tion mechanism of the OER. Moreover, they717

demonstrate that overtones can be observed in718

SER spectra, underscoring the importance of719

accounting for anharmonic effects in spectral720

analysis to avoid misinterpretation during ma-721

terial characterization722
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Rosa Palaćın, M. The Nickel Battery1179

Positive Electrode Revisited: Stability1180

and Structure of the β-NiOOH Phase.1181

Journal of Materials Chemistry A 2018,1182

6, 19256–19265.1183

(75) Kober, F. P. Infrared Spectroscopic In-1184

vestigation of Charged Nickel Hydroxide1185

Electrodes. Journal of The Electrochem-1186

ical Society 1967, 114, 215.1187

(76) Pushkarev, V. V.; Kovalchuk, V. I.;1188

d’Itri, J. L. Probing Defect Sites on the1189

CeO2 Surface with Dioxygen. The Jour-1190

nal of Physical Chemistry B 2004, 108,1191

5341–5348.1192

(77) Huang, Y.-F.; Kooyman, P. J.; Koper, M.1193

T. M. Intermediate Stages of Electro-1194

chemical Oxidation of Single-Crystalline1195

Platinum Revealed by in Situ Raman1196

Spectroscopy. Nature Communications1197

2016, 7, 12440.1198

(78) He, Z.-D.; Tesch, R.; Eslamibid-1199

goli, M. J.; Eikerling, M. H.; Kowal-1200

ski, P. M. Low-Spin State of Fe in1201

Fe-doped NiOOH Electrocatalysts.1202

Nature Communications 2023, 14, 3498.1203

(79) Javad Eslamibidgoli, M.; Groß, A.; Eik-1204

erling, M. Surface Configuration and1205

Wettability of Nickel(Oxy)Hydroxides:1206

A First-Principles Investigation. Physical1207

Chemistry Chemical Physics 2017, 19,1208

22659–22669.1209

(80) Song, F.; Busch, M. M.; Lassalle-1210

Kaiser, B.; Hsu, C.-S.; Petkucheva, E.;1211

Bensimon, M.; Chen, H. M.; Cormin-1212

boeuf, C.; Hu, X. An Unconventional1213

Iron Nickel Catalyst for the Oxygen Evo-1214

lution Reaction. ACS Central Science1215

2019, 5, 558–568.1216

(81) Li, L.-F.; Li, Y.-F.; Liu, Z.-P. Oxygen1217

Evolution Activity on NiOOH Catalysts:1218

Four-Coordinated Ni Cation as the Ac-1219

tive Site and the Hydroperoxide Mech-1220

anism. ACS Catalysis 2020, 10, 2581–1221

2590.1222

(82) Conesa, J. C. Electronic Structure of1223

the (Undoped and Fe-Doped) NiOOH1224

O2 Evolution Electrocatalyst. The Jour-1225

nal of Physical Chemistry C 2016, 120,1226

18999–19010.1227

(83) Li, Y.-F.; Selloni, A. Mosaic Texture and1228

Double C-Axis Periodicity of β-NiOOH:1229

Insights from First-Principles and Ge-1230

netic Algorithm Calculations. The Jour-1231

nal of Physical Chemistry Letters 2014,1232

5, 3981–3985.1233

(84) Moreno Fernández, H.; Karbasizadeh, S.;1234

Adabifiroozjaei, E.; Molina-Luna, L.;1235

Hofmann, J. P.; Amirabbasi, M. DFT-1236

Guided Operando Raman Characteriza-1237

tion of Ni-Oxide-Based Phases Relevant1238

to Electrochemical Systems. The Jour-1239

nal of Physical Chemistry C 2025, 129,1240

16465–16476.1241

(85) Kresse, G.; Furthmüller, J. Efficiency1242

of Ab-Initio Total Energy Calculations1243

for Metals and Semiconductors Using1244

a Plane-Wave Basis Set. Computational1245

Materials Science 1996, 6, 15–50.1246

(86) Kresse, G.; Furthmüller, J. Efficient Iter-1247

ative Schemes for Ab Initio Total-Energy1248

Calculations Using a Plane-Wave Basis1249

Set. Physical Review B 1996, 54, 11169–1250

11186.1251
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