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Experimental details 

Chemicals: Nickel (II) acetylacetonate (Ni(acac)2, 95%), selenium (Se, 99.99%), 1-octadecene (ODE, 90%), 
oleic acid (OLAc, 90%), and tri-n-octylphosphine (TOP, 97%) were purchased from Sigma-Aldrich. Oleyla-
mine (OLAm, 80–90%) was purchased from Acros-Organics. Copper (I) chloride (CuCl, 95%) and nickel 
(II) acetate tetrahydrate (Ni(OAc)2·4H2O, 99.9%) were purchased from Wako Pure Chemical Industries. 
All chemicals were used without further purification.  

Synthesis of ber-Cu2-xSe NCs: An OLAm solution of Se (stock solution) was prepared by dissolving Se (2 
mmol) in ODE (20 mL) at 220 °C for 3 h under N2 atmosphere. During this process, the colour changed 
from black to red and finally turned clear yellow. In a separate flask, the above stock solution was in-
jected into the mixture of CuCl (2 mmol), OLAm (12 mmol), and OLAc (4 mmol). The flask was de-gassed 
under vacuum at 100 °C for 1 h and then heated to 220 °C un-der an N2 blanket. The solution was main-
tained at 220 °C for 1 h and subsequently cooled down to room temperature. The NCs were precipitated 
by acetone, followed by centrifugation and decantation. The collected NCs were washed with hexane 
and acetone. 

Cation exchange reaction between ber-Cu2-xSe NCs and Ni pre-cursors: In a cation exchange reaction 
of the ber-Cu2-xSe NCs with Ni2+ ions, Ni(acac)2 or Ni(OAc)2·4H2O (4 mmol) in OLAm (8 mL) and ODE (16 
mL) was degassed under vacuum in a flask at 100 °C for 1 h. Then the flask was filled with N2 and the 
temperature was raised to 140 °C. At this point the ber-Cu2-xSe NCs (2 mmol) dispersed in ODE (4 mL) by 
sonication and TOP (8 mL) were subsequently added to the above flask. After the mixture was stirred at 
140 °C, the resulting NCs were cooled and precipitated by ethanol, followed by centrifugation and de-
cantation. The collected NCs were further washed with a mixture of hexane and ethanol. After the puri-
fication step, a small amount of OLAm (10 µL) was added to stabilize the NCs dispersed in hexane solu-
tion. 

Cation exchange reaction of ber-Cu2-xSe NCs without Ni precursors: For the characterization of the par-
tial etching process during the cation exchange reaction, a control experiment was carried out in the 
absence of Ni precursors. The synthetic procedure was the same as the typical cation exchange reaction 
except for the absence of Ni precursor. The reaction was terminated at 10 min after the TOP injection. 
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Structural and elemental analysis: TEM observation was performed on a JEM1011 (JEOL) operated at 
100 kV. HRTEM and STEM-EDS measurements were performed on a JEM-ARM200F (JEOL) operated at 
200 kV. SEM observation was performed on an S-4800 (Hitachi). XRD measurement was conducted on 
a PANalytical X’Pert Pro MPD with CuKα radiation (λ = 1.542 Å) operated at 45 kV and 40 mA. XPS meas-
urement was conducted in an ultrahigh vacuum combined system equipped with a hemispherical elec-
tron analyser (Omicron model EA125) and a twin-anode (Mg/Al) X-ray source (Vacuum Generators). UV-
Vis-NIR absorption spectra were measured on a U-3310 spectrophotometer (Hitachi). XRF measurement 
was performed on an Element Analyser JSX-3202X (JEOL). 

Preparation of NCs-loaded carbon paper electrodes: A 1 × 2 cm2 piece of carbon paper (MGL370) was 
washed with hexane, ethanol, and acetone. The cleaned carbon paper was dried under vacuum. A hex-
ane solution of 0.5 mg cm-2 of ber-Cu2-xSe, ber-Cu2-xSe/sp-Ni3Se4, or sp-Ni3Se4 NCs was dropped onto the 
carbon paper and dried under vacuum. No treatment was conducted for removing ligands. The NCs-
deposited area was 0.5–0.8 cm2. 

Electrochemical measurements: Electrochemical measurements were performed at room temperature 
using a three-electrode system with an ALS620C electrochemical analyser (BAS). Ag/AgCl (3 M NaCl) was 
used as a reference electrode in 0.1 M KOH (pH 13) electrolyte. Pt wire was used as a counter electrode. 
Before the measurements, the electrolyte was degassed by bubbling with Ar gas for 30 min. During the 
measurements, the electrolyte solution was stirred. All the voltammograms were iR-corrected to ac-
count for uncompensated solution resistance (R). The R value was measured with an accessory of the 
analyser based on a previously reported technique (P. He and L. R. Faulkner, Anal. Chem., 1986, 58, 517-
523.). The measured potentials vs Ag/AgCl were converted to those vs the reversible hydro-gen elec-
trode (RHE) scale using the Nernst equation. Before comparing the activities, 50 cycles scanning were 
applied for the activation of NCs (Fig. S20). Electrochemical impedance spectroscopy (EIS) tests were 
carried out at overpotential of 0.35 V applying 5 mV AC voltage in the frequency range from 106 Hz to 
10-1 Hz. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1 UV-Vis-NIR spectra of ber-Cu2-xSe NCs (red line) and sp-Ni3Se4 NCs after 15 min in cation exchange 
reaction (green line). 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Table S1 Evolution of composition (by XRF) of ber-Cu2-xSe NCs during the cation exchange reaction using 
Ni(OAc)2 as Ni precursor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2 Change in molar ratios of elements in ber-Cu2-xSe NCs at various cation exchange reaction times 
using Ni(OAc)2 as Ni precursor according to Table S1. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3 XRD patterns of the products during the cation exchange reaction from ber-Cu2-xSe NCs to sp-
Ni3Se4 NCs using Ni(OAc)2. The reference peaks of sp-Ni3Se4 (red) and ber-Cu2-xSe (black) phases are also 
shown in the bottom. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S4 Additional HRTEM images of sp-Ni3Se4 NCs and their FFT patterns.  



