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Table S1. Summary of experimental samples sorted according to the type of material (i.e., Ni and 

NiSe), substrate (i.e., FTO glass and Ni foil), electrochemical (EC) conditioning method (i.e., CP, 

CA, and CV), and electrolyte (i.e., Fe-purified and Fe-unpurified 1 M KOH). 

 

 

 

Substrate EC conditioning Electrolyte

1. Ni-initial N/A N/A Fe-purified

2. Ni-CP N/A CP Fe-purified

3. Ni-CV N/A CV Fe-purified

4. Ni-initial N/A N/A Fe-unpurified

5. Ni-CP N/A CP Fe-unpurified

6. Ni-CV N/A CV Fe-unpurified

7. Ni-CP1-CP2 N/A
1. CP

2. CP

1.Fe-purified

2. Fe-unpurified

8. Ni-CV1-CP2 N/A
1. CV

2. CP

1. Fe-purified

2. Fe-unpurified

9. Ni-CP-R N/A
1. CP

2. CA

1. Fe-unpurified

2. Fe-unpurified

10. Ni-CV-R N/A
1. CV

2. CA

1. Fe-unpurified

2. Fe-unpurified

11. 100-NiSe/FTO-CP FTO CP Fe-purified

12. 200-NiSe/FTO-CP FTO CP Fe-purified

13. 300-NiSe/FTO-CP FTO CP Fe-purified

14. 100-NiSe/FTO-CV FTO CV Fe-purified

15. 200-NiSe/FTO-CV FTO CV Fe-purified

16. 300-NiSe/FTO-CV FTO CV Fe-purified

17. 100-NiSe/Ni-CP Ni foil CP Fe-purified

18. 100-NiSe/Ni-CV Ni foil CV Fe-purified

19. 100-NiSe/Ni-CP Ni foil CP Fe-unpurified

20. 100-NiSe/Ni-CP Ni foil CV Fe-unpurified
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Table S2. Concentrations (in ppb) of Fe ions in Fe-purified and Fe-unpurified 1 M KOH 

electrolyte obtained through solution mode ICP-MS.  

 

ICP-MS analyses were performed to examine the molar concentration of Fe ions in Fe-purified 

and Fe-unpurified 1 M KOH electrolytes. As displayed in Table S2, Fe-unpurified 1 M KOH 

electrolyte contains 66.3 ppb of Fe ions, whereas Fe-purified 1 M KOH electrolyte contains 10.1 

ppb of Fe ions. This result indicates that the Fe-purification process can effectively decrease the 

content of Fe impurities in KOH electrolyte, but not perfectly. According to the previous study by 

Chung et al., the Fe content of the electrolyte can affect the rates of Fe dissolution and redeposition 

over a MOxHy host, determining the dynamically stable Fe composition incorporated into MOxHy.
1 

In this regard, it is understood that the rate of Fe dissolution was faster than that of Fe 

(re)deposition for our experiments in Fe-purified 1 M KOH electrolyte, resulting in no (or 

negligible) Fe-incorporation into NiOxHy layer; OER activity enhancement or redox peak shift by 

Fe incorporation was not observed at all in our electrochemical data conducted in Fe-purified 1 M 

KOH electrolyte. 

 

56Fe 

[ppb]

Average Fe

[ppb]
Standard Deviation Standard Error

Fe-purified 1 M KOH 1 9.98

10.1 2.6 1.5Fe-purified 1 M KOH 2 12.8

Fe-purified 1 M KOH 3 7.58

Fe-unpurified 1 M KOH 1 68.1

66.3 2.6 1.8

Fe-unpurified 1 M KOH 2 64.4
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Figure S1. Electrochemical conditioning of Ni foil using CV at a scan rate of 20 mV/s in (a) Fe-

purified and (b) Fe-unpurified 1 M KOH electrolytes. 
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Figure S2. EIS spectra of Ni-initial, Ni-CP and Ni-CV measured at 1.63 VRHE in (a-c) Fe-purified 

and (d-f) Fe-unpurified 1 M KOH electrolytes. (a,b,d,e) Bode plots, (c,f) Nyquist plots. 

