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Reconstructing the electronic structure of nickel selenide by Cu
incorporation for enhanced alkaline hydrogen evolution reaction

Prince JJ Sagayaraj,® Keishi Oyama,” Naoko Okibe,b Anantharaj Sengeni,< Hyoung-il Kim,%* and
Karthikeyan Sekarad*

Nickel selenides are proven to be the efficient electrocatalysts in catalyzing hydrogen evolution reaction (HER) for alkaline
water electrolysis, but their unsatisfying durability in alkaline medium opens up for the strategic exploration in improving
the HER activity over time. Tuning the electronic structure of hydrothermally synthesized nickel selenide with
electrodeposited Cu (NCS/NF) has proven fruitful beyond imagination in HER for the first time. Introduction of Cu enabled
this newly developed catalyst to deliver current density of -10 mAcm2 by requiring a lower overpotential of only 45 mV due
to the enhanced electron diffusivity with an extended surface area. The voltage-induced phase transition of nickel selenide
with Cu exhibited 2.5-fold increment in HER activity which enabled this activity tuned catalyst (AD NCS/NF) to surpass the
state-of-the-art Pt at all potentials under identical conditions and when connected in two-cell configuration AD
NCS/NF| | NiFeLDH required cell voltage of only 1.48V to deliver 50 mAcm2. Further, XRD, XPS and XAS findings provide
insights onto the voltage-induced structural reorganization of NCS/NF during the accelerated degradation test revealing the
superior HER activity with the improvement of catalyst’s durability over time. This unique regulation of crystalline facets in
NCS/NF with Se-enriched surface promotes the intrinsic activity for striking H, production.

Introduction

The impending use of fossil fuels leading to imminent
environmental issues and energy crisis attracts a severe
demand in sustainable energy production.!3 Green hydrogen
(H,) through water splitting (WS) by renewable electricity is a
promising alternative in powering up the world leaving just
water behind.* > Although, the availability of H* for 2e- water
reduction into H, is abundant at pH O, the lack of catalysts’
durability, higher operational cost, and limited exploration of
electroactive materials restricted the development of acidic
electrolyzers on a larger scale thereby concentrating on alkaline
WS at pH 14 is the need of time.® 7 Alkaline WS has grabbed
recent attention, because, the industry oriented H, generation
is typically alkaline and the cost involved in setting up an
alkaline electrolyzer is seemingly cheaper as the catalytically
active materials would be developed from earth-abundant 3d-
transition metals.819 Despite the intrinsic improvement of
sluggish kinetics associated with 4e- OER by forming
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oxyhydroxide bonds (*O-OH) with 3d-transition metals (TM),
the water dissociation coupled, proton abstraction step in
alkaline HER impedes the overall efficacy of the WS in alkaline
medium.113 Even, the benchmark Pt, struggles to dissociate
H,0.14153d-TM are significant for their efficiency in dissociating
water in alkaline medium but fails to catalyze HER and affects
the overall kinetics.1619 In this regard, modulating the electronic
structure of 3d-TM could help in achieving lower overpotential
and higher current density.

TM selenides are a class of chalcogenides having selenium
(Se) atom whose electronegativity (2.55) shows greater
tendency to covalently bond with metals inducing in situ defects
with non-stoichiometric compound formation for better charge
carrier characteristics.2%2> Among those, nickel selenides are
the most explored electrocatalysts for HER because of their
intrinsic metallic anion properties that come with selenium
(Se).2t 2628 Also, Ni as an atom shows better philicity towards
hydride ion.?% 30 On increasing the number of Se atoms, the
accessibility of H* on electrochemically active Se sites gets
enhanced and the Ni atom as an H-provides an easier pathway
for HER in alkaline medium but suffer from poor kinetics and
stability.3% 32 To improve the stability and charge transfer
kinetics, constructing an interface with another metal imparting
more metallic character to nickel selenides is inevitable.33 34
Several reports of bi/multi-metallic selenides3*> 3¢ have been
utilized in the recent past for splitting water, synergistically
supplementing the structure deficit inert sites towards HER
comparing their individual counterparts.?’> 37-3% Cu is an earth
abundant 3d TM whose addition to other electroactive
materials have shown to improve their catalytic activity and


https://doi.org/10.1039/d5ta04391c

Published on 28 July 2025. Downloaded on 8/5/2025 11:58:24 PM.

