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Supplementary Note 1. Table of values for HER activity on Ni-based catalysts from the literature

Supplementary Table 1. Details of the data normalization used in Fig. 1b and Supplementary Fig. 1.

mV b jo ECSA mV ECSA, IR corrected
Refs. # Catalyst @1’10 [mA clfz [mV] [mAlcm‘Z] Cai = [mFcm™] @’Zi(::\n& cm!z ! [mV]
1 2nd-Ni/Ni(OH),/NF-
/O 53 55 6.1 190
1st Nl/l\lslé(gH)z/NF 116 98 3.8 340
¢c-Ni/Ni(OH)2/NF-500 144 134 2.5 425
2 3D NiO/NF 70 65 6.8 235
NF 243 189 0.9 555 277
3 Ni/NF 178 102 15.3 472
A-Ni/NF 187 107 12.2 485
C-Ni/NF 198 108 15.2 509
AC-Ni/NF (referring 30 47 20.8 172
to hydroxide form)
4 Ni/Ni(OH), NF 127 140 71.0 624 363
NF 250 206 0.6 555 322
5 Ni/Ni0 @ C-1 113 68 24 322
Ni/Ni0O @ C-2 64 55 22 231
Ni/Ni0 @ C-3 137 84 12 370
Ni/NiO @ C-2_acid 219 199 47 830 313
treatment
Ni/NiO @ C- 264 249 18 999 373
2_oxidation
6 Ni/Ni(OH)./NiOOH 45 100 0.94 230
Ni(OH)2/NiOOH 421 167 0.06 501
7 Ni/NiO-O0s 87 119 325 587 468
Ni/NiO-3s 25 74 665 261
Ni/NiO-10s 47 89 380 428
Ni/NiO-3000s 63 93 139 420
Ni/NiO-15000s 115 127 65 461 430
8 Ni(OH)./NF @ 40 V 157 82 2.9 334
Ni(OH)2/NF @ 25V 207 94 1.73 389
Ni(OH)2/NF @ 10V 210 99 1.84 404
Ni(OH)2/NF @ 5V 214 100 1.58 404
Ni(OH)/NF @ 1V 218 120 1.37 438
NF 296 130 2.2 561 460
9 NiOx/NF 70 68 17.8 271
NiOx/NF-C1 135 159 14.5 590 269
10 Ni/B-Ni(OH)2 NSAs 58 78 168.5 364
Ni/a-Ni(OH)2 NSAs 127 101 83.9 493
1 Ni(111) 115 0.0022 Ageo = 0.063 cm ™2 421
Ni(100) 107 0.00092 Ageo = 0.09 cm™2 432
Ni(110) 117 0.0011 Ageo = 0.087 cm™2 463
12 Ni/NiO (NF-120) 160 68 0.4 249
NF-60 195 77 0.21 274
NF-90 176 73 0.31 263
NF 288 155 0.125 412
13 Ni/Ni(OH)2 (HZ 1.5) 168 96 1.99 360
HZ 0.0 527 71 1.61 662
Hz0.5 390 110 1.80 605
HZ 1.0 345 102 1.81 545
HZ 2.0 278 103 1.25 463
HZ 2.5 242 110 0.45 391




14 Ni/NiO-250 145 43 3.3 240
NiO NSs 251 60 0.9 350
15 Ni 330 135 Roughne_ss factor (Ry) 408
(@5 mA cm?) =19
16 NF 261 94 1.1 425
v Ni(poly) 310 144 RF=1 353
(@5 mA cm?)
Ni/Ni(OH)z 235 128 RF=1 273
(@5 mA cm?)
18 Ni/Ni 221 123 8.3 543
19 Ni/Ni0-0.7 401 105 111 794 639
Ni/NiO-2.7 220 101 115 600 412
Ni/NiO-3.8 90 41 127 292
Ni/Ni0-6.1 150 72 124 423
20 NiO/Ni-240 259 120 108 707
NiO/Ni-270 234 111 109 649
NiO/Ni-300 194 123 108 653
NiO/Ni-350 219 113 109 641
Ni 247 110 108 657
2 B-Ni(OH)2 333 230 0.1 494 351
2 Polished Ni rod 115 0.0042 RF=2.1 351
Chemically etched 125 | 0.0047 RF =3.0 356
23 NiO @ NF-6 310 231 1.77 760 471
24 Ni 86 68 7.52 261
alpha-Ni(OH). 333 127 2.04 588 438
beta-Ni(OH). 549 450 1.95 1444 551
25 Ni (nanosheets) 354 145 0.066 429 408
NiO (nanosheets) 372 165 0.062 621 453
Ni/NiO (nanosheets) 226 135 0.12 422 330
26 Ni(OH), @Ni/CC 68 97 2.42 270
Ni(OH)./CC 262 185 5.25 710 542
Ni/cC 104 184 3.98 527 340
27 Ni @ C-400/Ni foam 110 95 1.38 527
28 as-depisited 50 nm 263 89 RF =1.004 263
Ni
oxidized 50 nm Ni 220 92 RF =1.006 220
(hydroxide)
as-depisited 300 nm 256 92 RF =1.004 256
Ni
oxidized 300 nm Ni 215 108 RF=1.011 215
29 Flame-like 56 53 62.3 241
Ni(OH)2/NF
30 H-Ni/C 167 106 2.75 394
H-Ni/Nio/C 87 92 4.89 307
H-NiO/C 246 124 1.08 461
31 B-Ni(OH),/NF 145 51 30.5 307
32 Ni(OH).@Ni/CP 106 88 5.6 321




Supplementary Note 2. Evaluation of specific activities and IR, correction of literature data

I = —nFAk°(1 - @ad(AGso’E))e—aF(E—IRu)/RT (C(Xzo)e—(AGi"*Jrr@ad)/RT) (1)

In Supplementary Equation 1, where / is the current, n is the number of electrons, F' is the
Faraday constant, 4 is the electrochemically active surface area ECSA (geometric surface area,
Ageo multiplied by the roughness factor, Ry), k° is a unit constant, « is the transfer coefficient, R

is the gas constant, T'is the temperature, cy, o (x=0) is the water reactant activity at the electrode

surface, AG:{lI o 1s the standard free energy of water activated complex, £ is the potential applied
2

to the electrode, Ry is the uncompensated resistance, 7 is a constant describing the rate of change

of AG;{ZO with ©,4(AGs, E), which is the percentage of the electrode surface that is covered by

adsorbed species and is dependent on the free energy of adsorption of these adsorbates AGg
and on the applied potential.

The evaluation of ECSA is not always straightforward. For Ni surfaces, the most
common approaches involve determining the charge associated with the anodic peak in the
voltammogram (typically at ~0.40 V) and evaluation of the double layer capacitance (Ca),
either by electrochemical impedance spectroscopy or from current vs. scan rate plot**+26,

However, we note that the Cq approach does not include the (1 — 0,4(AGg, E)) term,
as it represents the average value of the entire surface in contact with the electrolyte. As such,
the Ca gives only an estimation of true ECSA and therefore the normalization process
described below does not yield true specific activities (jspec.). The situation is further
complicated for supported catalysts, where Cqi measurement includes the contributions of the
support as well.

Accordingly, for the literature-derived data summarized in Supplementary Table 1,
which were extracted from previously published studies and used to construct Fig. la, we
normalized the activities using the Cq values reported in each original publication. The dashed
lines in Fig. 1, which represent our own experimental data and serve as a reference for
comparison with the published literature values, were therefore derived without including the
(1 — 0,4q(AGs, E)) term in the normalization. We note that this exclusion applies only to Fig.
1. Throughtout the reminder of the manuscript, where we establish the trends that reveal the
roles of Ni species in HER, the ECSA values were determined from the charge associated with
the anodic peak in the voltammogram.