 

 

 

(a)

(b)

(c)

(d)

(e)

(f)
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Figure S3. Equivalent circuit models for EIS data fitting. (a) Randle circuit for Ni-initial, Ni-CP, 

and Ni-CV, (b) Transmission line model for porous materials,2 and (c) Equivalent circuit in Zview 

software for transmission line model. 

 

In Figure S2c,f, Nyquist plots of the EIS spectra for Ni-initial, Ni-CP, and Ni-CV samples consist 

of two semicircles. The semicircle at higher frequencies is related to the contact impedance 

between the working electrode and the titanium clip that connects the working electrode to the 

potentiostats. The other semicircle at lower frequencies is related to the electrochemical 

phenomena at the interface between the electrocatalyst and electrolyte. 

(c)

(b)

(a)

rt rt rt
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 In Figure S3, Rs is a series resistance from solution resistance of electrolyte. Rc [Ω] and 

CPEc [S secn] represent an impedance originating from the contact between the working electrode 

(catalyst electrode such as Ni foil, NiSe/FTO, and NiSe/Ni samples) and titanium clip. Rct [Ω] is 

total charge transfer resistance at the whole catalytic interface and CPEct [S secn] is the constant 

phase element reflecting the whole catalytic interface. In Figure S3b, the rt, rct, and qct represent 

distributed transport resistance, distributed charge transfer resistance, and distributed constant 

phase element through the porous structure in the transmission line model, respectively, and obey 

the following expressions,3 

Rt = rt × L 

Rct = Rct / L 

CPEct = qct × L 

where Rt [Ω] is transport resistance related to electron and mass transport across the whole catalyst 

layer and L represents the thickness of the porous oxide layer.  

Figure S3c shows the equivalent circuit model in Zview software with the extended 

element “Bisquert #2”, which is “DX1-type 11” model for actual EIS fitting of the transmission 

line model in Figure S3b.2,4 The double layer capacitance (Cdl) [F] was calculated according to 

the following equation, 

Cdl = CPEct ×  (wmax)
n-1 

where wmax [sec-1] is the frequency at which the imaginary component reaches a maximum, n 

represents the degree of depression of the semicircle compared with an ideal semicircle and has a 

value less than 1.0. 
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Figure S4. Electrochemical analyses of Ni foil before and after CP and CV electrochemical 

conditioning in Fe-purified 1 M KOH electrolyte. (a) jOER/Qa and (b) jOER/Cdl. Here, Qa, Cdl, and 

jOER in Figure 1b-d were employed. 

 

 

 

Figure S5. Tafel slopes of Ni-initial, Ni-CP, and Ni-CV in Fe-purified 1 M KOH. 

 

(a) (b)
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Figure S6. (a) GIXRD and (b) Raman spectra of Ni foil after CP and CV in Fe-purified 1 M KOH. 

 

Grazing incidence X-ray diffraction (GIXRD) analyses for Ni-CP and Ni-CV were performed to 

examine the crystal structure of the very thin film (i.e., NiOxHy layer on Ni foil), which is usually 

not detected using normal XRD analysis because weak signals from thin films are buried by strong 

background signals of substrates. As shown in Figure S6a, except for two metallic Ni peaks from 

the underlying Ni foil at two-theta degrees of 44.5° and 51.8°, Ni-CV showed a peak at 19.9° 

corresponding to the (001) plane of β-Ni(OH)2 but no characteristic peak for α-Ni(OH)2 probably 

due to the relatively weak signal of amorphous α-Ni(OH)2.
5,6 On the other hand, Ni-CP did not 

exhibit any peak for α- and β-Ni(OH)2 due to its too thin NiOxHy layer; to obtain the discernible 

GIXRD signals, Trotochaud et al. employed 150-200 nm thick α- and β-Ni(OH)2 films, which 

would be much thicker than NiOxHy layer of Ni-CP and Ni-CV.5 

To better characterize the crystal phase of α- and β-Ni(OH)2, Raman spectra for Ni-CP and 