of-Materials'Chemistiy A

ARTICLE

kinetics. 4042 Due to Cu's extreme instability and susceptibility
to oxidation on its surface, the subsurface concentration of Cu
primarily shows the promising critical activity of HER.*> On
alloying, or interfacing Cu with other material, the subsurface
concentration of Cu in the bulk influence the surface electronic
properties as the diffusion of electrons from bulk to surface is
promoted leading to improved activity.** Moreover, Cu
modified TM selenide heterostructures boosted the HER
activity wherein the interface engineering between the d-
electron sufficient Cu atom and M,Se, (M-3d TM) synergistically
induce improvements in their electronic structure optimal for
reactant interaction in alkaline medium for dissociating H,0.4>
47 Despite these advancements in designing HER active
catalysts, identifying the origin of real active species and
understanding the structural transformation of the
electrocatalyst under HER operating conditions is highly
essential for ensuring the durability of the electroactive
materials and is often neglected in research hotspot.*8-50
Researchers have been intriguingly reporting the dynamic
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Motivated with these insights, we first synthesized nickel
selenide in selenium rich phase NiSe, utilizing a simple
hydrothermal technique, as the traditional methods including
solid-state synthesis, elemental direct reaction, alloying
involves the usage of toxic-metal metal precursors, reducing
agents and the subjection of higher temperatures, which would
affect its ease of scalability. Then, the electronic structure and
the atomic framework of the hydrothermally constructed nickel
selenide on Ni foam is modified with Copper (Cu) layer
(NCS/NF), where the Cu is deposited by dynamic hydrogen
bubble template (DHBT) method. The electrodeposited Cu on
Ni foam offered the substrate to be more porous with
hierarchically modified 3D structure promoting the diffusion
kinetics. The fascinating electrochemical HER activity between
porous Cu foam and nickel selenide electronically
communicating through Se atoms profounds to be extremely

oo

Fig.1 (a) Schematic illustration for the synthesis of different self-supporting electrocatalysts, (b) XRD pattern for C/NF, NS/NF and NCS catalyst, FE-SEM

images of (c-d) C/NF and (e-f) NS/NF respectively under higher magnification.
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responsive to alkaline HER requiring only 45mV of overpotential
to deliver the cathodic current density of -10 mAcm-2. Achieving
2.5-fold improvement in HER activity over time at pH 14,
NCS/NF catalyst outperforms Pt on all reduction potential under
similar reductive conditions and in two-electrode system too.
Post HER studies subsequently infer on the electronic structure
reconstruction during the cathodic reduction process.
combination fitting analysis.

Results and discussion

The outline for the synthesis is given in Fig. la. Under
hydrothermal conditions at 120°C, the Ni foam liberates Ni?*
ions slowly, whose lost electrons reduces the hydrolysed SeO,
to form selenide anions which then nucleates with Ni%* in the
solution forming nickel selenide. Initially, the hydrolysed SeO,
forms selenous acid which on further reduction forms selenide
anion.>® As the reaction proceeds, the autoclave develops
pressure within it by time. Also, the pH of the reaction mixture
reduces to near acidic which favours the dimerization of
selenide anions forming diselenides. In the presence of Cu
deposited NF (C/NF), Cu* being a soft acid is prone to interact
with soft bases like S and Se having more likeliness to form
Cu,Se which is eventually bonded chemically with NiSe,. The
selenised catalysts and their crystalline phases were
determined by Powder Xray Diffraction (PXRD) (Fig. 1b). All of
them showed the presence of bare Ni foam peaks at 44.6°,
51.9°, and 76.5° for the hkl/ planes (111), (200) and (220)
respectively (JCPDS card no 01-070-0989), and the electrode

ARTICLE

that was deposited with DHBT Cu exhibited additiopal Gy peaks
at 26=43.4° (hkl;111), 50.6°(hkl;200), and 72 60 (KRG 220 QEPDS
card no 01-1242) with no alloying features with the Ni foam. The
crystal planes diffracted from NS/NF were matching well with
the cubic phase of NiSe, (JCPDS no. 11-0552 and 08-0423; Space
group- Pa3; Space number -205) indicating the formation of
nickel selenide. The Cu deposited NF (NCS/NF) shows an
additional Cu,Se peak at 20 = 26.7° with (111) plane (JCPDS no.
03-065-2982) along with cubic NiSe, peaks, as Cu atoms on the
surface has higher tendency to interact with the Se atoms under
the hydrothermal conditions.>* The method that has been
presented enables the effective synthesis of nickel selenide
without the use of high temperatures or any other reducing
agents, as can be shown in Table S1 for comparison.