The normalization procedure applied to literature data is described below. First, ECSA
was calculated using Supplementary Equations 2 and 3.

C
R¢ = C—dsl 2)
ECSA = Ageo X Ry 3)

A specific capacitance (Cs) value of 20 pF cm 2 was assumed for bare Ni electrode, as
commonly reported in the literature® >,



Next, the normalized activity (jecsa), 1.e., the geometric current (/geo) normalized by
ECSA, was calculated using Supplementary Equation 4.

Igeo

JECSA = Tesa 4)

The hydrogen evolution reaction (HER) activity is most often reported in the literature
as overpotential (77qc0) required to achieve geometric current density of —10 mA cm 2.
Accordingly, to obtain the ECSA-normalized overpotential values (#ecsa) shown in Fig. 1b,

Supplementary Fig. 1 and Supplementary Table 1, we used a normalized current density of —10
mA cm 2gcsa.
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Supplementary Fig. 1 | Scattered HER activity data for Ni-based catalysts, compiled from numerous
published studies. a, HER activities plotted as overpotential (ngeo) at geometric current density (jgeo) of =10 mA
cm™2. b, HER activities normalized to ECSA. ¢, HER activities normalized to the ECSA and corrected for ohmic
overpotential (/R, drop) to the best of our ability. The blue arrow illustrates the overall spread in HER activity,
while the orange arrow indicates the general shift in HER activity upon normalization. Symbols represent
literature-reported values for three types of Ni surfaces: metallic Ni° (black), NiO/Ni (red), and Ni(OH)»/Ni
(green). Multiple data points from individual studies reflect different NiOH,/Ni compositions studied within the
same work (see Supplementary References 1-32). Black, red, and green dashed horizontal lines indicate the HER
activity values measured in this study: black corresponds to pure metallic Ni, red to the least active NiO/Ni
interface, and green to the most active Ni(OH),/Ni interface.

After normalization, the majority of data points shift to significantly lower activities
(i.e., higher overpotentials), as shown in Supplementary Fig. 1b. Strikingly, nearly all of the
previously reported highest activities now fall below the intrinsic activity of pure metallic Ni,
as measured in this study (black dashed line, Fig. 1). This suggests that the apparent
extraordinary activities largely arise from the high surface area of the catalyst rather than their
intrinsic performance. Despite normalization, a considerable spread in the data persists.
To address this, we further corrected data points where the ohmic overpotential (/R,) was
clearly undercompensated or not compensated at all, which resulted in a reduction of the true
kinetic overpotential (see details in the Supplementary Table 1). This correction noticeably
reduced the overall data scatter, as illustrated in Fig. 1c. In several of the referenced papers
summarized in Supplementary Table 1, the extended exponential region of the polarization
curves was absent; instead, a linear region dominated, strongly indicating incomplete or absent
IR, compensation. To mitigate this, 7ecsa at =10 mA cm 2 was recalculated from the extracted
low-current # values using the Tafel equation (Supplementary Equation 5), yielding #rcsa,iz —
the overpotential corrected for uncompensated resistance, as shown in Supplementary Table 1.



NEcsa = @ + blogjgcsa (5)

Here, b represents the Tafel slope, and a is related to the exchange current density (jo).

We emphasize that all data used for this correction were taken directly from the respective
published studies in Supplementary Table 1, and we cannot account for any underlying
inaccuracies in those data that may arise from imporper experimental measurement or
reporting.

While we could have simply presented the large spread in activity data using only geometric
currents (Fig. 1a), we considered it a matter of courtesy and scientific rigor to account for these
apparent inconsistencies in the literature data. Importantly, even after applying these careful
corrections and normalizations, Fig. 1 and Supplementary Fig. 1 still reveal a substantial spread
in HER activity remains across the reported studies.

The remaining data spread in Supplementary Fig. lc is attributed to the immense complexity
of Ni surface chemistry, where species such as metallic Ni, NiHx, NiO, a-Ni(OH)2, B-Ni(OH).,
and NiOOH may exist individually or coexist in various combinations.

Together, these data suggest that the HER activity values reported in the literature are
often inflated — not only due to poor experimental design and careless handling and analysis of
raw data (human error), but also due to a lack of fundamental understanding of the relationship
between inherent Ni surface species and HER kinetics in alkaline electrolytes. As will be shown
below, this knowledge gap can affect the observed activity by as much as three to four orders
of magnitude.



Supplementary Note 3. Preparation protocols and characterization of individual Ni surfaces

Anyone who has worked with Ni in alkaline electrolytes is familiar with the notorious
irreproducibility of its surface, a consequence of the difficulty in stabilizing its surface state.
The complexity of Ni surface chemistry, marked by the coexistence of multiple intrinsic
species, casts doubt even on seemingly reproducible results.

To establish a meaningful correlation between HER activity and specific Ni species, exact
control over the surface composition was essential. To this end, we developed a set of protocols
to prepare surfaces dominated by one of the following well-defined Ni states:

Bare metallic Ni (unmodified surface);

Ni partially modified, predominantly with Hy;

Ni partially modified, predominantly with Ni(OH)2;
Ni partially modified, predominantly with NiO.

These are denoted as Ni°, Ni, Nion), and Ni(o), respectively.

To prepare the Ni® surface, we employed two distinct approaches. The first involves
surface preparation under ultra-high vacuum (UHV) via Ar" ion sputtering, followed by a brief
annealing step at 600 °C. As shown in the scanning electron microscopy (SEM) image
(Supplementary Fig. 2), the annealing produced extended surfaces with large, 10-200 pm-sized
grains. Within individual grains, the surface was close to atomically flat, as seen in the atomic
force microscopy (AFM) image and the corresponding profile line scan in Fig. 2a. The X-ray
photoelectron spectroscopy (XPS) spectrum confirmed that our preparation procedure yielded
a surface free of oxygenated species, as indicated by a single prominent Ni 2p3. peak at 852.5
eV, characteristic of metallic Ni (Fig. 2h), and the absence of any significant signal in the O 1s
region (Supplementary Fig. 3a,b).

Grain boundary

Supplementary Fig. 2 | SEM images of the annealed polycrystalline Ni surface. a, Annealing produced an
extended surface with large grains ranging from 10 to 200 pm. b, Close-up view of selected grain boundaries,
showing a surface that appears flat within the resolution of the SEM.
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Supplementary Fig. 3 | XPS spectra of different Ni surfaces. a, Survey XPS spectrum for Ni’. b-d, Peak
deconvolution of high-resolution (HR) XPS O 1s spectra for Ni°, Nion), Ni(), respectively.

The sample was then transferred from the UHV chamber, under vacuum, to a transfer
vessel and subsequently moved to a N»-filled glovebox. Electrochemical characterization was
performed by recording a cyclic voltammogram from 0.00 V to 0.55 V and back to —0.15 V vs.
reversible hydrogen electrode (RHE), revealing oxidation and reduction peaks associated with
the formation and reduction of Ni(OH),, respectively, as described in Supplementary Equation
6 (Fig. 2d).

