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[bookmark: _Hlk191852871]Note S1. Table of values for HER activity on Ni-based catalysts from the literature 
Table S1. Details of the data normalization used in Fig. 1b and Fig. S1.
	[bookmark: _Hlk191852827]Refs. #
	Catalyst
	η [mV]
@10 mA cm−2
	b
[mV ]
	j0
[mA cm−2]
	ECSA
Cdl = [mF cm−2]
	ηECSA [mV]
@10 mA cm−2
	ηECSA, IR corrected
[mV]

	1  
	2nd-Ni/Ni(OH)2/NF-500
	53
	55
	
	6.1
	190
	

	
	1st-Ni/Ni(OH)2/NF-500
	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 to hydroxide form)
	30
	47
	
	20.8
	172
	

	4
	Ni/Ni(OH)2 NF
	127
	140
	
	71.0
	624
	363

	
	NF
	250
	206
	
	0.6
	555
	322

	5
	Ni/NiO @ C-1
	113
	68
	
	24
	322
	

	
	Ni/NiO @ C-2
	64
	55
	
	22
	231
	

	
	Ni/NiO @ C-3
	137
	84
	
	12
	370
	

	
	Ni/NiO @ C-2_acid treatment
	219
	199
	
	47
	830
	313

	
	Ni/NiO @ C-2_oxidation
	264
	249
	
	18
	999
	373

	6
	Ni/Ni(OH)2/NiOOH
	45
	100
	
	0.94
	230
	

	
	Ni(OH)2/NiOOH
	421
	167
	
	0.06
	501
	

	7
	Ni/NiO-0s
	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)2/NF @ 40 V
	157
	82
	
	2.9
	334
	

	
	Ni(OH)2/NF @ 25 V
	207
	94
	
	1.73
	389
	

	
	Ni(OH)2/NF @ 10 V
	210
	99
	
	1.84
	404
	

	
	Ni(OH)2/NF @ 5 V
	214
	100
	
	1.58
	404
	

	
	Ni(OH)2/NF @ 1 V
	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/β-Ni(OH)2 NSAs
	58
	78
	
	168.5
	364
	

	
	Ni/α-Ni(OH)2 NSAs
	127
	101
	
	83.9
	493
	

	11
	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
	

	
	HZ 0.5
	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
(@5 mA cm−2)
	135
	
	Roughness factor (Rf) = 1.9
	408
	

	16
	NF
	261
	94
	
	1.1
	425
	

	17
	Ni(poly)
	310
(@5 mA cm−2)
	144
	
	RF = 1
	353
	

	
	Ni/Ni(OH)2
	235
(@5 mA cm−2)
	128
	
	RF = 1
	273
	

	18
	Ni/Ni
	221
	123
	
	8.3
	543
	

	19
	Ni/NiO-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/NiO-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
	

	21
	β-Ni(OH)2
	333
	230
	
	0.1
	494
	351

	22
	Polished Ni rod
	
	115
	0.0042
	RF = 2.1
	351
	

	
	Chemically etched Ni rod
	
	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)2
	333
	127
	
	2.04
	588
	438

	
	beta-Ni(OH)2
	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)2 @Ni/CC
	68
	97
	
	2.42
	270
	

	
	Ni(OH)2/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 Ni
	263
	89
	
	RF = 1.004
	263
	

	
	oxidized 50 nm Ni ("hydroxide")
	220
	92
	
	RF = 1.006
	220
	

	
	as-depisited 300 nm Ni
	256
	92
	
	RF = 1.004
	256
	

	
	oxidized 300 nm Ni
	215
	108
	
	RF = 1.011
	215
	

	29
	Flame-like Ni(OH)2/NF
	56
	53
	
	62.3
	241
	

	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
	β-Ni(OH)2/NF
	145
	51
	
	30.5
	307
	

	32
	Ni(OH)2@Ni/CP
	106
	88
	
	5.6
	321
	






[bookmark: _Hlk196876108][bookmark: _Hlk196885184]Note S2. Evaluation of specific activities and IR correction