Field Emission Scanning Electron Microscopy (FE-SEM) is
performed to determine the morphology of the
electrocatalysts. The highly porous dendritic structures
obtained for C/NF (Fig. 1c and d) compared to bare NF (Fig. S1)
vouched for improved hydrophilicity and the increased surface
roughness that were crucial for improved electrochemical
surface area (ECSA). The morphology variation of nickel
selenides in the presence (Fig. 2a and b) of porous Cu is clearly
visible, that the NCS/NF is obtained with three dimensional thin-
wrinkled sheets on porous Cu surface exposing more active
sites, whereas FESEM images of NS/NF (Fig. 1e and f) seemed to
be dwindled with limited exposure of active sites. Transmission
electron microscopy (TEM) (Fig. 2c) with the inset verifies thin
sheet like open structures (as seen from SEM) with the exposure
of crystalline planes (210) of NiSe, and (111) Cu,Se in NCS/NF

G (framel)  ————— 20 nm

———— 200 nm Cw K C—— 200 nm Sel

Fig. 2. (a and b) FE-SEM, (c) TEM, (d) HR-TEM and (e) STEM Elemental mapping of Ni, Cu and Se respectively for the catalyst NCS/NF.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Core level spectra of (a) Ni 2p, (b) Cu 2p, (c) Se 3d, XANES spectra of (d) Ni K edge, (e) Cu K edge and (f) Se K edge for NCS/NF catalyst respectively.

catalyst. High-resolution (HR-TEM) and Dark-field Scanning
(STEM)- Energy dispersive Xray (EDX) elemental mapping (Fig.
2d and e) confirmed the formation of crystalline planes with d-
spacing matching with that of NiSe, and Cu,Se as confirmed
from XRD and the atomic distribution of Cu, Ni and Se atoms is
homogeneous all over the catalyst surface. STEM image and the
corresponding Selected Area Electron Diffraction (SAED)
pattern (Fig. S2) with sharp rings showed high poly-crystalline
nature of NCS/NF confirming the existence of cubic selenides.
The surface of the bare NF is modified from its pristinely
hydrophobic (Fig. S3) to super hydrophilic after the selenisation
in both NS/NF and NCS/NF catalysts (Fig. S4 and S5). The smaller
contact angle of 0° between the water droplet and
electrocatalysts exhibit reduced bubble adherence which also
improves better facilitation of mass transfer and reduction in
intrinsic resistance. (Video S1-S2).

To further explore on the structural characteristics of
NCS/NF, Xray Photoelectron Spectra (XPS) was done with the
survey scan (Fig. S6) showing the presence of Ni, Cu, Se and O
atoms. The increased concentration of O on the surface is due
surface oxidation. In Fig. 3a, core-level Ni 2p spectrum has a
strong Ni 2p3/, and Ni 2p;/, peaks at binding energies (BE) 855.3
(0.2 eV) and 872.6 (0.2 eV) respectively, attributing to the
presence of Ni?* from NiSe, along with the presence of shake-
up satellites. The mixed valence states of porous Cu is depicted
in Fig. 3b. Cu 2p exhibits Cu 2p3/, and Cu 2p;, with the additional
satellites corresponding to the presence of oxidised copper in
NCS/NF. Further, Cu 2ps/, is deconvoluted into two peaks at

