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S1 Materials preparation

HCIO, (99.999%), Ni(NO;), (99.999%), KCl (EMSURE), KOH (99.99 % semiconductor
grade) and LiOH - H,O (99.995%) were purchased from Sigma Aldrich. Solutions and elec-
trolytes were prepared with Milli-Q water (18.2MS2), except for experiments with isotope-
labeled water, i.e., D,O (99.9 %) and H,'®O (97 %), which were purchased from Deutero.
Caro’s acid was prepared with 3 parts of 95 % H,SO, (technical grade) from VWR chemicals
and 1 part of 30 % H,O, (for synthesis) from Sigma-Aldrich. Possible Fe impurities in KOH
were removed according to the procedure described by Trotochaud et al.! 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 at least 3h, the KOH mixture was centrifuged and
subsequently used for measurement. All perfluoroalkoxy alkane (PFA, filament bought from
filamentworld), polyvinylidene fluoride (PVDF, filament bought from 3Dogg), and glass com-
ponents were cleaned by soaking in Caro’s acid for at least one day. Before the experiments,
the components were rinsed with and subsequently boiled in ultrapure water at least three

times for at least one hour.
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S2 Raman spectroscopy measurement cell

In situ Surface enhanced Raman spectroscopy measurements were performed in a PFA cell
(VITLAB GmbH) with a 3D printed lid made of PVDF, which is illustrated in Fig. S1. The
lid contained a hole covered by a transparent borosilicate glass disc (Marienfeld), allowing
the laser of the Raman spectrometer to interact with the sample. The glass disc was mounted
shortly before the start of the experiment to minimize its dissolution in alkaline electrolytes,
leading to silicate contamination. A magnetic stirring bar was included to disperse the bub-
bles formed during the OER, which limit the Raman measurements at high overpotentials.
For measurements in isotope-labeled water (KOD and K'®OH), a similar cell was used, but
with a smaller electrolyte volume and without a stirring bar. The stirring bar was used only
during measurements in the larger cell under OER conditions, as no effect was observed un-
der other conditions, and omitting it ensured consistency between measurements performed
in the larger and smaller cells.

The potential was controlled with a PG-285 (HEKA-Elektronik) Potentiostat, using a
leakless Ag/AgCl miniature reference electrode (eDAQ) and a Pt wire (MaTeck, 99.99 %)
as a counter electrode. The Pt wire was prepared by soaking in hot acetone (50°C) for
at least half an hour and subsequent sonication in Milli-QQ water at room temperature for
another hour. The Raman spectra were recorded with a Confocal Raman microscope inVia
(Renishaw) equipped with a CCD detector, a He/Ne laser with a wavelength of 633nm

(maximum power of 17mW), and a 50x long working distance objective.



Counter electrode
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Figure S1: Schematic illustration of the in situ SERS cell, containing a Ag/AgCl reference,
a Pt counter electrode and the SERS sample as working electrode. In the middle of the cell,
an opening for the Laser is covered with a glass disc to prevent bulging of the electrolyte. A
stirrer is added to deal with bubble formation and pH shift at high applied potentials during
the OER.
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S3 Sample preparation

The SERS active Ni working electrode (Ni supported on a Au substrate) 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 a VSP-300 potentiostat from BioLogic. The preparation procedure for the working
electrode was adapted from the procedures presented by Diaz-Morales et al.?? First, a Au
wire (MaTecK 99.995 %) was annealed in a butane flame. The wire was then dipped 2cm
into a 0.1 M KCI electrolyte and roughened by 30 potential cycles between —03 and 1.2V
vs. 3.4MAg/AgCl, recorded at a scanrate of 500mVs~!. The last cycle of this procedure
is shown in Fig. S2. During the scans, the potential was held at the upper potential limit

for 1.3s and at the lower limit for 30s.3 A cyclic voltammogram 0.1 M HCIO, before and

12
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Figure S2: Electrochemical procedure for the roughening of a Au wire in 0.1 M KCI, showing
in this case the last out of 30 cycles, recorded at a scanrate of 500mV s~ !. At the upper /
lower potential limit the potential was held for 1.3s / 30s.
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after the roughening in KCI is shown in Fig. S3. For this, 1 cm of the Au wire was dipped
into the solution, which was purged with nitrogen for 10 min and cycles were recorded at a
scanrate of 5mVs~! vs Ag/AgCl (3.4M). Afterwards, the surface area of the Au wire was
determined by the reduction peak in the cyclic voltammogram recorded in 0.1 M HCIO, after
the roughening. By integrating the reduction peak in the negative going scan and correcting
for the capacitive current of the double layer, the surface area can be calculated assuming a

charge of 390 nC cm 2.2 Here, a surface area of 0.34 cm? was calculated.