Ni-CV were acquired in the O−H stretching region at wavenumber (3100-3900 cm-1), which 

represents O−H stretching bands of the lattice OH groups in Ni(OH)2.
7 β-Ni(OH)2 has a 

characteristic O−H stretch at around 3581 cm-1 whereas α-Ni(OH)2 contains a broad, weak O−H 

stretch band centered at ~3575 cm-1.8,9 Figure S6b shows that Ni-CV has O−H stretching bands 

at 3581 and 3665 cm-1, which are consistent with β- and α-Ni(OH)2, respectively. On the other 

hand, Ni-CP does not have any peak at around 3581 cm-1 for β- Ni(OH)2, but has the feature at 

around 3665 cm-1 for α-Ni(OH)2, which is very weak due to the low signal-to-noise ratio of O-H 

stretching bands of α-Ni(OH)2 and a thinner thickness of NiOxHy of Ni-CP compared to Ni-CV. 

(a) (b)



10 
 

Thus, based on GIXRD and Raman spectra analyses, it is concluded that Ni-CV has a mixture of 

α- and β-Ni(OH)2 whereas Ni-CP consists of mainly α-Ni(OH)2.  
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Figure S7. CV analyses of (a-c) Ni-CP and (d-e) Ni-CV at different scan rates in Fe-purified 1 M 

KOH electrolyte. (a,d) CV curves. Linear plots of (b,e) log [jpa] and (c,f) log [jpc] with respect to 

log [scan rate]. Here, jpa and jpc represent anodic and cathodic redox peak current density, 

respectively. 

 

It is assumed that if there is any transport limitation to the redox active Ni sites, which are related 

to OER active sites, the OER activity is also affected by transport limitation (diffusion limitation). 

(a) (d)

(b) (e)

(c) (f)
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The scan rate-dependent CV analyses of the Ni redox peaks were conducted for Ni-CP and Ni-CV 

(Figure S7a,d). The redox peak current density and scan rate have a relationship of j = aνb, where 

j is the current density, ν is the scan rate, a and b are adjustable parameters. This relationship can 

be used to determine whether the kinetics of Ni redox reaction (Ni2+/3+) is surface-controlled or 

diffusion-controlled.10 When b =1, the redox reaction is surface-controlled (without any diffusion 

limitation), whereas when b = 0.5, the redox reaction is diffusion-controlled. The b-value can be 

obtained as the slope of the plot of log [j] vs. log [ν]. Figure S7b,c,e,f shows that b-values of Ni-

CP from anodic and cathodic redox peaks are close to 1, whereas those of Ni-CV are close to 0.5. 

This indicates that the redox reaction of Ni-CP with a relatively thin NiOxHy layer is surface-

controlled while that of Ni-CV with the thicker NiOxHy layer is diffusion-controlled. Therefore, it 

is concluded that there is a significant transport limitation for Ni-CV compared to Ni-CP.  

 For the interpretation of “diffusion-controlled” phenomena, we believe this “diffusion-

controlled” phenomenon is not related to the mass transport limitation of OH-
, which is a reactant 

for both redox reaction and OER. This is because sufficient amounts of OH- are present in 1 M 

KOH electrolyte with pH 14 and the OER operating current density (a few mA/cm2) is too low to 

cause mass transport limitation of OH- in pH 14. This interpretation is also consistent with the 

RDE experiment of the 300-NiSe/RDE-CV sample in the following part of this paper that shows 

no OER activity difference between with and without rotation (Figure S19b). 

 Instead. this diffusion-controlled phenomena for the Ni redox sites of Ni-CV can be rather 

explained by diffusion-controlled charge transport (or charge percolation) via proton-coupled 

electron hopping through the hydrous NiOxHy layer. The electrochemical conditioning of Ni-based 

materials (e.g., Ni, NiO, NiSe, etc.) forms a microdispersed hydrated oxide structure with a 

chemical formula of [Ni2(OH)6(OH2)3]
2- on the surface (in contact with electrolyte) or even in the 

bulk (underneath the surface).11–13 This hydrated oxide layer has amorphous nature, varying 

composition depending on the degree of water coordination, and mixed electron-proton 

conductivity. The redox reaction of Ni(OH)2/NiOOH and oxygen evolution reaction (OER), which 

involve proton transfer together with electron transfer, occur via proton-coupled electron 

transfer.14 Additionally, in such system, the transport of electrons through hydrated oxide film can 

be coupled with the transfer of protons, which is termed proton-electron hopping.15 In this regard, 

it is understood that for Ni-CV with a relatively thick NiOxHy layer, the charge is propagated via 