 

 

 

 

 

 

 

Table S2 The crystal structure information of the spinel Ni3Se4. 

 

Structure parameters: 

Crystal system: Cubic 

Space group: Fd-3m 

a = 9.94 Å 

Unit cell volume = 982.10 Å3 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5 Unit cells of sp-Ni3Se4. Tetrahedral Ni1 and Octahedral Ni2 are colored in purple and orange, 
respectively. 

 

 

 

 



 

 

 

 

 

 

 

 

 

Table S3 Comparison of crystal structure, morphology and synthetic procedure of artificial Ni selenide 
system in the literature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6 Wireframe depiction of (1x2x2) Unit cells of Se sub-lattice of sp-Ni3Se4. Blue and red lines show 
5.08 Å and 4.86 Å sides, respectively, which emphasize the lattice distortion of Se sub-lattice. Tetrahe-
dral Ni1 and Octahedral Ni2 are colored in purple and orange, respectively.  

 

 

 

 

 

 

 



 

 

 

 

 

 

Table S4. The number of each cation sites in the lattices in Figure 2a. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S7 Parallel images of ber-Cu2-xSe (left, 2×2×2 = 8 unit cells) and sp-Ni3Se4 (right, 1 unit cell) along 
[110] zone axis. Description of channels for Ni1 and Ni2 sites in ber-Cu2-xSe as purple and orange circles, 
respectively. 

 

 

 

 

 

 

 

 

Fig. S8 Neighboring Se octahedra in (a) ber-Cu2-xSe and (b) sp-Ni3Se4. Diagonal distances highlight the 
size of each octahedra. Octahedron with Ni center is smaller than that without Ni. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S9 (a-b) TEM images of (a) as-synthesized ber-Cu2-xSe NCs (16 ± 1.3 nm) and (b) ber-Cu2-xSe NCs after 
the control cation exchange reaction without Ni precursor (10 ± 1.6 nm). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S10 XRD patterns of the sp-Ni3Se4 NCs after annealing under the Ar atmosphere at different tem-
peratures for 1 h. The reference peaks of sp-Ni3Se4 (black) and hexagonal NiSe (red) phases are also 
shown. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Table S5 Composition evolution of the ber-Cu2-xSe NCs during the cation exchange reaction using 
Ni(acac)2 as Ni precursor determined by XRF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S11 Change in molar ratio of elements in ber-Cu2-xSe NCs at various cation exchange reaction times 
using Ni(acac)2 as Ni precursor according to Table S3. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S12 UV-Vis-NIR spectra of ber-Cu2-xSe NCs (red line) and ber-Cu2-xSe/sp-Ni3Se4 NCs at different CE 
reaction time; red: 0 min (ber-Cu2-xSe NCs), pink: 15 min, orange: 30 min, dark yellow: 45 min and navy: 
60 min. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S13 (a,e) Additional HRTEM images of ber-Cu2-xSe/sp-Ni3Se4 HNCs and (b,f) their FFT patterns. (c-d 
and g-h) Inverse FFT images from FFT of b and f, respectively. 

  



 

 

 

 

 

 

 

 

 

 

 

 

Table S6 OER performance comparison of recently reported Ni and Cu based chalcogenide catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 Fig. S14 SEM image of the mixture of ber-Cu2-xSe NCs and sp-Ni3Se4 NCs on carbon paper. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. S15 Cyclic voltammograms of (a) ber-Cu2-xSe/sp-Ni3Se4 HNCs, (b) sp-Ni3Se4 NCs and (c) ber-Cu2-xSe 
NCs in 0.1 M KOH at initial, 100, 200, 300, 400 and 500 cycled sweeps. 

 

 



 

 

 

 

 

 

 

Fig. S16 CV curves of (a) ber-Cu2-xSe NCs, (b) ber-Cu2-xSe/sp-Ni3Se4 HNCs and (b) sp-Ni3Se4 NCs at scan 
rates of 10 to 50 mV s-1 in the range of potential where no Faradaic current does not flow. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S17 SEM images of (a,b) ber-Cu2-xSe NCs, (c,d) sp-Ni3Se4 NCs and (e,f) ber-Cu2-xSe/sp-Ni3Se4 HNCs 
loaded on carbon paper electrodes (a,c,e) before and (b,d,e) after 500 CV sweeps between 1.1 and 1.7 
V vs. RHE in 0.1 M KOH. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S18. (a) The equivalent circuit for fitting EIS data. (b-d) Nyquist and (d-i) Bode plots of each NCs. 
Solid lines are simulated using the equivalent circuit of (a).  

 

Table S7. Fitting parameters for each catalyst. 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S19 (a,c,e) TEM images and (b,d,f) SAED patterns of ber-Cu2-xSe/sp-Ni3Se4 HNCs: (a,b) as-synthesized, 
(c,d) immersed in 0.1 M KOH electrolyte and (e,f) after 500 cycles CV. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S20 CVs of ber-Cu2-xSe/sp-Ni3Se4 HNCs from 1st to 50th cycles. 
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