30 A
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E/VAg/AgCI

Figure S3: Cyclic voltammogram for a Au wire recorded in 0.1 M HCIO, at a scan rate of
5mV st before (orange) and after (blue) electrochemical roughening (see text for details).

The deposition of Ni was performed by immersing 1cm of the Au wire into a mixed
5mM Ni(NO;), and 0.1 M KCIO, solution. A current of 10 pA was applied between the Au
working electrode and a graphite counter electrode.

To ensure a sufficiently thick Ni coating and prevent AuO artifacts in the SER spectra,*
the deposition time was adjusted to produce roughly 75 layers on the Au wire. The required

time was calculated using the surface area of the Au wire assuming a charge of 726 pA cm 2

7
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per layer as described elsewhere.?
The quality of the deposited Ni film was determined from cyclic voltammetry and in
situ, Raman spectroscopy measurements. The cyclic voltammogram recorded in 0.1 M KOH

(stirred electrolyte), at a scanrate of 5mVs !

is shown in Fig. S4, shows typical features for
Ni electrodes in a KOH electrolyte (see manuscript for further details). For incomplete Ni

films, additional features are observed that are related to the Au substrate.
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—0.25 A

Figure S4: CV of Ni deposited Au wire measured in a stirred 0.01 M KOH with a scanrate
of 5mV Si1 and limits of 1.04 VRHE and 2.44 VRHE-

Raman spectra showing a successful deposition are shown in Fig. S6. Up to 1.34 Vgyg,
the SER spectra correspond to that of Ni(OH),. A broad band at 550 cm ™! belonging to
AuO, can not be detected.® At 1.39 Vryg, initial formation of NiOOH is visible, as peaks
at 480 and 560 cm ! begin to form. At 1.44 Vgpg only NiOOH is visible. Additionally, the
Raman spectra of the SERS sample can be compared to a Raman spectrum recorded with
a pure Ni sheet (Mateck, 99.99 %) in 0.01 M KOH collected at 1.5 Vryg (Fig. S5). However,

due to the lack of the surface enhancement effect of the Au wire, the total intensity and thus
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s quality of the spectrum is lowered by a factor of around seven. Still, Raman spectroscopy of
&z NIOOH without surface enhancement is possible.* In contrast, detecting Raman signals of

s Ni(OH), without surface-enhancement under operating conditions is challenging.

I/a.u.

400 600 800 1000 1200 1400
v/cm™t
Figure S5: Raman spectrum of Ni sheet in 0.01 M KOH measured with an applied potential

of 1.5 VRHE-
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S4 Raman spectra processing

The raw Raman spectra were post-processed by adjusting the baseline and removing noise.
The baseline was determined with an asymmetric least square smoothing® and subtracted
from the signal. Additionally, a Savitzky-Golay filter was applied to all spectra to remove
noise,® which improves the visual separation of peaks from the noise.

Measurements performed during different measuring series and during OER conditions
can have varying total intensity. To improve comparability, the intensity of each NiOOH
spectrum in the main manuscript was scaled so that the maximum of the first peak at 450
to 480 cm ™! of each spectrum is set to the same intensity. Peak deconvolution of various
SER spectra was performed using the Voigt model from the Python-based Imfit library.” To
deconvolute overtone and fundamental modes, their positions were estimated by summing

1

the corresponding fundamental frequencies. A tolerance of £10 cm™" was allowed to account

for possible deviations during the deconvolution process.
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S5 SER spectra of Ni(OH), oxidation to NiOOH

The transition of Ni(OH), to NIOOH can be monitored by Raman spectroscopy, as shown

in Fig. S6, including an intermediate stage in which peaks corresponding to both phases are

observed in the same spectrum.

I/a.u.

1.54V

/_w_—
_______/\_\ 139V
A 134V
I, - 1.24V
400 600 800 1000 1200 1400
b/cm™?