13 
 

self-exchange proton-electron hopping between homogeneously distributed set of redox active 

sites in the hydrated NiOxHy layer, which is diffusion-controlled.  On the other hand, as to Ni-CP 

with a thin NiOxHy layer, since the Ni redox sites are adjacent to the support electrode (i.e., Ni 

metal), their redox reaction is dominantly affected by the electrode potential, showing the surface-

controlled characteristics.11,12,15 Similar scan-rate dependency of redox peaks was also observed 

for thin (surface-controlled) and thick (diffusion-controlled) hydrous Fe oxide film.16 Thus, it is 

concluded that Ni-CV suffers from diffusion limitation for charge transport, not for mass transport 

of OH-.    
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Figure S8. Tafel slopes of Ni-initial, Ni-CP, and Ni-CV in Fe-unpurified 1 M KOH. 
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Figure S9. XPS spectra of Ni foil after CP and CV electrochemical conditioning in Fe-unpurified 

1 M KOH electrolyte. (a) Ni 2p and (b) Fe 2p before Ar+ sputter. (c) Ni 2p and (d) Fe 2p after Ar+ 

sputter. 
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Figure S10. XPS spectra of Ni-CP1-CP2 and Ni-CV1-CP2. (a) Ni 2p and (b) Fe 2p before Ar+ 

sputter. (c) Ni 2p and (d) Fe 2p after Ar+ sputter. (e) Ni 2p and (f) Fe 2p after further Ar+ sputter 

for Ni-CV1-CP2. 

 

(a) (b)

(c) (d)

(e) (f)
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Table S3. XPS data of Ni-CP, Ni-CV in Fe-unpurified 1 M KOH electrolyte and Ni-CP1-CP2 and 

Ni-CV1-CP2. (Relative sensitivity factors for Ni 2p3/2 and Fe 2p3/2 are 2.563 and 1.965, 

respectively). 

 

 

 

 

 

 

 

 

 

Area RSF-corrected Composition (%)

Ni 2p3/2 Fe 2p3/2 Ni 2p3/2 Fe 2p3/2 Ni Fe

Ni-CP 115621 4979 45106 2534 94.7 5.3

Ni-CV 145122 17268 56614 8789 86.6 13.4

Ni-CP1-CP2 27618 1248 10774 635 94.4 5.6

Ni-CV1-CP2 76901 1930 30000 982 96.7 3.3

Ni-CP-Sputter 310872 6517 121277 3317 97.3 2.7

Ni-CV-Sputter 224781 29204 87691 14865 85.5 14.5

Ni-CP1-CP2-Sputter 120773 2734 47116 1391 97.1 2.9

Ni-CV1-CP2-Sputter 123600 2027 48218 1032 97.9 2.1

Ni-CV1-CP2-Sputter-2 119781 1275 46728 649 98.6 1.4
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Figure S11. Linear sweep voltammetry (LSV) curve of the FTO glass substrate in the electrolyte 

containing NiCl2, SeO2, and LiCl for the electrodeposition of NiSe film at a scan rate of 10 mV/s 

without stirring by a magnetic bar. (a) 1st LSV. (b) 2nd LSV. In panel b, the interpretation of redox 

peak for each NiSe crystal phase refers to the previous report.17 

 

Electrodeposition of nickel selenide on fluorine-doped tin oxide (FTO) glass and Ni foil substrates 

was conducted in the electrodeposition bath containing 65 mM NiCl2, 10 mM SeO2, and 100 mM 

LiCl. The electrodeposition condition was optimized to grow uniform, compact, and single-phase 

nickel selenide film. When electrodeposition via a chronoamperometry (CA) was tried on FTO 

glass substrate at potentials in the range of -0.35 to -0.6 VSCE according to the previous report,17 

there occurred two issues. Firstly, red particles, which are suspected to be amorphous Se given that 

Se is produced as a reaction intermediate for electrodeposition of NiSe and amorphous Se has a 

red color, were grown on the FTO glass substrate instead of nickel selenide, Secondly, red particles 

started to form islands as electrodeposition time increased, instead of growing uniform and thick 

film. The first issue of growing red particles can be related to the wrong choice of potential range 

for electrodeposition of nickel selenide. The second issue of non-uniform island formation during 

electrodeposition can be related to the lack of uniform nucleation sites on the FTO glass substrate. 