		           (S1)
In Equation S1, where I is the current, n is the number of electrons, F is the Faraday constant, A is the electrochemically active surface area ECSA (geometric surface area, Ageo multiplied by the roughness factor, Rf), k0 is a unit constant, α is the transfer coefficient, R is the gas constant, T is the temperature,  is the water reactant activity at the electrode surface,  is the standard free energy of water activated complex, E is the potential applied to the electrode, Ru is the uncompensated resistance, r is a constant describing the rate of change of  with (, 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  and on the applied potential.
The evaluation of ECSA is not always straightforward. For Ni surfaces, most common approaches include integration of the charge under the anodic peak at ~0.4 V and evaluation of the double layer capacitance (Cdl), either by electrochemical impedance spectroscopy or from current vs. scan rate plot4,24,26. 
However, we note that the Cdl approach does not include the  term, as it represents the average value of the entire surface in contact with the electrolyte. As such, the Cdl 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 Cdl measurement includes the contributions of the support as well.
Accordingly, for the literature data summarized in Table S1, which served as the basis for Fig. 1a, the active surface is most often reported using the Cdl approach; therefore, we used the reported Cdl values from the individual studies for normalization. As a result, the dashed lines in Fig. 1, representing our data, were derived without including the  term in the normalization.

The normalization procedure applied to literature data is described below. First, ECSA was calculated using Equations S2 and S3.

						 	 			           (S2)

   				                       (S3)

A specific capacitance (Cs) value of 20 µF cm−2 was assumed for bare Ni electrode, as commonly reported in the literature33–35.

Next, the normalized activity (jECSA), i.e., the geometric current (Igeo) normalized by ECSA, was calculated using Equation S4.

		 				 	 	           		           (S4)

The hydrogen evolution reaction (HER) activity is most often reported in the literature as overpotential (ηgeo) required to achieve geometric current density of −10 mA cm−2geo. Accordingly, to obtain the ECSA-normalized overpotential values (ηECSA) shown in Fig. 1b, Fig. S1 and Table S1, we used a normalized current density of −10 mA cm−2ECSA. 

[image: ]

Fig. S1 | Summary of scattered experimental HER activity data for Ni-based catalysts reported in the literature. a, activities plotted as overpotential (ηgeo) at geometric current density (jgeo) of −10 mA cm−2. b, activities normalized to ECSA. c, activities normalized to the ECSA and corrected for ohmic overpotential (IRu drop) to the best of our ability. The blue arrow illustrates the overall spread in activity, while the orange arrow indicates the general shift in activity upon normalization. Symbols represent literature-reported values for three types of Ni surfaces: metallic Ni0 (black), NiO/Ni (red), and Ni(OH)2/Ni (green). Multiple data points from individual studies reflect different NiOxHy/Ni compositions studied within the same work (see References S1-32). 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)2/Ni interface.

After normalization, the majority of data points shift to significantly lower activities (i.e., higher overpotentials), as shown in Fig. S1b. 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 ) was clearly undercompensated or not compensated at all, which resulted in a reduction of the true kinetic overpotential (see details in the Table S1). This correction noticeably reduced the overall data scatter, as illustrated in Fig. 1c.
The Ohmic drop (IR) correction was performed by manually extending the linear portion of the lower current range in the reported Tafel plots. Finally, ηECSA at −10 mA cm−2 was recalculated from the extracted low-current η values using the Tafel equation (Equation S5), yielding ηECSA,IR – the overpotential corrected for uncompensated resistance, as shown in Table S1.

				           (S5)

Here, b represents the Tafel slope, and a is related to the exchange current density (j0).

The remaining data spread in Fig. S1c is attributed to the immense complexity of Ni surface chemistry, where species such as metallic Ni, NiHx, NiO, α-Ni(OH)2, β-Ni(OH)2, 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. 























Note S3. 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:
1. Bare metallic Ni (unmodified surface)
2. Ni partially modified, predominantly with Hx 
3. Ni partially modified, predominantly with Ni(OH)2 
4. Ni partially modified, predominantly with NiO

These are denoted as Ni0, Ni(H), Ni(OH), and Ni(O), respectively. 

To prepare the Ni0 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 (Fig. S2), the annealing produced extended surfaces with large, 10–200 µm-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 2p3/2 peak at 852.5 eV, characteristic of metallic Ni (Fig. 2h), and the absence of any significant signal in the O 1s region (Fig. S3a,b).
[image: ]

Fig. S2 | SEM images of the annealed polycrystalline Ni surface. a, Annealing produced an extended surface with large grains ranging from 10 to 200 µm. b, Close-up view of selected grain boundaries, showing a surface that appears flat within the resolution of the SEM.