Figure S6: SER spectra of Ni deposited Au wire in 0.01 M KOH at potentials from 1.24 Vryg
to 1.54 Vrygg. No normalization was performed for the here recorded spectra. The transition

from Ni(OH), to NIOOH is apparent at about 1.39 V.
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S6 SER spectra of Ni(OH), in isotope labeled elec-

trolyte

Isotope-labeled electrolytes, such as KOD and K'®OH, were used to investigate the lattice
composition of Ni(OH),. Distinct Raman shifts confirm the presence of hydrogen and oxygen
within the lattice as shown in Fig. S7. The peak positions of the spectra in Fig. S7 are listed

in Tab. S1.

I/a.u.

KOH

400 600 800 1000 1200
v/cm™1

Figure S7: SER spectra of Ni(OH), in 0.01 M KOH, KOD and K'®OH at an electrode poten-
tial of 1.14 Vgyg. The position of the fundamental modes and the corresponding overtone

and combination modes are highlighted as well as the D,O bending vibration at 1205cm .

12



Table S1: Position of fundamental modes of SER spectra of Ni(OH), in 0.01 M KOH, KOD
and K'®OH (inferred from Fig. S7) at an applied potential of 1.1 Vgyug.

| Electrolyte | 7(Eg or Ayy)/em ™! | (Eg or Ayg) /em ™! |

KOH 455.8 500.6
KOD 443.3 489.4
K™®OH 431.0 473.7

13



= S7 SER peak position of Raman active modes of NiOOH

3 in various electrolytes

Table S2: Position of fundamental modes in SER spectra of NiOOH recorded in 0.01 M
KOH, LiOH, KCIO,, KOD and K'®OH at an electrode potential of 1.5 Vyyg. Corresponding
SER spectra are shown in Fig. 2 in the manuscript.

| Electrolyte | 7(E,)/cm ' | 7(Ay,)/cm ! |

KOH 478.6 558.2
LiOH 478.7 558.3
KCIO, 477.3 555.7
KOD 4775 555.9
K®OH 453.6 526.1

14
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S8 Deconvolution of SER spectrum of NiOOH in KOD

The SER spectrum of NiOOH in KOD can be deconvoluted in the same manner as the
spectra in KOH and K'OH as shown in Fig. S8. The deconvoluted spectrum recorded
in KOD exhibits a similar trend compared to that in KOH, except for a shift of the D,O

bending vibration, which is consistent with the assumption that NiO, is present instead of

NiOOH.

//a.u.

800 1000 1200 1400 1600 1800

400 600 800 1000 1200 1400 1600 1800
v/cm™1

Figure S8: In situ SER spectra for Ni in 0.01 M KOD, recorded at electrode potentials of
1.64V at which NiIOOD/NiO,, is formed. The inset magnifies the region between 800 cm *
and 1800 cm ™! by a factor of 15 and highlights the first and second overtone and combi-
nation band. Additionally, the bands in the inset were deconvoluted using the position of
the overtone and combination modes and are highlighted. The bending mode of D,O was
accounted for in the deconvolution as well and is highlighted in blue. The peak positions are
summarized in Tab. 1 in the main manuscript.
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S9 Computational method

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP)
6.2.0.%9 Projector augmented wave (PAW) was utilized to describe electron-core interac-
tions.® Spin-polarized calculations were performed assuming ferromagnetic coupling and a
high-spin electronic configuration for the nickel ions. The generalized gradient approxima-
tion (GGA) developed by Perdew, Burke, and Ernzerhof (PBE) was employed to describe
electronic exchange and correlation.!! The calculations were performed without Hubbard
U correction since the NiOOH geometry is not affected by this correction.'? Furthermore,
DFT-D3 correction was employed to correct for dispersion interactions.

In total, four structures were created (see Fig. 3 in the manuscript), including two bulk
structures and two slabs, which were computed with a5 x 3 X 4anda8 x 4 x 1
k-point mesh according to the Monkhorst-Pack scheme, respectively.'* Plane waves with a
cutoff of 500 eV and 600 eV for the bulk and slab structures were employed, respectively, and
Gaussian smearing with a width of 0.05eV was used. Convergence was achieved when the
maximum force applied on any atom is smaller than 0.05 meV/ A and the energy difference
of the electronic self-consistent field (SCF) was smaller than 10 ¢eV.