To figure out the reasons for these two issues, linear sweep voltammetry (LSV) analysis was 

conducted.   

 After one sweep of LSV in the potential range of -0.1 to -0.75 VSCE, it was observed that 

thin and uniform black (or gray) film was grown on the FTO glass substrate. After the subsequent 

Ni3Se2

NiSe

NiSe2

(a) (b)
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2nd sweep of LSV, black (or gray) film became darker while maintaining the uniformity without 

forming islands. These LSV results imply the possibility of solving the second issue (mentioned 

in the previous paragraph) of non-uniform island formation during electrodeposition by conducting 

LSV pretreatment before electrodeposition via CA. However, it was found that characteristics of 

LSV curve (e.g., number of redox peaks and redox peak potentials) changed dramatically from the 

1st to the 2nd sweep of LSV (Figure S11). It is suspected that the reason for the evolution of LSV 

characteristics after 1st LSV sweep is the enhanced affinity of electrodeposition electrolyte for the 

substrate after deposition of initial nickel selenide layer on FTO glass during the 1st LSV sweep 

compared to that for pure FTO glass surface. 

 Among various phases of nickel selenides, such as NiSe2, Ni3Se4, Ni6Se5, NiSe, Ni3Se2, 

and Ni0.85Se, it has been reported that three phases of nickel selenides including NiSe2, NiSe, and 

Ni3Se2 can be synthesized via electrodeposition by changing the deposition potential.17,18 During 

the electrodeposition of nickel selenides, the following (electro)chemical reactions can occur 

depending on the deposition potential.17 

SeO2 + H2O  ↔  H2SeO3                                  (1) 

H2SeO3 + 4H+ + 4e−  ↔  Se + 3H2O                (2) 

Se + 2H+ + 2e−  ↔  H2Se                                  (3) 

H2Se + Ni2+  ↔  NiSe + 2H+                            (4) 

H2Se + Se + Ni2+  ↔  NiSe2 + 2H+                   (5) 

2NiSe + Ni2+ + 2e−  ↔  Ni3Se2                         (6) 

Also, three redox peaks in Figure S11b can be assigned as electrochemical reactions for 

the synthesis of NiSe2, NiSe, and Ni3Se2 in the order of increasing potential in the negative 

direction, respectively.17 Based on the understanding of each redox peak, we aimed to grow 

uniform and single-phase NiSe film using CA at -0.5 VSCE, which is right after the redox peak 

potential for NiSe synthesis. For this, one sweep of LSV pretreatment without stirring was first 

conducted in the potential range of -0.1 to -0.75 VSCE to grow the initial nucleation layer and then, 

subsequent CA at -0.5 VSCE with stirring was carried out for different electrodeposition times (300, 

600, and 900 s). Unfortunately, although red particles synthesis can be avoided in this way, SEM 
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images in Figure S12 show that the grown nickel selenide films with different electrodeposition 

times have distinct and non-uniform particle sizes and shapes. The electrodeposition condition was 

further optimized to grow uniform single-phase NiSe film with varying electrodeposition times. It 

was found that the optimized electrodeposition condition is one sweep of LSV pretreatment in the 

potential range of -0.1 to -0.75 VSCE without stirring, and then subsequent CA at -0.51 VSCE with 

stirring. The SEM and EDX mapping images of NiSe film on FTO glass electrodeposited using 

the optimized condition in Figure S13 indicate that NiSe films were uniformly grown in terms of 

particle size and shape as well as chemical compositions. 
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Figure S12. SEM images of nickel selenide films grown on the FTO glass via electrodeposition 

employing 1st LSV pretreatment and then a chronoamperometry (CA) at -0.50 VSCE for (a) 300 s, 