[image: ]
Fig. S3 | XPS spectra of different Ni surfaces. a, Survey XPS spectrum for Ni0. b-d, Peak deconvolution of high-resolution (HR) XPS O 1s spectra for Ni0, Ni(OH), Ni(O), respectively.


The sample was then transferred from the UHV chamber, under vacuum, to a transfer vessel and subsequently moved to a N2-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)2, respectively, as described in Equation S6 (Fig. 2d).

							           (S6)
							           (S7)

[bookmark: _Hlk201846294]Alternatively, the Ni0 surface can be obtained by inductive heating at 1000 °C in a H2/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)2. Notably, this step, followed by a potential sweep past −0.15 V, is essential for obtaining a clean, metallic Ni0 surface (dashed pink, Fig. S4). Integration of the charge under the cathodic peak associated with Ni(OH)2 reduction (Equation S6) yields charge density of 355 µC cm−2, which closely matches the theoretical value of 367 µC cm−2 corresponding to one monolayer (1 ML) of Ni(OH)2. This estimate assumes a layered hexagonal structure in which each Ni(II) layer is sandwiched between two OH− layers, with a surface density of 1.14 × 1015 ions cm−2, as suggested by Seyeux et al.36. Afterward, the scan direction was reversed toward the anodic side, up to 0.55 V, to characterize the Ni0 surface.
The reproducibility of the Ni0 surface prepared by two independent methods was confirmed by the close agreement of their anodic peak features, as shown in Fig. S4. However, the differences in the cathodic region were expected, as the two methods involve different starting potentials and the initial direction of the scan. 
[image: ]
Fig. S4 | Preparation of Ni0 surface via two methods. In the first, Ni0 was prepared under UHV by Ar+ ion sputtering and annealing at 600 °C, then transferred under vacuum to a N2-filled glovebox. A voltammogram recorded from 0 V to 0.55 V and reverse to –0.15 vs. RHE, showed characteristic Ni(OH)2 oxidation and reduction peaks (dashed black curve). Alternatively, Ni0 was obtained by inductive heating at 1000 °C in a H2/Ar atmosphere, followed by air transfer using a protective water droplet. The air-formed (hydr)oxide was reduced at −0.4 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 Ni0 surfaces.

Ni(H) was prepared by by holding the potential of the Ni0 electrode between −0.05 and −0.40 V vs. RHE. As NiHx cannot be probed by the XPS, we relied on CV to determine the exact amount present in/on Ni (Fig. S13). Comparison of the anodic peaks at 0.40 V, where Ni(OH)2 forms on Ni0 (blue dashed line in Fig. 2e, obtained after stripping of hydride from the Ni surface), as described in Equation S6, and coupled formation of Ni(OH)2 and oxidation of NiHx on Ni(H), as described in Equations S6 and S7, suggests that 0.52 ML of hydride was formed by holding the electrode at −0.40 V.
To probe the location of the H, we performed a CO displacement experiment (Fig. S5)37. Were H adsorbed (Had) on the Ni surface, displacement by CO molecules would induce an anodic transient current. However, no such transient was observed. Instead, a continuously decreasing cathodic current was recorded, consistent with progressive CO adsorption and eventual complete surface blocking. This strongly suggests that hydrogen resides beneath the surface rather than on it.
[image: ]One might perhaps point to a faint transient signal of opposite polarity. 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).

Fig. S5 | 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 surface. No current associated with Had desorption was observed, confirming that hydrogen (i.e., “hydride”) resides beneath the Ni surface.

As noted earlier, exposing the Ni surface to potentials above 0.30 V induces irreversible changes, forming a Ni(OH)2-modified surface Ni(OH). 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)2, indicating partial coverage with multilayer hydroxide. This behavior is in good agreement with earlier work by Šimpraga and Conway38, which showed that even at low levels of Ni surface oxidation, hydroxide growth follows Volmer-Weber (VW)-type behavior39, 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 (Fig. S6). 
[image: ]Fig. 2f displays the 30th scan, where metallic Ni availability is significantly reduced (~30%) relative to Ni0. HR XPS Ni 2p3/2 spectra (Fig. 2i) confirm surface composition dominated by metallic Ni and Ni(OH)2, indicated by peaks at 852.5 eV and 855.9 eV, respectively. O 1s spectra (Fig. S3c) further support this, with a dominant hydroxide peak at 531.1 eV. 