For calculating the S-NiOOH bulk structure, we assume the layered Brucite type struc-
ture similar to that of Ni(OH),, but with half of the hydrogen atoms removed, consistent
with previous studies.®'¢ The employed unit cell contains two formula units NiOOH. For
the eight atoms, a monoclinic unit cell with lattice parameters of @ = 2.92A,b =592 A, ¢ =
4.80A, 0 =88.4°, 6 =71.7°,v = 119.7° was used.

Next, a f-NiOOH surface was created using four layers of the optimized S-NiOOH. Each
layer consisted of four formula units of NiIOOH and the position of the bottom two layers
were fixed. To capture the influence of the surface on the Raman spectra, vacuum was added
on top of the surface by increasing ¢ by 14.4 A.

Bulk NiO, was created by removing the H in the NIOOH unit cell and optimizing its

16
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geometry. The unit cell contains 6 atoms and has the lattice parameter ¢ = 2.82A,b =
5.64A,c=503A,a =768, 4=73.3°~=120.0°. Finally, based on the NiO, structure, a
slab with four layers and a (0001) surface was created. The two bottom layers were fixed in
their bulk geometry. Additionally, 15.1 A was added to ¢ to simulate vacuum on top of the
slab.

Phonons were calculated for all structures with a finite difference approach with a step
size of 0.015A and a cutoff of 600eV for the plane wave energy. To calculate the phonons
for the NiOOH and NiO, surfaces, the position of the bottom three layers was 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 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 atoms
at the top layer were displaced. Raman intensities were then calculated according to the
procedure proposed by Porezag et al.®

The complete calculated Raman spectra for the bulk structures of NNOOH and NiO, are
shown in Fig. S9. Furthermore, the intensity of all calculated phonons and their positions
are summarized for each structure in Tab. S4 (NiO, bulk), S5 (NiO, surface), S6 (NiIOOH
bulk) and S8 (NiOOH surface).

17



a NiOOH bulk b NiOOH surface
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Figure S9: Complementary complete predicted Raman spectrum for the NNOOH bulk (a)
and surface (b), to that in Fig. 4 in the manuscript. Calculated spectra are displayed using

an arbitrary Lorentzian peak width for comparison with experimental data.
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Table S3: Optimized lattice parameters of NiIOOH reported in recent literature. Parameters
have been rescaled to correspond to one formula unit of NiOOH. Original values are provided

in brackets.

4 Structure 4 Method : a, b, c [A] a, 8,7 [] 4

my work DFT + D3 2.918, 2.9605, 4.797 88.38, 71.74, 119.68
LLY DFT+U (5.5) 2.416 (4.922), 2.798 (11.193), 4.817 90.00, 89.93, 75.96
MC1% | DFT+U (5.5) (PBE) || 2.945 (5.893), 2.993 (5.986), 4.719 (9.439) | 120.56, 80.22, 87.35
MC216 DFT+U (5.5) 2.94, 2.992 (5.984), 5.004 120.56, 89.41, 70.34
TC?0 DFT+U 2.926, 2.957 (5.913), 4.839 80.0, 90.0, 119.7
ZC11%2 DFT 2.59 (5.18), 2.93, 4.509 90.01, 101.89, 90.00
7ZC212 DFT+U (5.5) 2.579 (5.157), 2.898, 4.669 90.175, 101.926, 90.104
EE?! DFT+U (5.5) 2.92, 2.92, 5.01 70, 110, 120
HE??2 DFT+U (5) 2.91 (5.82), 2.92 (11.69), 4.88 (9.77) 119.03, 69.66, 109.79
Cc123 optB88-vdW+U (5.3) 2.64 (5.288), 2.829, 4.536 90, 103.54, 90
223 optB88-vdW+U (5.3) 2.65 (5.296), 2.828, 4.576 90, 75.64, 90
HL12%* DFT+U (5.5) +D3 2.271 (9.085 ), 2.956 (5.913), 5.023 90, 90, 96.66
HL22%* DFT+U (5.5) +D3 || 2.499 (4.997), 2.994 (5.989), 4.510 (9.019) 93.73, 76.68, 97.94
HL3?%4 DFT+U (5.5) +D3 2.315 (9.259 ), 2.922 (5.844), 5.086 90, 90, 77.57
HL42% DFT+U (5.5) +D3 || 2.571 (5.142), 2.899 (5.789), 4.633 (9.266) 90, 90, 101.9
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Table S4: Calculated vibrational modes of the NiO, bulk slab (Fig. 4 in the manuscript)
without the acoustical modes. Known symmetries derived from group theory analysis are
given.