(b) 600 s, and (c) 900 s.  
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Figure S13. SEM and EDX mapping images of NiSe films grown on the FTO glass via 

electrodeposition employing 1st LSV pretreatment and then a CA at -0.51 VSCE for (a,b) 100 s, (c,d) 

200 s, and (e,f) 300 s.  
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Figure S14. GIXRD spectra of x-NiSe/FTO. 
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Figure S15. XPS spectra of x-NiSe/FTO. (a) Ni 2p, (b) Se 3d, and (c) O 1s before Ar+ sputter. (d) 

Ni 2p, (e) Se 3d, and (f) O 1s after Ar+ sputter. 

 

The chemical composition and state of x-NiSe/FTO were analyzed by XPS on the surface and in 

the bulk employing Ar+ sputtering (Figure S15).  Here, x-NiSe/FTO samples after Ar+ sputtering 

were denoted as x-NiSe/FTO-Sputter. All the x-NiSe/FTO showed almost identical XPS spectra 

(a)

(b)

(c)

(d)

(e)

(f)
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in the Ni 2p, Se 3d, and O 1s regions, indicating their identical chemical composition and state. As 

to XPS analyses on the surface, x-NiSe/FTO had Ni 2p3/2 peaks at binding energies of 852.8 eV 

assigned to Ni2+ from NiSe and at 855.6 eV assigned to NiOxHy (Figure S15a).18–21 The Se 3d 

spectra showed the peaks at 54.1 and 54.9 eV that belong to the 3d5/2 and 3d3/2 spectra of Se2- from 

NiSe. The peak at around 59.0 eV is attributed to the SeOx (Figure S15b).18,20,21 The O 1s spectra 

exhibited a peak at around 531.1 eV, which matches the presence of the oxidized species on the 

surface such as NiOxHy and SeOx (Figure S15c). As to XPS analyses of the bulk, x-NiSe/FTO-

Sputter had Ni 2p3/2 peaks at 852.8 and 853.9 eV that are attributed to Ni2+ and Ni3+ from NiSe,18 

while the Ni 2p3/2 peak for NiOxHy at 855.6 eV was not observed (Figure S15d). The Se 3d peaks 

for NiSe at 54.1 and 54.9 eV existed in the bulk, but the peak for SeOx at around 59.0 eV 

disappeared (Figure S15e). As to the O 1s spectra, x-NiSe/FTO-Sputter did not exhibit a 

noticeable O 1s signal (Figure S15f). Collectively, these surface and bulk XPS analysis results for 

x-NiSe/FTO suggest that only pure NiSe was successfully grown during electrodeposition and the 

oxidized species on the surface such as NiOxHy and SeOx were formed after electrodeposition by 

surface oxidation of NiSe possibly due to resting in aqueous electrodeposition solution, rinsing 

with deionized water, or exposure to air after electrodeposition.  
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Figure S16. Electrodeposition of NiSe film on the FTO glass substrate employing CA at -0.51 

VSCE with different deposition times of (a) 100 s, (b) 200 s, and (c) 300 s. The colored area 

represents the faradaic charge that was passed during the electrodeposition of NiSe. 
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Figure S17. Electrochemical conditioning of NiSe/FTO using (a) CP at 5 mA/cm2 and (b) CV at 

a scan rate of 10 mV/s in Fe-purified 1 M KOH electrolyte. 
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Figure S18. EIS spectra of (a-c) x-NiSe/FTO-CP and (d-f) x-NiSe/FTO-CV measured at 1.68 

VRHE in Fe-purified 1 M KOH electrolyte. (a,b,d,e) Bode plots, (c,f) Nyquist plots. 
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Table S4. Electrochemical parameters obtained by fitting the EIS data of x-NiSe/FTO-CP and x-

NiSe/FTO-CV at 1.68 VRHE in Fe-purified 1 M KOH electrolyte. Measurements were taken at least 

three times and average values are presented with the standard error bar. 