Fig. S6 | Irreversibility of Ni(OH)2 species on Ni surface. Thirty potential cycles were performed on thr Ni0 surface. A gradual decrease in the voltametric peak intensity was observed with each cycle, reflecting the progressive accumulation of irreducible Ni(OH)2 species.

Finally, the Ni(O) model surface was chemically prepared by thermal oxidation of the Ni0 surface at 300 °C in a stream of Ar/O2 gas. The HR XPS Ni 2p3/2 spectrum of Ni(O) displays 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(II) 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 literature24,25,27,40–42 are highlighted: (i) assigning the main peak to metallic Ni and the shoulder to a hydroxide or oxide; (ii) attributing the main peak to the oxide and the shoulder to the hydroxide; and (iii) distortion in the relative intensities of the double-headed feature, where a dominant shoulder makes it incorrect to attribute the entire signal to oxide alone, as it includes significant hydroxide contribution. To avoid potential confusion and guide the reader through the article, Fig. S7 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 (Fig. S3d). Fitting parameters for both Ni 2p3/2 and O 1s spectra of Ni(OH) and Ni(O) are listed in Tables S2 and S3, following the methodology established by Biesinger and co-workers43.
[image: ]
Fig. S7 | The XPS spectra exhibit distinct fingerprints for Ni(II) 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(II) in oxide species. b, a single peak with a maximum at 855.9 eV, consistent with Ni(II) in hydroxide species. c, 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.










Table S2. Fitting parameters for HR XPS Ni 2p3/2 spectra corresponding to Fig. 2h-j adapted from Biesinger et al.43. FWHM denotes the full width at half maximum.
	Component
	A
	B
	C
	D
	E
	F
	G

	Name
	metallic Ni1
	metallic Ni2
	metallic Ni3
	Ni(OH)21
	Ni(OH)22
	Ni(OH)23
	Ni(OH)24

	Peak position
	852.5
	856.4
	858.8
	854.9
	856.0
	858.0
	860.8

	Area constraints
	A
	A × 0.08
	A × 0.15
	E × 0.16
	E
	E × 0.07 
	E × 0.03

	FWHM
	1.03
	2.30
	2.30
	1.36
	2.50
	1.40
	1.26

	
	
	
	
	
	
	
	

	Component
	H
	I
	J
	K
	L
	M
	N

	Name
	Ni(OH)25
	Ni(OH)26
	NiO1
	NiO2
	NIO3
	NiO4
	NiO5

	Peak position
	861.5
	866.8
	854.0
	855.7
	861.1
	864.1
	866.7

	Area constraints
	E × 0.86
	E × 0.08
	K × 0.32
	K
	K × 0.77
	K × 0.08
	K × 0.09

	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 effects44. 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.


Table S3. Fitting parameters for HR XPS O 1s spectra corresponding to Fig. S3 adapted from Biesinger et al.43.
	Component
	A
	B
	C

	Name
	Oxide
	Hydroxide
	Water/Organic

	Peak position
	529.2
	531.1
	532.9

	FWHM
	0.95
	1.59
	B × 1














[image: ]Note S4. ECSA determination

Fig. S8 | Cyclic voltammograms illustrating determination of surface coverages (). a, The hatched area labeled “A” represents the charge associated with the oxidation of Ni to Ni(OH)2 and serves as the basis for ECSA determination. b,c, The correction term, labeled “B”, increases with hydroxide coverage – being negligible at 0% and progressively larger at higher coverage levels (e.g., 30%, 60%).