| mode | # [em ] | activity [a.u] | symmetry |

01 626.98 2.55 Agy
02 613.04 1.97
03 568.03 0.47
04 567.54 0.18
05 557.68 7947.43 A
06 550.82 0.95 Eq
07 547.94 0.28 Eq
08 541.57 0.05
09 479.49 3998.57 Eg
10 477.25 2437.91 Eg
11 449.85 0.66
12 437.04 1.04
13 423.92 2.28
14 289.4 0.00
15 230.00 0.133

20



Table S5: Calculated vibrational modes and their predicted intensities of the NiO, surface
slab (Fig. 4 in the manuscript). Known symmetries derived from group theory analysis are

given.

’ mode ‘ 7 [em 1] ‘ activity [a.u.] ‘ symmetry ‘

01 633.68 33.93 Agy
02 608.58 1.57
03 608.37 1.33
04 608.29 0.24
05 568.12 1.50
06 567.33 0.54
07 566.81 0.16
08 560.45 0.54
09 559.14 2.12
10 558.81 97.70
11 556.66 1088.41 A,
12 552.54 423.37 Ey
13 550.84 122.30 Ey
14 547.79 0.86
15 547.53 0.81
16 545.82 12.85
17 474.51 1624.44 | D
18 473.56 1621.80 | D
19 446.94 0.34
20 446.28 0.13
21 446.11 0.30
22 437.62 0.36
23 436.67 0.23
24 436.43 0.29
25 427.16 0.80
26 424.92 0.45
27 424.73 0.88
28 291.40 0.06
29 291.36 0.14
30 290.74 0.01
31 234.20 0.04
32 233.72 0.07
33 232.70 0.12
34 40.91 82.26
35 23.60 8.69
36 8.02 30.30
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Table S6: Calculated vibrational modes of the NIOOH bulk slab (Fig. 4 in the manuscript)
without the acoustical modes.

| mode | 7 [em '] | activity [a.u] |
01 2258.86 12816.01

02 2234.43 11816420.39
03 1153.07 141277.75

04 1128.37 9.40
05 1125.05 198740.92
06 1063.61 10.01
07 583.07 7.95
08 576.35 753870.83
09 543.63 4.73
10 530.02 4.85
11 522.35 2.68
12 485.83 2.61
13 457.87 368570.00
14 423.25 15.71

15 370.60 1871797.44
16 362.74 91978.25

17 334.80 6.49
18 294.34 717668.63
19 228.20 12.13
20 223.08 3.68

21 131.34 1061183.26
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Table S7: Vibrational modes of NIOOH surface slab.

’ mode ‘ U [em 1] ‘ activity [a.u.] ‘
01 3730.18 6631094257
02 3728.59 9154490
03 2289.13 4961035920
04 2272.63 | 152717392414
05 1160.95 399001126
06 1108.64 | 15554101455
07 1076.20 | 11299753275
08 1073.82 781277056
09 761.48 69115440
10 646.98 365005500
11 585.06 304222811
12 571.6 1096963089
13 569.04 73917148
14 567.44 213522743
15 559.84 321699023
16 550.40 665004090
17 543.42 117369476
18 538.94 154363111
19 528.95 4669896
20 523.00 72064442
21 511.89 233511837
22 495.53 13732920
23 491.30 233300625
24 480.05 409791104
25 452.29 636332291
26 445.75 1214547250
27 400.95 642857652
28 380.26 2050023014
29 379.93 1423877648
30 376.84 2714613947
31 370.33 49380784
32 359.96 439201875
33 352.48 448541519
34 347.30 310210880
35 325.46 44661909
36 297.22 37336459
37 255.85 1813886264
38 244.11 33127693
39 228.67 4794217
40 222.33 28245980
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Table S8: Vibrational modes of NiIOOH surface (continuation).

’ mode ‘ 7 [em 1] ‘ activity [a.u.] ‘
41 211.86 48032700
42 198.73 114201700
43 197.44 385420189
44 188.23 11727270
45 102.00 | 112458954221
46 93.67 5535636871
47 45.55 254677279
48 39.93 929892279

24
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