 

 

 

 

 

 

 

 

 

 

 

 

Rt

[Ω cm2]

Rct

[Ω cm2]

Cdl

[mF/cm2]

100-NiSe/FTO-CP 3.4  0.7 3.7  0.4 34.2  2.2

200-NiSe/FTO-CP 3.6  0.1 2.9  0.2 80.8  13.0

300-NiSe/FTO-CP 3.3  0.2 2.5  0.2 112.5  11.5

100-NiSe/FTO-CV 2.5  0.9 4.1  1.0 34.5  7.4

200-NiSe/FTO-CV 4.8  0.6 3.0  0.1 86.9  9.7

300-NiSe/FTO-CV 4.9  0.2 2.3  0.3 136.7  13.0
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Figure S19. (a) Electrodeposition of NiSe film on the RDE for 300 s employing CA at -0.51 VSCE. 

(b) CV curves of 300-NiSe/RDE-CV at 10 mV/s with 0 rpm and 1600 rpm in Fe-purified 1 M 

KOH electrolyte. It is noted that any remaining O2 bubble for the 0 rpm sample was removed 

before the OER onset to fairly observe the effect of reactant OH- mass transport on the OER 

activity. 

To confirm whether there is any mass transport limitation through the NiSe-derived NiOxHy layer, 

OER testing using rotation disk electrode (RDE) was applied to NiSe film. NiSe film was 

electrodeposited on RDE for 300 s by using the same electrodeposition condition as for 300-

NiSe/FTO sample, and was denoted as 300-NiSe/RDE (Figure S19a). Here, 300-NiSe sample was 

chosen since this would suffer the most severe mass transport limitation among x-NiSe samples 

due to its thickest layer. In Figure S19b, the OER activity of 300-NiSe/RDE without any rotation 

(0 rpm) and with rotation at 1600 rpm was identical. One might suspect that the convection by 

RDE only affects the diffusion layer above the external surface area of NiSe-derived NiOxHy layer, 

not the inner surface area within NiSe-derived porous NiOxHy layer effectively depending on its 

pore size and hydrophilicity. Nevertheless, we believe there is no mass transport limitation of 

reactant OH- for OER in this study given that for 1 M KOH electrolyte with pH 14, sufficient 

amounts of OH- are present even in the electrolyte within the NiSe-derived porous NiOxHy layer 

as well as OER operating current density (a few tens of mA/cm2) is too low to cause mass transport 

limitation of OH- in pH 14. Also, this OER activity independent of rotating speed implies that there 

is no mass transport limitation of O2 bubble products apparently for 300-NiSe sample.22 Therefore, 

the asymmetrical shapes of EIS Nyquist plots of x-NiSe/FTO samples in Figure S18c,f are 

attributed to electron transport resistance, not mass transport resistance of OH- reactant. 

(a) (b)
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Figure S20. XPS spectra of x-NiSe/FTO-CP and x-NiSe/FTO-CV. (a) Ni 2p, (b) Se 3d, and (c) O 

1s before Ar+ sputter. (d) Ni 2p, (e) Se 3d, and (f) O 1s after Ar+ sputter.  

 

As to XPS analyses on the surface, all the x-NiSe/FTO-CP and x-NiSe/FTO-CV exhibited almost 

identical XPS spectra for Ni 2p, Se 3d, and O 1s regions (Figure S20a−c). Only the Ni 2p3/2 peak 

corresponding to NiOxHy at 855.6 eV was observed, and all the Se 3d peaks disappeared. These 

observations suggest that NiSe material on the surface of all the x-NiSe/FTO samples was 

completely in situ oxidized and transformed into NiOxHy during CP and CV electrochemical 

(a)

(d)

(b)

(e)

(c)

(f)
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conditioning, and Se from NiSe was leached into the electrolyte. Unlike XPS analyses on the 

surface, x-NiSe/FTO-CP and x-NiSe/FTO-CV showed a difference in the bulk (Figure S20d−f). 