Ni+20H" — Ni(OH), +2¢" (6)
“NiH, + OH™— Ni+H,0 + e~ (7)

Alternatively, the Ni° surface can be obtained by inductive heating at 1000 °C in a
Ha/Ar atmosphere, followed by transfer through air with a protective droplet of water to shield



the surface from airborne contaminants. The air-formed (hydr)oxide layer is then
electrochemically reduced at —0.40 V vs. RHE. To complete the preparation, the subsurface
hydride formed during this process is removed by holding the potential at 0.30 V for 20 min —
a sufficiently positive value to oxidize unwanted hydride while keeping the co-formed
hydroxide within reducible monolayer coverage, thereby minimizing the formation of
irreducible Ni(OH),. Notably, this step, followed by a potential sweep past —0.15 V, is essential
for obtaining a clean, metallic Ni® surface (dashed pink, Supplementary Fig. 4). The charge
associated with the cathodic peak in the voltammogram, corresponding to Ni(OH). reduction
(Supplementary Equation 6), yields a charge density of 355 pC cm 2, which closely matches
the theoretical value of 367 pC cm 2 corresponding to one monolayer (1 ML) of Ni(OH),. This
estimate assumes a layered hexagonal structure in which each Ni(Il) layer is sandwiched
between two OH™ layers, with a surface density of 1.14 x 10'° ions cm2, as suggested by
Seyeux et al.’®. Afterward, the scan direction was reversed toward the anodic side, up to 0.55
V, to characterize the Ni° surface.

The reproducibility of the Ni’ surface prepared by two independent methods was
confirmed by the close agreement of their anodic peak features, as shown in Supplementary
Fig. 4. However, the differences in the cathodic region were expected, as the two methods
involve different starting potentials and the initial direction of the scan.

2001 - . Ni® (UHV sputtered)
——— Ni° (electrochemical)
& 1004 P2
£ N
3} 4 /
’
3 O ’_h_-q.f;’_ == -
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5 i 7
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02 00 02 04 06
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Supplementary Fig. 4 | Preparation of Ni’ surface via two methods. In the first, Ni° was prepared under UHV
by Ar' ion sputtering and annealing at 600 °C, then transferred under vacuum to a N»-filled glovebox. A
voltammogram recorded from 0 V to 0.55 V and reverse to —0.15 vs. RHE, showed characteristic Ni(OH)
oxidation and reduction peaks (dashed black curve). Alternatively, Ni° was obtained by inductive heating at 1000
°C in a Ho/Ar atmosphere, followed by air transfer using a protective water droplet. The air-formed (hydr)oxide
was reduced at —0.40 V, subsurface hydride removed by holding at 0.30 V for 20 min, followed first by a cathodic
sweep to —0.15 V and then anodic sweep to 0.55 V (dashed pink curve). The overlapping anodic peaks indicate
that both methods reproducibly yield Ni° surfaces.

Niar) was prepared by holding the potential of the Ni° electrode between —0.05 and
—0.40 V vs. RHE. As NiHy cannot be probed by the XPS, we relied on CV to determine the
exact amount present in/on Ni (Supplementary Fig. 15). Comparison of the anodic peaks at
0.40 V, where Ni(OH), forms on Ni’ (blue dashed line in Fig. 2e, obtained after stripping of
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hydride from the Ni surface), as described in Supplementary Equation 6, and coupled formation
of Ni(OH): and oxidation of NiHx on Niw, as described in Supplementary Equations 6 and 7,
suggests that 0.29 ML of hydride was formed by holding the electrode at —0.20 V.

To probe the location of hydrogen, we applied a CO displacement method pioneered by the
Alicante group, which monitors both the magnitude and polarity of the charge during
chronoamperometry as CO adsorbs onto the Ni surface®’. The CO adsorption on Ni is well-
established in the literature®. In our system, this is further supported by the presence of a clear
CO stripping feature in the cyclic voltammogram (Supplementary Fig. 5a). This confirms that
CO adsorbs strongly enough to measurably affect the interface. Based on this, we consider CO

displacement to be an appropriate qualitative probe for the presence of surface-adsorbed
hydrogen.

While Hag desorption produces an electrochemical response, CO adsorption does not.
Therefore, a distinct positive current would be expected from Haq desorption during CO
displacement, which, notably, was absent in our measurements, indicating no adsorbed
hydrogen resides on the surface (Supplementary Fig. 5b).

One might perhaps point to a faint transient signal of opposite polarity (Supplementary
Fig. 5b). This signal was observed during the physical switch of the gas lines from Ar to CO
purging and is attributed to trace amounts of oxygen that entered the system. The minor
cathodic transient is therefore explained as an experimental artifact, arising from residual
oxygen reduction (ORR).

a b
400 T T T T T 34
— 1%t cycle CO stripping
300 Ny 1
2™ cycle 09  CO purging initiation
—~ 200 — .
i Ni — Ni(OH) = -3 \
§ 100 ’ g \
ERNY R :
~-100+ = 9 \
Surface blocking by CO
-200 Ni(OH), — Ni -124 over time
-300 T T T T T T T T
-02 00 02 04 06 038 250 300 350 400
E (V) vs. RHE Time (s)

Supplementary Fig. 5 | CO stripping and CO displacement experiment on Ni surfaces. a, CO stripping on a
Ni° surface. The first cycle shows the absence of the oxidation peak associated with Ni(OH), formation, due to
blocking of the surface by adsorbed CO. At more positive potentials, CO is stripped from the surface, thereby
exposing Ni sites, as evidenced by the appearance of anodic and cathodic features in the second cycle
corresponding to Ni(OH), formation. This behavior indicates that CO adsorbs strongly on metallic Ni and
therefore represents a qualitative probe for the presence of surface-adsorbed hydrogen. b, CO displacement
experiment on a Ni surface modified with Hx. The Ni electrode was first polarized at —0.40 V vs. RHE to make
subsurface hydride, then the potential was changed to —0.15 V before introducing CO. The electrolyte was initially
purged with Ar, which was then replaced by CO at the time indicated by the dashed black arrow on the graph.
The dark yellow band highlights the region where CO progressively blocks the HER. No current transient (spike)

associated with Hag desorption was observed, confirming that hydrogen (i.e., hydride) resides beneath the Ni
surface.
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As noted earlier, exposing the Ni surface to potentials above 0.30 V induces irreversible
changes, forming a Ni(OH);-modified surface Nicon). For example, extending the positive
potential limit to 0.55 V results in an anodic peak corresponding to the formation of 1.4 ML of
Ni(OH),, indicating partial coverage with multilayer hydroxide. This behavior is in good
agreement with earlier work by Simpraga and Conway>’, which showed that even at low levels
of Ni surface oxidation, hydroxide growth follows Volmer-Weber (VW)-type behavior*’, with
3D islands forming already at lower coverages, and no uniform monolayer developing. More
importantly, this hydroxide is not fully reduced during the cathodic sweep, resulting in a
slightly lower cathodic charge compared to the anodic one. Consequently, each successive scan
shows diminishing voltammetric peaks (Supplementary Fig. 6).

Fig. 2f displays the 30th scan, where metallic Ni availability is significantly reduced
(~30%) relative to Ni®. HR XPS Ni 2ps» spectrum (Fig. 2i) confirms surface composition
dominated by metallic Ni and Ni(OH), indicated by peaks at 852.5 eV and 855.9 eV,
respectively. O 1s spectrum (Supplementary Fig. 3c) further support this, with a dominant
hydroxide peak at 531.1 eV.

1 50 A T T T T i
Ni° + 20H™ — Ni(OH), + 2e" /!

100 -

0.2 04 0.6
E (V) vs. RHE

Supplementary Fig. 6 | Irreversibility of Ni(OH): species on Ni surface. Thirty potential cycles were performed
on the Ni’ surface. A gradual decrease in the voltametric peak intensity was observed with each cycle, reflecting
the progressive accumulation of irreducible Ni(OH), species.