4| J. Name., 2012, 00, 1-3

931.7 (0.2 eV) and 933.8 (0.2 eV) due to the existence of +1,
+2 oxidation states coordinating with Se and adsorbed O atoms
on the surface. The presence of selenide anions is implied in the
Se 3d core-level spectrum (Fig. 3c) which showcased the
presence of Se in the most anionic form and is extremely
negative shifted due to higher electron density states around Se
atoms from Ni?* and Cu?*/Cu* respectively. The BE at 56.7 (+0.2
eV) could be originated from selenide anion of NiSe, and Cu,Se
and the peaks with positive shifted BE values at 58.2 (+0.2 eV),
59.3 (+0.2 eV) denotes the impurities of selenium dioxide that
has been hydrolysed and reducing to from respective metal
selenides. Further examination on the bulk structures and
electronic states of NCS/NF was done by Xray Absorption
Spectral (XAS) analyses. The Ni K edge Xray Absorption Near
Edge Spectra (XANES) displayed in Fig. 3d shows distinct spectra
from Ni (0) and Ni (+2) with decreased amplitude featuring the
presence of Ni2* of NiSe, and the disordered crystal structure.
Then, the Fourier transformed Extended X-ray Absorption Fine
Structure (FT-EXAFS) of NCS/NF (Fig. S7a) Ni-K edge clearly has
a coordination peak at 2.42A fitted in R space, revealing the
presence of shortened Ni-Se bonds as the electron dense Se
atom tends to be more anionic and forms stronger bond with
Ni2* which is in great agreement with the XRD, HRTEM and XPS
results. Correlatively, the local chemical environment of Cu is
confirmed from the pre-edge of Cu K edge XANES (Fig. 3e)
signifying that the oxidized Cu that has been formed during
selenization process, existed in mixed oxidation states with the
FT-EXAFS (Fig. S7b) fitted in Cu R space revealing the presence

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. (a) Polarisation curves (SCV) for HER studies with maximum iR drop compensation, (b) Tafel plot, (c) Comparative chart depicting the uncompensated

and charge-transfer resistances, (d) Bode-phase angle plot showing phase
Linear Cy plot of non- Faradaic charging current density vs. scan rate for NF,
catalyst

of Cu-O and Cu-Se bonds with extended bond lengths, 2.62A
and 1.9A respectively. This evidently supports the transfer of
electrons from Cu to Se then to Ni-Se occurring during reduction
reaction towards metal selenide formation under hydrothermal
conditions. The Se K edge XANES (Fig. 3f) gets shifted to higher
energies due to the increase in valence states accounting for the
formation of bonds with Ni and Cu. All the XANES spectra have
lowered intensity than their corresponding references ensuring
the creation of disorders within the crystal system due to the
co-existence of Ni, Cu and Se atoms.>>

Utilizing a conventional technique of three-electrode
configuration, the electrochemical activity for 2e- reduction of
H,O is tested for the catalytic materials NS/NF, NCS/NF in
comparison with bare NF and Pt wire at basic pH of 14. The
Linear Sweep Voltammogram (LSV) (Fig. S8) studies exhibited
higher HER activity for NCS/NF with improved kinetics. The
incorporation of Cu interplayed the role of H,0 adsorption and
charge transfer kinetics activating the kinetics of NCS/NF than
NS/NF and bare NF. To investigate the real HER activity Sample
Current Voltammogram (SCV)®® is demonstrated for all the
materials by deriving from their individual i-t curves (Fig. S9a-d),
at a region where the double layer charging diminishes. Fig. 4a
SCV plot shows that, NCS/NF material showed superior activity
reaching a current density of -1.2 A cm™ at maximum vertex
potential which is 31% greater than NS/NF. Also, the
overpotential required for delivering -10 mA cm™ (nyo) is just
45mV for NCS/NF and 124 mV for NS/NF which are better than
bare NF (nyo=208mV). As seen from the comparison chart (Fig.

This journal is © The Royal Society of Chemistry 20xx

shift and their corresponding frequency values for various electrocatalysts, (e)
NS/NF and NCS/NF respectively and (f) Accelerated degradation plot for NCS/NF

S10), both NS/NF and NCS/NF are seemingly active towards
HER, because the atoms arranged in cubic NiSe, have greater
packing fraction with more chances of hydrogen adsorption on
the neighbouring active sites leading to the evolution of H,.>”
The interplay of porous Cu in its selenized form improved the
mass transfer of the catalytic system, as noted for its high
electron transport efficiency and hydrophilicity. The value of
Tafel slope (Fig. 4b) also reflects on the same as NCS/NF (153
mV dec?) has lower Tafel value than NS/NF (164.8 mV dec?) and
Pt (92 mV dec?) exhibiting rapid water dissociation kinetics
which is the rate limiting step in alkaline HER. With significant
activation of HER sites promoting the dissociation of water and
concurrent H,ys discharge electrochemically, the charge-
transfer resistance along the electrode (catalytic material)-
electrolyte interface is perceived to be essential and was
studied using Electrochemical Impedance Spectroscopy (EIS)
under catalytic turnover conditions. Nyquist and Bode-
impedance plots (Fig. S11) suggest that NCS/NF perform better
than NS/NF with lowering charge transfer resistance (R.) of
4.76Q and for NS/NF the R value is 5.75Q following the same
trend for uncompensated resistance (R,) (Ry; NCS/NF-1.86Q &
NS/NF-2.43Q) (Fig. 4c). The reduction of R, supports that
inclusion of porous Cu facilitates the detachment of HER gas
bubbles and wettability of electrode materials. The Bode-phase
angle plot (Fig. 4d), conclusively exhibits all the phase shift
values <45° supporting the 2e" transfer kinetic behaviour for
HER. The frequency at which phase shift occurs gets lowered for
NCS/NF (3.16 Hz) than NS/NF (21.5 Hz) which is a direct