The true ECSA of Ni(OH) and Ni(O) was determined by cyclic voltammetry (CV). Here, we show the procedure using Ni(OH) as an example. Quantitatively, the ECSA is given by the product of A and (1 − ad), as described by Equation S8:
					 = A (1 − ad)             	             (S8)
where A is the real surface area (Ageo multiplied by the Rf), and ad is the surface coverage by adsorbed species. AFM measurements confirm that our electrodes are atomically flat (Rf = 1), so A equals the Ageo. 
Ni(OH)2 surface coverage (and, by extension, the ECSA) was determined by integrating the charge under the anodic peak at 0.40 V (Fig. S8a), which corresponds to the oxidation of Ni to Ni(OH)2 and defines the fingerprint voltammogram for Ni0 (= 0%). The irreducible Ni(OH)2 deposition on the Ni surface reduces this anodic peak charge (Fig. S8b,c). Comparing these integrated charges at 0.40 V provides a quantitative estimate of the Ni(OH)2 surface coverage (Equation S9).
						 	 	           (S9)
where  is the charge density associated with the oxidation of Ni to Ni(OH)2 on a surface partialy covered by irreducible Ni(OH)2​, and  is the charge density corresponding to the oxidation of Ni to Ni(OH)2 on an unmodified (bare) Ni surface.
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 (Fig. S8b,c), has been attributed in the literature to hydride or hydrogen oxidation (HOR) as a result of prior HER activity45,46. However, understanding the relationship between hydroxide coverage and the onset or extent of parasitic processes contributing to this pre-anodic feature is not essential for elucidating the role of Ni species in HER kinetics on Ni. Therefore, a detailed discussion of this phenomenon lies beyond the scope of the present work.





























Note S5. Specific current density 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 (j), vary widely and include ECSA-normalized (jECSA, mA/cm2), geometric (jgeo, mA/cm2) or mass-normalized (jmass, mg/cm2) values. To enable meaningful comparisons across different studies and avoid artificial „inflation“ of performance metrics, we strongly recommend reporting the true specific current densities (jspec), obtained by normalizing the measured activity to the measured charge density, thereby accounting for both the Rf and the 1 − ad term, as defined in Equation S10.
					 	 	 	           (S10)
 where  is the measured activity  (geometric current density), qmeasured is the measured charge density, and qmonolayer is the charge density of 516 µC cm−2, corresponding to the formation of one monolayer of Ni(OH)2 on the Ni(poly) surface, as reported in the literature33,47–49. Fig. S9 presents bar graphs showing the values of kinetic parameters used to evaluate the HER activity of Ni0, Ni(H), Ni(OH), and Ni(O) surfaces.
[image: ]
Fig. S9 | 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. c, geometric overpotentials (ηgeo) at −10 mA cm−2, and d, 1 − ad-normalized overpotentials (ηspec) at −10 mA cm−2. Bar graphs are derived from the polarization curves in Fig. 3a.


Note S6. DFT calculations 
[bookmark: _Hlk198098577]
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 Figs. S10 and S11. The feasibility of HER and the properties of different surfaces were studied using several proxy or surrogate quantities. Among them, the dissociation barrier, , for the reaction H2O* + *→ 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 ½ H2(g)) 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* can easily penetrate the subsurface, 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 (), adsorption energy of a water molecule (, and activation barrier for H2O dissociation () on Ni(111) with different co-adsorbed species, as shown in Table S4.  The co-adsorbed species/moieties that were considered included adsorbed O on Ni (O@Ni(111), Fig. S10 b), NiO cluster on Ni ((NiO)6@Ni(111), Fig. S10a), adsorbed OH on Ni (OH@Ni(111), Fig. S11a), Ni(OH)2 cluster on Ni ((Ni(OH)2)6@Ni(111), Fig. S11b), Ni(OH)2 full layer on Ni (Fig. S12a), Ni adatom on Ni(OH)2 layer on Ni (Fig. S12b). For H modified Ni, we considered subsurface H (Hsub@Ni(111)), surface H (Hsurf@Ni(111)) and both speies together (Hsub+Hsurf@Ni(111)). We assumed that during HER at high overpotentials, the surface is considerably covered by Hsurf and that the changes we observe are due to the additional effect of subsurface hydrogen, amounting to 0.04 eV, reported in the main text.