We note that the omission of a- or B-phase designation was intentional. Rather than using
structural labels, we classify the species as reversible (reducible) or irreversible (irreducible),
which more directly reflects their electrochemical behavior. We are aware that a- or B-phase
designations for Ni(OH), are commonly employed in the literature, but such designation is
warranted for layered hydroxides (at least two full layers of hydroxide should be present to
make a distinction between a- and B-phase). In our study, we deal with partial monolayers,
making o/p designations inappropriate.

Finally, the Nio) model surface was chemically prepared by thermal oxidation of the
Ni® surface at 300 °C in a stream of Ar/Ox gas. The HR XPS Ni 2p3/2 spectrum of Ni(o) displays
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an intense metallic Ni peak at 852.5 eV and a distinct fingerprint double-headed peak at 854.0
eV and 855.7 eV, attributed to Ni(Il) from oxide species (Fig. 2j).

We note that special care should be taken when drawing conclusions from the XPS
data. Three prevalent examples of crude misinterpretation of double-headed feature in the
literature®*>>2741-43 can be identified. These include assigning the main peak to metallic Ni and
the shoulder to a hydroxide or oxide; attributing the main peak to the oxide and the shoulder to
the hydroxide; and interpreting distortions in the relative intensities of the double-headed
feature incorrectly, such that a dominant shoulder is taken as evidence for oxide alone despite
a substantial contribution from hydroxide species. To avoid potential confusion and guide the
reader through the article, Supplementary Fig. 7 provides clear insight into the peak shapes
corresponding to specific Ni (hydr)oxide species.

The XPS O 1s spectrum of Ni(o) also shows an intense peak at 529.3 eV, characteristic
of oxide species (Supplementary Fig. 3d). Fitting parameters for both Ni 2p3/2 and O 1s spectra
of Nion) and Ni(o) are listed in Supplementary Tables 2 and 3, following the methodology
established by Biesinger and co-workers**.

Fingerprints

Intensity (a.u.)

Hydroxide

Hydroxide + oxide

864 860 856 852
Binding Energy (eV)

Supplementary Fig. 7 | The XPS spectra exhibit distinct fingerprints for Ni(Il) in oxide and hydroxide
species. a, a double-headed peak with a maximum at 854.0 eV and a shoulder at 855.7 eV, characteristic of Ni(Il)
in oxide species. b, a single peak with a maximum at 855.9 eV, consistent with Ni(II) in hydroxide species. ¢, a
double-headed peak with a maximum at more positive binding energy (BE) and a shoulder at lower BE, opposite
to the pattern observed for oxide, indicating the prevalence of hydroxide with a significant contribution from oxide
species.
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Supplementary Table 2. Fitting parameters for HR XPS Ni 2ps/, spectra corresponding to Fig. 2h-j adapted from
Biesinger et al.*. FWHM denotes the full width at half maximum.

Component A B C D E F G
Name metallic Ni* | metallic NiZ2 | metallic Ni3 Ni(OH);! Ni(OH);2 Ni(OH);3 Ni(OH);*
Pe_a_k 852.5 856.4 858.8 854.9 856.0 858.0 860.8
position
Area A AX008 | AX0.15 Ex0.16 E Ex0.07 Ex0.03
constraints
FWHM 1.03 2.30 2.30 1.36 2.50 1.40 1.26
Component H | J K L M N
Name Ni(OH),5 Ni(OH),® NiO? NiO2 NIO3 NiO* NiO5
Pga_k 861.5 866.8 854.0 855.7 861.1 864.1 866.7
position
Area
. E x0.86 E x0.08 K'x0.32 K Kx0.77 K'x 0.08 K% 0.09
constraints
FWHM 4.85 3.20 1.00 3.25 3.76 2.04 2.44

We note that the (hydr)oxide peak positions are slightly shifted to higher binding energies than
expected, likely due to differential charging effects*. This shift results from the insulating
nature of the (hydr)oxide layers relative to the underlying conductive metallic Ni substrate—a
well-known, yet often overlooked phenomenon in the surface chemistry literature.

Supplementary Table 3. Fitting parameters for HR XPS O 1s spectra corresponding to Supplementary Fig. 3
adapted from Biesinger et al.**.

Component A B C
Name Oxide Hydroxide Water/Organic
Peak 529.2 531.1 532.9
position
FWHM 0.95 1.59 BXx1
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Supplementary Note 4. ECSA determination
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Supplementary Fig. 8 | Cyclic voltammograms illustrating determination of surface coverages (0,4). a, The
hatched area A represents the charge associated with the oxidation of Ni to Ni(OH); and serves as the basis for
ECSA determination. b,c, The correction term B, increases with hydroxide coverage — being negligible at 0% and
progressively larger at higher coverage levels (e.g., 30%, 60%).

The true ECSA of Nion) and Nio)was determined by cyclic voltammetry (CV). Here, we show
the procedure using Nion) as an example. Quantitatively, the ECSA is given by the product of
A and (1 — ©a4), as described by Supplementary Equation 8:

ECSAqrue =4 (1 — 0.4) (3)

where A4 is the real surface area (A4geo multiplied by the Ry), and 0.4 is the surface coverage by
adsorbed species. AFM measurements confirm that our electrodes are atomically flat (Rr= 1),
so 4 equals the Ageo.

The coverage by individual (hydr)oxide surface species (0.4) was determined from the charge
associated with the anodic peak at approximately 0.40 V (hatched area A in Supplementary
Fig. 8), which corresponds to the oxidation of Ni to Ni(OH)2 per Supplementary Equation 6.
We note that, to ensure a fair comparison across all investigated surfaces and their respective
coverages, the contribution from the pre-anodic hump, observed at potentials more negative
than 0 V vs. RHE and more prominent at higher hydroxide coverages, was excluded from the
analysis. This feature, labeled as B (Supplementary Fig. 8b,c), has been attributed in the
literature to hydride or hydrogen oxidation (HOR) as a result of prior HER activity*®*.
However, the correction term B was not applied for NiO and NiHx coverages, as these surfaces
do not exhibit a significant contribution from this feature. Consequently, NiO coverages were
determined in the same manner as shown in Supplementary Fig. 8a—that is, by considering
only peak A. Details on hydride coverage determination are provided in Supplementary Note
7. While the relationship between hydroxide coverage and the onset or extent of parasitic
processes contributing to this pre-anodic feature may warrant dedicated investigation, it is not
essential for elucidating the role of Ni species in HER kinetics on Ni. A detailed discussion of
this phenomenon is therefore beyond the scope of the present work.
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The Ni’ surface, exhibiting a charge of 516 nC cm 2, corresponding to the formation of
one monolayer of Ni(OH): on the Ni(poly) surface’**° was used as the reference,
representing 100% of surface Ni atoms being electrochemically accessible (i.e., Onjom), = 0%)
(Supplementary Fig. 8a). The deposition of irreducible Ni(OH) on the Ni surface reduces the
charge of this anodic peak. The quantitative estimation of Ni(OH), surface coverage was then
performed by comparing the voltammograms of partially covered surfaces with that of the Ni°
reference, with the difference in charge corresponding to Oyjom),, as defined by
Supplementary Equation 9. For example, the Nion) voltammogram (peaks A and B) in
Supplementary Fig. 8b shows a total charge of 424 uC cm2; after subtracting the correction
term B (53 puC cm?), the remaining charge of 371 puC cm? corresponds to 72%
electrochemically accessible Ni atoms (i.e., Onjcon), = 28%).

o) ©)

qNi

A

where qy; o) is the charge density associated with the oxidation of Ni to Ni(OH); on a surface

partialy covered by irreducible Ni(OH), and qy; is the charge density corresponding to the
oxidation of Ni to Ni(OH)> on an unmodified (bare) Ni surface.
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Supplementary Note 5. Specific current density, exchange current density and Tafel slope
calculation

In the present work, we highlighted the lack of a standardized protocol for reporting HER
activity in the literature. Reported activities, expressed as current densities (;), vary widely and
include ECSA-normalized (jecsa, mA/cm?), geometric (jeeo, mA/cm?) or mass-normalized
(jmass, mg/cm?) values. To enable meaningful comparisons across different studies and avoid
overestimating performance metrics, we strongly recommend reporting true specific current
densities (jspec), obtained by normalizing the measured activity to the measured charge density,

thereby accounting for both the Rrand the 1 — @aq term, as defined in Supplementary Equation
10.