J. Name., 2013, 00, 1-3 | 5
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Fig. 5. (a) SCV plot after HER studies with 100% iR compensation, (b) Comparison plot for Tafel slope values and exchange current density, (c) Bode-absolute
impedance plot and (d) Bode-phase angle plot showing phase shift and their corresponding frequency values for NCS/NF and AD NCS/NF catalysts, (e) Two-
electrode stability curves of NCS/NF as the cathode (-) and NiFeLDH as the anode (+) in 1.0M KOH and (f) Polarisation curves in two-electrode system

indicative for the improved ECSA on incorporating porous Cu.
The double layer capacitance is also calculated for all the
materials using Cq method. The linear plot of scan rate vs.
current density constructed from CVs recorded in non-faradaic
region (Fig. S12a-c) is given in the Fig. 4e. The extreme
improvement in the 2Cy values (12.2, 77.6 and 265.1 mFcm™2 for
bare NF, NS/NF and NCS/NF respectively) underpins the
enhancement in ECSA. With porous Cu, NiSe, was able to carry-
out alkaline HER having all the results in good agreement with
the polarisation and Tafel values in comparison with Pt. To
check the durability of the highly active NCS/NF and to
withstand the long-term HER operating conditions, accelerated
degradation (AD) test is performed in 1.0M KOH at a fixed
potential of -1.3V against Hg/HgO reference electrode and Ni
foam as counter electrode (Fig. 4f). Initially, NCS/NF delivered a
current density of -172 mAcm2, with gradual increase in the
activity by 2.5-fold within 28400 s and further showed negligible
degradation. The increment in the current density is indeed an
indication for the deep activation with the evolution of real
active sites involving structural reconstruction during prolonged
HER electrolysis, after which it is observed that the current
density keeps relatively stable without noticeable degradation
demonstrating the long-term stability of the catalyst.

To delve more, NCS/NF after AD (AD NCS/NF) is examined for
electrochemical reproducibility. It is evident from the SCV plot
(Fig. 5a) derived from the i-t curves of Fig. S13a, that the
material was visibly outperforming Pt at all reductive potentials

6 | J. Name., 2012, 00, 1-3

with requiring only -0.337V vs. RHE to reach the maximum
current density of 1.45 Acm2 while Pt required -0.45V vs. RHE
for the same. On comparing the HER activity alongside the
kinetics of AD NCS/NF, the extracted Tafel slope is found to be
lowered (97.7 mV dec?) following Volmer-Heyrovksy
mechanism®2 (Fig. S13b) which is entirely different from the rate
limiting step followed by NS/NF (water-dissociation step). This
suggests that AD NCS/NF went through surface reconstruction
with the evolution of new active sites that is entirely different
from that of NiSe, and NCS/NF and is intrinsically activating with
greater exchange current density values (jo) (Fig. 5b). Depicting
the same trend, the charge transfer kinetics of AD NCS/NF
material evidenced from the EIS results, profounds the lowered
R value of 1.69Q as measured from Nyquist plot (Fig. S13c).
The Bode-absolute impedance plot (Fig. 5c) also signifies the
reduction in R value and further, the admittance at the lowest
frequency of operation was also higher for AD NCS/NF (0.17s)
than NCS/NF (0.098s) ascertaining better charge transfer
character imparted by the intrinsic activation of the catalyst.
From the Bode phase angle plot (Fig. 5d), phase shift values are
lesser than 45°, eventually confirming the kinetically controlled
HER reaction and the lowest 8=17.2° (2.61 Hz) observed for AD
NCS/NF hints the retainment of ECSA when compared to that of
NCS/NF, ©=31° (21.5 Hz). In contrast the 2Cqy value is increased
to 447.4 mF cm2(Fig. S14). From these results, it is obvious that
the enhanced HER activity during AD test, made significant
in the crystal intrinsically