Here, x-NiSe/FTO-CP and x-NiSe/FTO-CV after Ar+ sputtering were denoted as x-NiSe/FTO-CP-

Sputter and x-NiSe/FTO-CV-Sputter, respectively. As for Ni 2p3/2 peaks, all the x-NiSe/FTO-CV-

Sputter only exhibited a peak at 855.6 eV assigned to NiOxHy. On the other hand, x-NiSe/FTO-

CP-Sputter showed peaks at 855.6 eV for NiOxHy and at 853.9 eV, which can be assigned to Ni3+ 

from NiSe or Ni2+ from NiO.18,19 Furthermore, 200- and 300-NiSe/FTO-CP-Sputter exhibited the 

additional peak at 852.8 eV that is associated with NiSe,18,20,21 and its relative intensity became 

greater for 300-NiSe/FTO-CP-Sputter compared to 200-NiSe/FTO-CP-Sputter. As for Se 3d 

spectra, while x-NiSe/FTO-CV-Sputter and 100-NiSe/FTO-CP-Sputter did not exhibit any 

noticeable peak, 200- and 300-NiSe/FTO-CP-Sputter exhibited a weak but discernible Se 3d peak. 

Moreover, the Se 3d signal for 300-NiSe/FTO-CP-Sputter was slightly greater than that of 200-

NiSe/FTO-CP-Sputter. Also, O 1s spectra, while not observed for x-NiSe/FTO-Sputter before 

electrochemical conditioning, were observed for all the x-NiSe/FTO-CP-Sputter and x-NiSe/FTO-

CV-Sputter samples. Based on Ni 2p, Se 3d, and O 1s spectra in the bulk, it is concluded that in 

situ oxidation occurred throughout the entire NiSe layer for all the x-NiSe/FTO-CP and x-

NiSe/FTO-CV. However, while x-NiSe/FTO-CV and 100-NiSe/FTO-CP underwent complete in 

situ oxidation, 200- and 300-NiSe/FTO-CP underwent partial in situ oxidation, leaving the NiSe 

and NiOxHy together within the bulk NiSe layer. Moreover, it was found that 300-NiSe/FTO-CP 

with a thicker NiSe layer maintained more NiSe than 200-NiSe/FTO-CP.  
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Figure S21. SEM and EDX analyses of 300-NiSe/FTO-CP. (a,b) SEM images. (c) EDX mapping 

images of Ni, Se, and O. (d) EDX spectrum. 

 

 

 

 

300-NiSe/FTO-CP

1 µm

Ni Se O Ni + Se + O

Ni:Se=61:39

300-NiSe/FTO-CP

(a) (b)

(c)

(d)
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Figure S22. SEM and EDX analyses of 300-NiSe/FTO-CV. (a,b) SEM images. (c) EDX mapping 

images of Ni, Se, and O. (d) EDX spectrum. 

 

Ni Se O Ni + Se + O

300-NiSe/FTO-CV

Ni:Se=100:0

(a) (b)

(c)

(d)
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Figure S23. The comparison of (a) Qa and (b) jOER of 100-NiSe/Ni-CP, 100-NiSe/Ni-CV, 100-

NiSe/FTO-CP, and 100-NiSe/FTO-CV. 

 

 

 

 

 

 

 

Figure S24. Tafel slopes of 100-NiSe/Ni-CP and 100-NiSe/Ni-CV in Fe-unpurified 1 M KOH. 

 

(a) (b)
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Table S5. XPS data of 100-NiSe/Ni after CP and CV electrochemical conditioning in Fe-

unpurified 1 M KOH electrolyte on several different positions (Relative sensitivity factors for Ni 

2p3/2 and Fe 2p3/2 are 2.563 and 1.965, respectively) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Area RSF-corrected Composition (%)

Ni 2p3/2 Fe 2p3/2 Ni 2p3/2 Fe 2p3/2 Ni Fe

100-NiSe/Ni-CP-Sputter 1 117587 14753 45873 7509

88.4  1.3 11.6  1.3100-NiSe/Ni-CP-Sputter 2 155790 15002 60776 7636

100-NiSe/Ni-CP-Sputter 3 170730 13853 66605 7051

100-NiSe/Ni-CV-Sputter 1 20533 3010 8010 1532

83.6  0.3 16.4  0.3

100-NiSe/Ni-CV-Sputter 2 34692 5367 13534 2732
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