. . qmonolayer
Jspec = Jgeo X (10)

9measured

where jge, 1s the measured activity (geometric current density), gmeasured is the measured charge

density, and gmonolayer is the charge density of 516 pC cm 2. Supplementary Fig. 9 presents bar
graphs showing the values of kinetic parameters used to evaluate the HER activity of Ni°, Nigy),
Nion), and Ni(o) surfaces.
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Supplementary Fig. 9 | Kinetic metrics for evaluating the HER activity of different Ni species. a, Geometric
current densities (jgeo) at —0.30 V. b, Specific current densities (jspec) at —0.30 V. ¢, Geometric overpotentials (#geo)
at —10 mA cm™2, and d, 1 — @,¢-normalized overpotentials (#spec) at =10 mA cm™2. Bar graphs with overlaid data
points are derived from the polarization curves in Fig. 3a. Error bars represent mean + standard deviation (s.d.).
The number of independent experiments/electrode preparations was n = 3, 3, 4 and 6 for Nig), Ni(o), Ni° and
Ni(on), respectively.
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In the above analysis the specific activities of these four individual surfaces are
evaluated by normalizing the activity to the number of Ni sites estimated from voltammograms
(i.e., ECSA). While such normalization is appropriate for Ni’, Nig), and Ni), where the
reaction proceeds exclusively on metallic Ni sites, this approach is not directly valid for Nion
surface. In the latter case, the fastest reaction occurs at Ni metal sites adjacent to Ni(OH).,
meaning that the number of active sites is significantly overestimated by taking the total
metallic surface area as ECSA.We alluded to this on page 8 of the manuscript when discussing
the discrepancy between DFT predictions, which indicate ~100-fold higher activity for
Ni/Ni(OH); sites compared to Ni, and the experimentally observed ~15-fold enhancement.

The origin of this discrepancy is consistent with the active surface area being confined to the
interface between Ni and Ni(OH): islands. A rough estimation of the interfacial area is shown
in Supplementary Fig. 10, and depends on the ratio between the surface Ni atom diameter
(~0.25 nm) and the radius of the Ni(OH); islands. For the island size range observed by AFM
(r = 2-5 nm; corresponding to 4-10 nm lateral size, Fig. 2b), we estimate that only 0.10-0.26
of Oicomy, 18 actually electrochemically active. This implies that the reported specific activity
for Ni(OH); is underestimated by a factor of ~4—10, corresponding to an intrinsic ~60—150-
fold higher activity of Ni/Ni(OH): interfacial sites relative to metallic Ni sites.

Consequently, when this geometric factor is taken into account, the experimentally derived
activity becomes fully consistent with the trends predicted by DFT. This further supports our
identification of the Ni/Ni(OH), interface as the relevant active motif and clarifies the apparent
discrepancy between theory and experiment.

dyi Ratio - Active sites : Ni(OH), island size
(r+d)?—r*)n
mr?
I

4nm 0.265
6 nm 0.174
8 nm 0.129
10 nm 0.103

Supplementary Fig. 10 | Estimation of the fraction of Ni/Ni(OH): active sites. Based on the ratio between the
surface Ni atom diameter and the radius of the Ni(OH), island, we estimate that only 0.10-0.26 of Oy;on, is

electrochemically active. This corresponds to a 60-150-fold higher activity of Ni/Ni(OH), interfacial sites relative
to metallic Ni sites.
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Supplementary Fig. 11. Tafel slope plot comparing the hydrogen evolution reaction (HER) on four
representative benchmark Ni surfaces at matched ~30% coverage.

Supplementary Table 4. Exchange current density values calculated from corresponding Tafel slopes in
Supplementary Fig. 11.

Surface Exchange current density, j) (A cm™2) Tafel slope, b (mV dec™)
Ni’ 1.51 x10™* 62.4
NiO 1.07 x 10™* 62.1

Ni(OH);, 1.60 x 107 61.2
NiHx 6.46 x 107 63.6

We also report the apparent exchange current density (jo) and tafel slope (b) values for the four
representative benchmark surfaces in Fig. 3a. However, we would caution against interpreting
them as universal constants describing HER on Ni, since the present work shows that no single
Ni surface state is representative of the full chemistry accessible under alkaline conditions. We
also note that classical textbook assignments of HER mechanisms based on idealized Tafel
slopes of 30, 40, or 120 mV/dec represent limiting cases that rely on assumptions such as a
single distinct rate-determining step, one dominant adsorbate, Langmuir-type coverage
behavior, and a chemically homogeneous surface. These assumptions are not generally valid
for alkaline HER on Ni, where multiple surface species can coexist and both H- and OH-
containing intermediates may contribute to the observed kinetics. For this reason, apparent
Tafel slopes and exchange current densities are useful benchmark descriptors, but they cannot
be treated as unique mechanistic identifiers in the present system.
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Supplementary Note 6. DFT calculations

To computationally evaluate the effects of the surface type and co-adsorbed species, H*, OH*,
and O* were co-adsorbed on an undecorated Ni(111) surface, as depicted in Fig. 3b and
Supplementary Figs. 12 and 13. The feasibility of HER and the properties of different surfaces
were studied using several proxy or surrogate quantities. Among them, the dissociation barrier,
Ei, for the reaction H.O* + * — OH* + H* is most indicative of the reaction kinetics.
Furthermore, we computed the adsorption energy of H* and OH* as a function of coverage,
Bader charges, and work function.

Adsorption. DFT calculations show that H* readily adsorbs. The adsorption energy of
H* (relative to 2 Ha)) monotonically changes from —0.50 eV to —0.54 eV as the surface
coverage increases from 0.00 to 1.00 ML. Surface H* is highly mobile with a surface diffusion
barrier of 0.51 eV. Furthermore, H* penetration to the subsurface is possible, where the
adsorption energies range from +0.10 eV to —0.02 eV. This shows that every subsequent H
atom penetrates more easily. While these considerations are thermodynamic, kinetics also
support them. The barrier for hydrogen migration to the subsurface decreases from 0.75 eV at
0.06 ML to 0.70 eV at 1.00 ML.

Reaction barriers. We have calculated the reaction energy (AE|4,), adsorption energy
of a water molecule (Eags(n,0)), and activation barrier for H>O dissociation (E:(HZO)) on

Ni(111) with different co-adsorbed species, as shown in Supplementary Table 5. The co-
adsorbed species/moieties that were considered included adsorbed O on Ni (O@Ni(111),
Supplementary Fig. 12b), NiO cluster on Ni ((NiO)s@Ni(111), Supplementary Fig. 12a),
adsorbed OH on Ni (OH@Ni(111), Supplementary Fig. 13a), Ni(OH), cluster on Ni
((Ni(OH)2)s@Ni(111), Supplementary Fig. 13b), Ni(OH), full layer on Ni (Supplementary Fig.
14a), Ni adatom on Ni(OH); layer on Ni (Supplementary Fig. 14b). For H modified Ni, we
considered subsurface H (Hsun@Ni(111)), surface H (Hsu(@Ni(111)) and both species together
(HsutHsurt@Ni(111)). We assumed that during HER at high overpotentials, the surface is
considerably covered by Hgur and that the changes we observe are due to the additional effect
of subsurface hydrogen, amounting to 0.04 eV (E a* Hsub+Hsurf@Ni(111) — E a* Hsurfii(i11)), reported in the
main text.