Table S4. DFT calculated energetics of water dissociation (H2O → OH + H). All values are reported in eV.
	Model
	Adsorption energy, 
	Activation energy, 
	Reaction energy, 

	Ni(111)
	–0.43
	1.02
	+0.07

	Hsub@Ni(111)
	–0.46
	1.02
	+0.09

	Hsurf@Ni(111)
	-0.34
	1.14
	+0.41

	[bookmark: _Hlk203972329]Hsub+Hsurf@Ni(111)
	–0.34
	1.18
	+0.79

	OH@Ni(111)
	–0.37
	0.96
	–0.01

	O@Ni(111)
	–0.43
	1.03
	+0.06

	(Ni(OH)2)6@Ni(111)
	–0.65
	0.89
	+0.08

	(NiO)6@Ni(111)
	–0.53
	1.04
	+0.15

	Ni(OH)2 film on Ni(111)
	–0.47
	1.64
	+1.09





[image: ]
Fig. S10 | Structures of transition states for H2O dissociation on atomistic models, representing active sites for Ni(O). a, at the (NiO)6@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.

[image: ]

Fig. S11 | Structures of transition states for H2O dissociation on atomistic models, representing active sites for Ni(OH). a, on OH@Ni(111) and b, at the (Ni(OH)2)6@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.
[image: ]

Fig. S12 | Structures of transition states for H2O dissociation on atomistic models, representing active sites for Ni(OH) involving film structure a, directly on the Ni(OH)2 film, and b, on Ni metal atoms located on the Ni(OH)2 film. Green, red, and white spheres represent Ni, O, and H atoms, respectively. The red frame highlights the dissociating water molecule.

Note S7. Effects of surface coverage on HER

NiHx
[image: ]

Fig. S13 | The role of NiHx in HER on Ni in alkaline electrolytes. a, HER polarization curves for NiHx-modifed surfaces. All curves were corrected for IRu drop. b, Cyclic voltammograms for different NiHx concentrations. c, Bar graph showing HER activity (i.e., jgeo) as current density at −0.30 V. d, Bar graph showing overpotentials required to reach −10 mA cm−2.

CV was employed to quantify the amount of NHx species present in/on Ni (Fig. S13b). Different NiHx concentrations () 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.
[bookmark: _Hlk197297321][bookmark: _Hlk197298213]Comparison between the anodic peaks at 0.40 V in the cyclic voltammograms of Ni0 (solid black line, Equation S6) and Ni(H) (dashed blue line, Equations S6 and S7) reveals an additional charge attributable to the oxidation of subsurface H. 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 µC cm−2 (half of 516 µC cm−2), reflecting  vs.  processes for subsurface H and Ni oxidation, respectively. Accordingly, the H surface coverage can be determined by dividing the measured extra charge by 258 µC cm−2.
[bookmark: _Hlk183188006]Fig. S13a 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), as would be expected from a classical poisoning effect (Fig. S13c,d). Since H species reside in the subsurface region, as shown above by CO displacement experiments (Fig. S5) and later supported by DFT calculations (Table S4), the observed decline in HER rate is attributed entirely to changes in the activation barrier for water dissociation ().
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Fig. S14 | HR XPS spectra for varying NiO surface coverages. a, Ni 2p3/2 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 ΘNiO, (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.  (with ad = 1–7) indicates a gradual increase in surface coverage from 0–98%.

Fig. S14a 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/O2 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.
[image: ]Purists among us may notice that, for example, at NiO coverage 2, the surface exhibits minor hydroxide contamination. Such contamination is expected to some degree across all NiO coverages (see hydroxide signal in Fig. S14b), but becomes increasingly difficult to discern at first glance in the HR XPS Ni 2p3/2 spectra as oxide coverage increases. This is attributed to the ex-situ nature of XPS characterization, which requires transferring the sample from the electrochemical cell 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.

Fig. S15 | Time-of-flight secondary ion mass spectrometry (ToF-SIMS) negative ion depth profiles for the Ni(O) surface. The intensity of 60NiO− fragment increases with NiO surface coverage as a function of sputter time (upper panel). This is accompanied by the emergence of 60Ni3− fragment representing metallic Ni (lower panel), indicating subsurface composition changes.

Fig. S15 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 (Fig. S15), 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.
The ToF-SIMS and XPS are complementary surface characterization techniques. ToF-SIMS is uniquely suited for determining submonolayer surface species, which makes it essential to correlate specific Ni species with HER activity in this study. It offers high surface sensitivity to trace components and high depth resolution, which is ideal for analyzing ultra-thin surface layers. In contrast, XPS is more effective for identifying elemental composition and oxidation states.
[image: ]
Fig. S16 | 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 IRu drop.