transformation structure thus

This journal is © The Royal Society of Chemistry 20xx
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activating NCS/NF in retaining the ECSA. Based on the above
results, the NCS/NF catalysts after stability exhibited better HER
activity and the catalyst is tested for overall water splitting in
1.0M KOH at room temperature utilizing NCS/NF as the cathode
and a NiFe layered double hydroxide (LDH) coated on Ni foam
as the anodic electrode. The NCS/NF||NiFeLDH electrolyser
exhibited stability with improvement in the current density as
shown in Fig. 5e which is due to the voltage-induced activation
of NCS/NF catalyst as observed in the half-cell analysis using
three-electrode cell configuration. This confirms that NCS/NF
catalyst exhibits voltage induced activation when subjected for
overall electrolytic performance. Further, Fig. 5f demonstrates
that the overall cell voltage required by AS NCS/NF| |NiFeLDH
catalyst to deliver the current density of 50 mAcm=2 is 1.48V,
wherein before stability the cell voltage is 2V and the
Pt/C| |NiFeLDH catalyst required 1.83V. The AS
NCS/NF| | NiFeLDH outperforms the benchmark Pt
wire| | NiFeLDH in terms of overall water splitting as observed
from the half-cell HER studies. The remarkable activity of the
NCS/NF catalyst in two-electrode systems is due to the nickel
selenide framework and its interaction with the Cu, which
optimizes the adsorption strength of intermediates for HER
showing that the NCS/NF electrode has great promise for use in
real-world alkaline water electrolysis.

To explore into structural and morphology changes, FESEM
is taken after HER (Fig. 6b and c). There is a slight variation in
the morphology of NCS/NF with more agglomerated structures.
The STEM elemental mapping in dark mode also supports the
morphology variation and showed the presence of Ni, Cu and Se
atoms that is uniformly distributed all over AD NCS/NF (Fig. 6d).
The XRD pattern (Fig. 6a) after HER has diffraction peaks at
20=32.7°, 44.2°, 49.7°, 59.3° and 60.8° corresponding to (101),
(102), (110), (103) and (201) planes respectively associated to
the hexagonal phase NiSe matching with the JCPDS pattern 03-
065-3425. The additional peak at 26=35.9° is diffracted due to

(a)
——AD NCS/NF
*NiSe
S @ CuSe;
«
=
@
c
2
=

(d)

Ni K

Journal ofcMaterials . Chemistry A

the cubic crystallisation of copper selenide matching.with-the
reference pattern having JCPDS card DR6:10026240978:04%91(s
substantiated that nickel diselenide under HER conditions,
undergoes phase evolution as the Se,> dimer bond breaks
forming bond with nearby Ni?* atoms and the leached-out Se
atom from the cubic phase of NiSe, interacts with the Cu.>% 0
The Cu,Se under cathodic reduction potential is expected to
form metallic Cu aggregates which on further interaction with
the Se nucleates forming CuSe,. Both NiSe and CuSe, is a HER
active catalyst, whereas in NiSe the d-band centre shifts-up
closer to Pt-like.®? Unlike conventional catalysts, the HER
bubbles evolved from the surface of the catalyst during the
process of electrolysis didn’t affect the overall electrochemical
activity, rather achieved higher levels of activity. This is
attributed to the improved surface properties thereby reducing
the resistance that exists between the electrolyte and the
electrode interface as corroborated from the contact angle
measurements of AD NCS/NF (Fig. S15). It is observed that
super hydrophilic behaviour was retained when a water drop
was suspended on its surface and absorbed quickly without any
contact angle (0°) (Video. S3).