Supplementary Table 5. DFT calculated energetics of water dissociation (H O — OH + H). All values are
reported in eV.

Model Adsorption energy, | Activation energy, | Reaction energy,
E445(n,0) El 0, AE 4
Ni(111) —0.43 1.02 +0.07
Hsuw@Ni(111) —0.46 1.02 +0.09
Hsu@Ni(111) —0.34 1.14 +0.41
HsuwtHsuf@Ni(111) —0.34 1.18 +0.79
OH@NIi(111) —0.37 0.96 —0.01
O@Ni(111) —0.43 1.03 +0.06
(Ni(OH)2)s@Ni(111) —0.65 0.89 +0.08
(NiO)s@Ni(111) —0.53 1.04 +0.15
Ni(OH); film on Ni(111) —0.47 1.64 +1.09
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Supplementary Fig. 12 | Structures of transition states for H:0 dissociation on atomistic models,
representing active sites for Ni(o). a, at the (NiO)s@Ni(111)@Ni(111) interface and b, on O@Ni(111). Green,
red, and white spheres represent Ni, O, and H atoms, respectively. The red frame highlights the dissociating water
molecule, while the blue frame indicates the modified Ni surface.

Supplementary Fig. 13 | Structures of transition states for H:O dissociation on atomistic models,
representing active sites for Niom). a, on OH@Ni(111) and b, at the (Ni(OH),)s@Ni(111)@Ni(111) interface.
Green, red, and white spheres represent Ni, O, and H atoms, respectively. The red frame highlights the dissociating
water molecule, while the blue frame indicates the modified Ni surface.

Supplementary Fig. 14 | Structures of transition states for H:O dissociation on atomistic models,
representing active sites for Niop) involving film structure a, directly on the Ni(OH); film, and b, on Ni metal
atoms located on the Ni(OH); film. Green, red, and white spheres represent Ni, O, and H atoms, respectively. The
red frame highlights the dissociating water molecule.
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Supplementary Note 7. Effects of surface coverage on HER
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Supplementary Fig. 15 | The role of NiHx in HER on Ni in alkaline electrolytes. a, HER polarization curves
for NiHy-modifed surfaces. All curves were corrected for /R, drop. b, Cyclic voltammograms for different NiHy
concentrations. ¢, Bar graph with overlaid data points showing HER activity (i.e., jeeo), €xpressed as the current
density at —0.30 V. d, Bar graph with overlaid data points showing the overpotentials required to reach —10 mA
cm 2. Error bars represent mean = s.d. The number of independent experiments/electrode preparations was n = 4,
3, 3 and 3 for surface coverages of 0, 4, 29 and 52%, respectively.

CV was employed to quantify the amount of NHx species present in/on Ni
(Supplementary Fig. 15b). Different NiHx concentrations (cyiy, ) were achieved by carefully
controlling the electrode surface, as NiHx is unstable upon potential shifts from the conditions
under which it forms. Note that concentrations are used instead of coverage, as we showed in
the main text that H resides beneath the Ni surface. The potential was held at various potentials
more negative than 0 V vs. RHE for 2 min to define the NiHx concentration, followed by a CV
scan from the respective hold potential to 0.55 V. To obtain subsurface H concentrations of
4%, 29%, and 52%, the electrode potential was held at —0.05 V, —0.20 V, and —0.40 V vs.
RHE, respectively.

Comparison between the anodic peaks at 0.40 V in the cyclic voltammograms of Ni’
(solid black line, Supplementary Equation 6) and Niwy (dashed blue line, Supplementary
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Equation 6 and 7) reveals an additional charge attributable to the oxidation of subsurface H
(Supplementary Fig. 15b). Assuming 1 H atom per Ni surface atom (1 ML coverage), the
theoretical charge density for the oxidation of an entire monolayer of H on Ni(poly) surface is
typically taken as 258 pC cm 2 (half of 516 pC cm2), reflecting le™ vs. 2e~ processes for
subsurface H and Ni oxidation, respectively. Accordingly, the H surface coverage can be
determined by dividing the measured extra charge by 258 uC cm 2.

The Ni° surface (solid curve), with a charge of 516 pC cm 2, was used as the reference,
corresponding to 100% of surface Ni atoms being electrochemically accessible (i.e., ©.a= 0%)
(Supplementary Fig. 15b). As an example, for the surface with partial hydride coverage, the
total charge was 590 uC cm 2, representing an additional 74 pC cm 2 relative to the Ni’
reference. Dividing this extra charge by 258 uC cm 2 yields 0.29, or 29%, which corresponds
to the oxidation of subsurface hydrogen and therefore represents the hydride coverage.

Supplementary Fig. 15a demonstrates that increasing the subsurface H concentration
results in a monotonic decrease in HER activity. The extent of the current density reduction at
—0.30 V cannot be reasonably attributed to a decrease in the number of available Ni sites (where
(1-0,9) = 1), as would be expected from a classical poisoning (blocking) effect
(Supplementary Fig. 15¢c,d). Since H species reside in the subsurface region, as shown above
by CO displacement experiments (Supplementary Fig. 5b) and later supported by DFT
calculations (Supplementary Table 5), the observed decline in HER rate is attributed entirely

to changes in the activation barrier for water dissociation (AGﬁto)-
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Supplementary Fig. 16 | HR XPS spectra for varying NiO surface coverages. a, Ni 2ps, spectra: The peak
intensity at 852.5 eV indicative of metallic Ni (gray band) decreases with increasing NiO coverage, while the
broad double-headed peak (red band) attributed to Ni(II) species, i.e. NiO, becomes more prominent. XPS was
not used to quantify ®nio, (Which was determined via CV), but rather to qualitatively confirm that NiO coverage
can be tuned by thermal synthesis. b, O 1s spectra: The peak at 529.3 eV indicative of metal oxide increases with
the increase in NiO coverage, accompanied by a concomitant decrease in the hydroxide-related signal. ©,4 (with
ad = 1-7) indicates a gradual increase in surface coverage from 0-98%.

Supplementary Fig. 16a indirectly demonstrates a high degree of surface control that
can be achieved by carefully tuning the annealing conditions, such as temperature and duration,
in an Ar/O» gas mixture. This approach enabled the preparation of a wide range of NiO
coverages, characterized by an increasing fingerprint intensity of NiO accompanied by a
simultaneous decrease in the signal corresponding to the metallic Ni species.