[bookmark: _Hlk201447307]We challenge the prevailing view that interfacial NiO promotes HER kinetics. To contextualize our findings, we reference a body of literature2,5,7,9,12,14,16,19,20,23,25,27,28,30,40–42,50–82 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 (Fig. S16).
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[image: ]Fig. 17 | Quantification of the effects of different Ni(OH)2 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 IRu drop. c, Simplified volcano plot corresponding to the selected data points from Fig. 5c.

In the following discussion, we demonstrate that another type of oxygenated species, interfacial Ni(OH)2, plays a promotive role.

In Fig. S17, we argue that the observed volcano-shaped trend in HER activity (Fig. S17c) cannot be explained solely by the Ni(OH)2 surface coverages (ΘNi(OH)2) derived from cyclic voltammograms (Fig. 5a and Fig. S17a). The system is more complex when we consider how different ΘNi(OH)2 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 (Fig. S18) show that the surface is composed mainly of Ni(OH)2 and metallic Ni. After 30 cycles, corresponding to 28% surface coverage, 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)2 coverages, protocols involving more positive anodic limits (up to 1.10 V) were used, while avoiding the oxidation of Ni(OH)2 to NiOOH. Interestingly, beyond ~25% surface coverage, XPS and ToF-SIMS spectra reveal the emergence of NiO alongside Ni(OH)2, with NiO becoming the dominant species at coverages exceeding 60%.
ToF-SIMS 3D depth profiling shows that NiO resides beneath the Ni(OH)2, directly contacting the metallic Ni (Fig. 5d and Fig. S19). This structural arrangement prevents Ni(OH)2 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)2 layer.
Taken together, these results demonstrate that under well-controlled experimental conditions, HER activity at lower Ni(OH)2 coverage (Θ < 28%) is governed primarily by the . However, once the coverage exceeds ~28%, the activity becomes dominated by  largely due to the presence of underlying NiO.
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Fig. S18 | HR XPS spectra for varying Ni(OH)2 surface coverages. a, Ni 2p3/2 spectra: The intensity of the peak indicative of metallic Ni at 852.5 eV (gray band) decreases with increasing Ni(OH)2 coverage, while the prominent peak indicative of Ni(OH)2 (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 (Eul) of −0.40 V. Notably, this hydroxide signal remains stable as the Eul increases from −0.40 V to 0.135 V, while the peak representing metal oxide grows, consistent with the trend observed in Ni 2p3/2 spectra.  (with ad = 1–7) indicates a gradual increase in surface coverage 0–97%.

Fig. S18 presents the XPS spectra for a surface predominantly covered with hydroxide species. The BE of the Ni(OH) surface shifts slightly to more positive values with increasing Ni(OH)2 surface coverage. This trend reflects enhanced surface passivation at more positive upper potential limits (Eul), leading to differential charging of the deposits83. The Ni(OH)2 passivation layer forms simultaneously with NiO underlayer, sandwiched between Ni(OH)2 and metallic Ni. If isolated passive phases (Ni(OH)2, NiO) form without intimate contact with the metallic surface, a higher BE feature would be expected. This behavior is consistent with our ToF-SIMS measurements (Fig. 5c), 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 al84. This effect is not as pronounced on the Ni(O) surface due to the careful control of surface conditions during annealing in an Ar/O2 atmosphere (Fig. S14). To achieve the same Ni(OH)2 coverage as on NiO, rigorous cycling to more positive potentials is required, where the (hydr)oxide layer thickens, leading [image: ]to a differential charging effect. 
Fig. S19 | ToF-SIMS negative ion depth profiles for the Ni(OH) surface. The intensity of NiO2H− fragment increases with Ni(OH)2 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 NiO2H−. This is followed by the emergence of the intensity of Ni3− fragment (bottom panel). Together, these signals suggest a bilayer (hydr)oxide structure, with NiO in contact with metallic Ni and Ni(OH)2 forming the topmost layer.

Fig. S19 shows the depth profiles that underpin the 3D visualizations presented in Fig. 5c. In the top panel, the NiO2H⁻ signal, attributed to Ni(OH)2, 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)2 forms on top of an intermediate NiO layer, which in turn rests on the underlying metallic Ni substrate.
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