Fig. 7a illustrates the schematic representation for the phase
transformation of NCS/NF under prolonged electrolysis. The
core-level XPS for AD NCS/NF is demonstrated where the Ni 2p
spectra (Fig. S16a) has Ni 2p3/,, peak at BE 856.1 (¥0.2 eV) and
Ni 2p;, at 873.3 (¥0.2 eV) showing a slight positive shift,
because it is very difficult to remove an electron from Ni in NiSe
as, Ni** becomes more electropositive when bonded with more
electronegative Se?. The Cu 2p spectra (Fig. S16b) looks similar
before AD test but the intensity of satellite peaks gets reduced
as Cu after the exposure of reduction conditions. The Cu 2p;),
with the three deconvoluted peaks 931.5 (+0.2 eV), 933.0 (+0.2
eV) and 935.3 (+0.2 eV) confirms the mixed valence Cu atoms
with 0, +1 and +2 states respectively. The more positive shift in
+2 state accounts for the formation of Cu-Se bonds. The

c————————— 1.0 pm Cuk ———————1.0pm Se L

Fig. 6. (a) XRD pattern of AD NCS/NF after stability, (b,c) FESEM images and (d) STEM elemental mapping for the elements Ni, Cu and Se of NCS/NF after HER.

This journal is © The Royal Society of Chemistry 20xx
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formation of new Cu-Se bonds is responsible for the
replenishment of new active sites promoting the charge
transfer abilities as per EIS results. The Se 3d core-level spectra
is exhibited in Fig. S16c. The peaks at 54.5 (0.2 eV) and 57.2
(+0.2 eV) shows the presence of diselenides and monoselenide
on the surface of the catalyst, respectively alongside the
oxidized Se atoms. The positive shift of Se? is due to the fact
that the charge is not accumulated on Se atom and gets
transferred throughout the system between Ni and Cu atoms.
The peak intensity is also higher for AD NCS/NF due to the
evolution of more Se atoms on the surface. To further know
more about bulk properties, XAS studies have been performed
after AD tests for NCS/NF. The XANES spectra for Ni K edge (Fig.
S17a) resulted in the existence of Ni in +2 state. The pre-edge of
Cu K edge XANES spectra enunciates that Cu exists in its reduced
state with its intensity maxima matching to that of 2+ thus,
proving the existence of Cu is mixed valence states (Fig. S17b).
The FT EXAFS of Ni K edge fitted in R space showed the presence
of Ni-Se bonds in AD NCS/NF with the radii value 2.43A (Fig. 7b
and c). This is in consistent with the hexagonal NiSe value and
the bond becomes shortened due to the disorderness created
within the system.*> 62 All these results supported the phase
transformation of nickel selenide during the prolonged HER
conditions and this evolution of real active sites with electron-d
band structure similar to Pt exhibits supreme HER activity.

(a) PHASE TRANSITION DURING PROLONGED ELECTROLYSIS

H,;

Prolonged
electrolysis at

e el
: XTI 1.0M KOH,
Qou @se @ni NCSINF AD NCSINF .pH=14’
(b) Ni (C) —— NCS/NF
——Ni(CH)2 Ni-se/Ni  © Exp-fit
——NCS NF ! ——AD NCS/NF
Ni-Se/Ni | ——AD NCS/NF o Exp.fit
1 IS it ,.
= ! = Ni-Se/Ni '
Ni-O Ni-Ni
Ni-Ni
0 2 4 6 ps
R/ A R/ A

Fig. 7. (a) Scheme illustrating phase transformation of NCS/NF during prolonged
HER conditions (b) EXAFS spectra for Ni K edge and (c) the corresponding FT-
EXAFS fitting spectra for NCS/NF and AD NCS/NF respectively.

Conclusions

A nickel selenide system whose electronic structure is modified
via hydrothermal treatment with the pre-deposited Cu layer is
investigated for HER studies in alkaline medium. Hydrothermal
treatment markedly accelerated the selenisation process

8| J. Name., 2012, 00, 1-3

regulating the formation of defined crystal facets.. This.newly
developed NCS/NF catalyst required oaR): WS/ kol "GéRvEr
current density of -10 mAcm due the increased SA from the
coexistence of copper selenides and nickel selenides on the
surface. Accelerated degradation test revealed the superior
HER activity with the improvement the catalysts’ durability of
2.5fold with time from phase transferred cubic NiSe, to
hexagonal NiSe. The voltage-induced activation s
demonstrated in two-electrode overall water electrolysis,
where the AD NCS/NF| | NiFeLDH required cell voltage of 1.48V
for 50mAcm2 surpassing Pt wire| |NiFeLDH. XRD, XPS and XAS
findings provide insights onto the structural reorganization of
NCS/NF with the ongoing HER which infers that the unique
regulation of crystalline facets in NCS/NF with Se-enriched Ni
and Cu surface promotes the intrinsic activity for striking H,
production.
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