23



Purists among us may notice that, for example, at NiO coverage 0>, the surface exhibits
minor hydroxide contamination. Such contamination is expected to some degree across all NiO
coverages (see hydroxide signal in Supplementary Fig. 16b), but becomes increasingly difficult
to discern at first glance in the HR XPS Ni 2ps/» spectra as oxide coverage increases. This is
attributed to the transfer of the sample from the annealing apparatus to the XPS chamber.
However, we emphasize that this hydroxide contribution is absent during electrochemical
measurements, given the extreme susceptibility of the HER to the presence of Ni(OH)2, which
would otherwise accelerate the reaction. Fortunately, no such enhancement was observed;
instead, a clear blocking effect was evident, as reflected in the HER activity trend shown in
Fig. 4b,c. Nevertheless, it is important to keep in mind that the primary purpose of the ex-situ
XPS characterization was to demonstrate that we can control the surface coverage to be
dominated by a specific species, in this case, NiO.
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Supplementary Fig. 17 | Time-of-flight secondary ion mass spectrometry (ToF-SIMS) negative ion depth
profiles for the Ni(o) surface. The intensity of °NiO™ fragment increases with NiO surface coverage as a function
of sputter time (upper panel). This is accompanied by the emergence of ®Ni;~ fragment representing metallic Ni
(lower panel), indicating subsurface composition changes.

24



Supplementary Fig. 17 shows the depth profiles that underpin the 3D visualizations
presented in Fig. 4c. In the top panel, the increasing intensity and delayed onset (i.e., shift
toward longer sputtering times) of the NiO~ signal indicate more abundant oxide formation,
manifested as both increased surface coverage (2D growth) and slight thickening of the oxide
layer (few-layer 3D growth). Notably, since ToF-SIMS is susceptible to near-surface features,
the observed 3D component likely corresponds to sub-nanometer to nanometer-scale oxide
structures only a few nanometers thick, rather than bulk-like films. Meanwhile, in the bottom
panel (Supplementary Fig. 17), the Ni3~ signal (metallic Ni) appears later for samples with
higher NiO~ intensity, indicating modest increases in oxide coverage. The overlapping region
between the Ni- and NiO~ signals reflects a gradual and laterally heterogeneous Ni/NiO

interface, consistent with thin, surface-confined NiO domains rather than a sharp or layered
boundary.
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Supplementary Fig. 18 | Quantification of the effects of different NiO coverages. a, Cyclic voltammograms
for all investigated coverages, including the previously ommited data points from Fig. 4a. b, HER polarization

curves for all investigated coverages, including the data points missing from Fig. 4b. All curves were corrected
for IR, drop.

We challenge the prevailing view that interfacial NiO promotes HER kinetics. To
contextualize our findings, we reference a body of literature®>:7-%-12.14.16.19.2023.25.27.28,30.41-43,51-83

that supports this claim. However, our results clearly show that the reaction rate scales directly
with the number of accessible Ni active sites (i.e., coverage), indicating that NiO behaves
merely as a spectator species (Supplementary Fig. 18).

25



Ni(OH)»

97% <96<92<79<71<61<571< < - - decreasing
a b increasing 0%<6<19<23<

Activity trend

Jgeo (MA cm?)

T T T '15 T L T T
-0.2 0.0 0.2 0.4 0.6 -04 -03 -02 -01 0.0
E (V) vs. RHE E (V) vs. RHE

c T T T T
160 Activity vs. coverage ]
< 120 ]
E ’I \\
5] AN,
< - s . i
g ¥ P
5 40! ]
of ]
0 20 40 60

eNi(OH)2 (%)

Supplementary Fig. 19 | Quantification of the effects of different Ni(OH): coverages. a, Cyclic
voltammograms for all investigated coverages, including previously ommited data points from Fig. 5a. b, HER
activity for all coverages, including previously missing data points from Fig. 5b. All curves were corrected for /R,
drop. ¢, Simplified volcano plot corresponding to the selected data points from Fig. Sc.

In the following discussion, we demonstrate that another type of oxygenated species,
interfacial Ni(OH)a, plays a promotive role.

In Supplementary Fig. 19, we argue that the observed volcano-shaped trend in HER
activity (Supplementary Fig. 19¢) cannot be explained solely by the Ni(OH), surface coverages
(®ni(om),) derived from cyclic voltammograms (Fig. 5a and Supplementary Fig.19a). The
system is more complex when we consider how different ®nion), values were obtained and

consider the actual composition and structure of the surface film.

At low surface coverages (0-28%), HER activity increases monotonically. These
surfaces were prepared by cycling the potential between —0.15 and 0.55 V, as described in the
Experimental section. XPS spectra (Supplementary Fig. 20) show that the surface is composed
mainly of Ni(OH), and metallic Ni. After 30 cycles, corresponding to 28% surface coverage,
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the highest HER activity is observed. Further cycling within this same potential window does
not improve activity; in fact, it begins to decrease. Moreover, increasing the coverage beyond
45% proved experimentally unfeasible using this approach.

To achieve higher Ni(OH)» coverages, protocols involving more positive anodic limits
(up to 1.15 V) were used, while avoiding the oxidation of Ni(OH), to NiOOH. These potentials
are relevant because of direct implications for device operation, as under shutdown conditions
the cathode potential drifts toward ~0.8—1.0 V (RHE), driven by reverse currents, leading to Ni
oxidation and loss of the metallic Ni active state®®. Interestingly, beyond ~25% surface
coverage, XPS and ToF-SIMS spectra reveal the emergence of NiO alongside Ni(OH),, with
NiO becoming the dominant species at coverages exceeding 60%.
ToF-SIMS 3D depth profiling shows that NiO resides beneath the Ni(OH),, directly contacting
the metallic Ni (Fig. 5d and Supplementary Fig. 21). This structural arrangement prevents
Ni(OH); from interacting with the metal surface, effectively deactivating the active HER site.
Since NiO acts purely as a blocking layer, the overall activity increasingly resembles that of
NiO-modified surfaces as coverage increases, despite the continued thickening of the Ni(OH)»
layer.

Taken together, these results demonstrate that under well-controlled experimental
conditions, HER activity at lower Ni(OH)2 coverage (® < 28%) is governed primarily by the
AG;ZO. However, once the coverage exceeds ~28%, the activity becomes dominated by (1 —

0,q) largely due to the presence of underlying NiO.
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Supplementary Fig. 20 | HR XPS spectra for varying Ni(OH): surface coverages. a, Ni 2p3, spectra: The
intensity of the peak indicative of metallic Ni at 852.5 eV (gray band) decreases with increasing Ni(OH)»
coverage, while the prominent peak indicative of Ni(OH), (green band) becomes more prominent. We
emphasize that at higher surface coverages, the contribution of NiO species becomes significant (red dashed
lines). b, O 1s spectra: The peak indicative of hydroxide at 531.1 eV increases with the number of potential
cycles at the upper anodic limit (Ew) of 0.55 V. Notably, this hydroxide signal remains stable as the Ey
increases from 0.55 V to 1.15 V, while the peak representing metal oxide grows, consistent with the trend
observed in Ni 2p3,, spectra. ©,4 (with ad = 1-7) indicates a gradual increase in surface coverage 0-97%.

Supplementary Fig. 20 presents the XPS spectra for a surface predominantly covered
with hydroxide species. The BE of the Nion) surface shifts slightly to more positive values with
increasing Ni(OH)> surface coverage. This trend reflects enhanced surface passivation at more
positive upper potential limits (Eu), leading to differential charging of the deposits®®>. The
Ni(OH). passivation layer forms simultaneously with NiO underlayer, sandwiched between
Ni(OH)> and metallic Ni. If isolated passive phases (Ni(OH)>, NiO) form without intimate
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contact with the metallic surface, a higher BE feature would be expected. This behavior is
consistent with our ToF-SIMS measurements (Fig. 5¢), where 3D images and depth profiles
reveal the formation of a progressively thicker (hydr)oxide passive bilayer with increasing
surface coverage, in agreement with the findings of Streblow et al®®. This effect is not as
pronounced on the Niq) surface due to the careful control of surface conditions during
annealing in an Ar/O> atmosphere (Supplementary Fig. 16). To achieve the same Ni(OH),
coverage as on NiO, rigorous cycling to more positive potentials is required, where the
(hydr)oxide layer thickens, leading to a differential charging effect.
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Supplementary Fig. 21 | ToF-SIMS negative ion depth profiles for the Nion) surface. The intensity of NiO,H~
fragment increases with Ni(OH), surface coverage as a function of sputter time (top panel). The intensity of NiO~
fragment follows a similar trend (middle panel) but appears with a delay relative to NiO,H™. This is followed by
the emergence of the intensity of Nis~ fragment (bottom panel). Together, these signals suggest a bilayer
(hydr)oxide structure, with NiO in contact with metallic Ni and Ni(OH), forming the topmost layer.
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Supplementary Fig. 21 shows the depth profiles that underpin the 3D visualizations
presented in Fig. 5c. In the top panel, the NiO>H™ signal, attributed to Ni(OH)>, intensifies and
shifts to longer sputtering times, indicating increased surface coverage and more abundant
hydroxide layer. The middle panel shows that for each surface coverage, the NiO~ signal
emerges after the NiO2H™ signal, confirming the moderate thickening of the NiO layer beneath
the hydroxide layer. Finally, in the bottom panel, the Ni3~ signal (metallic Ni) emerges at longer
sputtering times, especially for higher (hydr)oxide coverage samples, demonstrating it lies
beneath both layers. The consistent rightward shift of all three signals with increasing coverage
supports a layered architecture, in which Ni(OH), forms on top of an intermediate NiO layer,
which in turn rests on the underlying metallic Ni substrate.

ToF-SIMS and XPS are complementary surface characterization techniques. In this
study, ToF-SIMS is particularly valuable for determining submonolayer surface species,
making it essential for correlating specific Ni species with HER activity. It provides high
surface sensitivity to trace components and excellent depth resolution, which is ideal for
analyzing ultra-thin surface layers. In contrast, XPS is more effective for identifying chemical
speciation and oxidation states.

The lateral resolution of ToF-SIMS is typically in the micrometer or sub-micrometer range
(down to ~30 nm, depending on instrument settings), while the information depth of secondary
ions is only 1-2 nm, corresponding to just a few atomic layers. Therefore, ToF-SIMS probes
the outermost surface composition rather than the bulk or volumetric composition of the
analyzed region.

In our work, we performed sputter profiling with a Cs” beam to obtain 3D distribution
information of Ni species within the near-surface region. When sputtering metallic or oxide
samples with a 250 eV Cs" ion beam, the depth resolution in ToF-SIMS is typically around 1
nm or better. Under these conditions, the Bi" analysis provides surface coverage information,
reflecting the chemical state and spatial distribution of Ni species on the outermost layer (while
sputtering), rather than an average volumetric concentration. This approach is well established
in the literature, where ToF-SIMS is described as an ultra-surface-sensitive technique capable
of combining high-resolution imaging with depth profiling when sputtering is applied
separately.
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Supplementary Note 8. Stabilization strategy for Ni/Ni(OH). active sites in alkaline
electrolysis

Finally, we demonstrate a non-optimized protocol as practical guidance for stabilizing
Ni/Ni(OH), active sites on Ni-based catalysts in alkaline water electrolysis (Supplementary
Fig. 22). Specifically, a 1s activation step applied every minute maintains steady activity on
the Ni(OH)2-modified surface, in contrast to the continuously decreasing activity observed for
the non-activated system.

Note that such protocols have recently been utilized in achieving dynamic stability for CO>
reduction reaction®” %,

0
1 Static
-1 4 Pulsed (raw)
1 |==== Pulsed (avg)

0 10 20 30 40 50 60
Time (min)

Supplementary Fig. 22 | Strategy for stabilizing Ni/Ni(OH): active sites. Normal operation of the Ni/Ni(OH).
electrode (red curve) shows a gradual decay in current, attributed to slow removal of beneficial Ni(OH), species
and formation of hydride. In contrast, the periodically activated surface (green curves — real and average current),
shows no observable current decay over time.
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Supplementary Note 9. Stability of representative benchmark Ni surfaces during HER

To gain insight into the stability of four representative benchmark Ni surfaces - Ni’, Nig, Ni(o),
and Ni(on) - during the HER, we combine detailed electrochemical and surface characterization
methods (Supplementary Figs. 23-25).
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Supplementary Fig. 23 | Stability of four representative benchmark Ni surfaces during the hydrogen
evolution reaction (HER). a-d, Chronoamperometric responses of Ni’, Nia), Nio), and Ni(on) surfaces at —0.40
V (RHE) over an 8-second segment of the polarization scan. All surfaces exhibit a <10% variation in current (/)
over this period, indicating effectively stable currents within the experimental time window.

Electrochemical measurements provide the most direct operando assessment of surface
stability. Chronoamperometric measurements (Supplementary Fig. 23) show <10% change in
current over an 8 s period, indicating that the surfaces remain stable under HER conditions.
This variation is negligible compared to the orders-of-magnitude differences in activity
observed between different surfaces, confirming that our conclusions are not affected by minor
restructuring. The 8 s interval was selected to match the duration of the polarization
measurements, which were recorded at a relatively high scan rates (50 mV s™!), with each
measurement lasting approximately 8 s. The chronoamperometric response was obtained by
holding the respective Ni surfaces at the most negative potential of the window (—0.40 V).
Consistently, post-measurement cyclic voltammograms (Supplementary Fig. 24) show only
minor changes in electrochemical features (e.g., ECSA), further supporting that the surface
state remains largely preserved.
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Supplementary Fig. 24 | Stability of four representative benchmark Ni surfaces over the experimental
timeframe. a-d, Comparison of cyclic voltammetry (CV) curves for Ni’, Nig, Ni(o), and Nion) surfaces recorded
before and after acquisition of the hydrogen evolution reaction (HER) polarization curves. All surfaces exhibit a
<10% variation in charge, determined from integration of the anodic peak current, indicating effectively stable
surface coverage within the experimental time window.
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In addition, post-measurement XPS and ToF-SIMS analyses (Supplementary Fig. 25) for Ni(o)
and Niony surfaces show only minimal changes in surface composition and coverage,
indicating that no significant irreversible reconstruction occurs during the HER measurement.
While ex situ characterization cannot fully preserve the electrochemically controlled state of
the surface, the absence of substantial differences before and after HER testing supports the
conclusion that any structural or compositional changes are minor.
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Supplementary Fig. 25 | Post-measurement surface characterization of Nio) and Nion) representative
benchmark surfaces recorded before and after acquisition of the hydrogen evolution reaction (HER)
polarization curves. a,d, High-resolution XPS Ni 2ps/, spectra for Ni(o) and Niony, respectively. b,c, ToF-SIMS
depth profiles for the Nip) and Nion), respectively. Both surfaces exhibit only minor changes in surface
composition and coverage, indicating no significant irreversible reconstruction during the HER measurement.

For Nig) and Ni° surfaces, such analysis is inherently limited. Subsurface hydride species
cannot be reliably detected by the employed spectroscopic techniques, while the metallic Ni°
surface cannot be preserved upon removal from electrochemical potential control and
undergoes partial oxidation during transfer. As a result, characterization of the Ni® state is
experimentally limited to its preparation and probing under potential control and cannot be
accessed in a post-measurement (ex situ) configuration. For Ni) and Ni® surfaces, we therefore
rely on operando electrochemical probes, which likewise show only minor changes during and
after the measurement.

Taken together, these results demonstrate that surface reconstruction during the measurement
is minimal and does not affect the comparative trends or the conclusions of this work.
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