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heterostructure with built-in electric field and
efficient interfacial charge transfert
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One grand challenge in green hydrogen production is to design efficient HER electrocatalysts for high-rate
alkaline water electrolysis. Nickel chalcogenide coatings on nickel foam (NF) are promising HER
electrocatalysts, but their high-rate performances are yet to be improved. The current work reports
a NiSe/NizSe,@NF for alkaline HER, which requires an overpotential of only 336 mV to achieve an ultra-
high current density of 1250 mA cm™2, outperforming commercial Pt/C. The low onset potential of
NiSe/NisSe,@NF is attributed to its morphology, and high surface area, as well as multiple active sites
and electronic structure modulation because of the heterostructure. While these features are well-
known within the current knowledge framework, new understandings are proposed on its superior high-
rate performance. The common-anion feature offers abundant interfacial Ni—-Se bonding and low
charge transfer, in the
heterostructure results in a built-in electric field that further enhances the high-rate performance. This
work provides new insights on both the mechanistic and methodological aspects of designing high-

resistance for efficient interfacial whereas the heterovalent-Ni-cation
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Introduction

Water electrolysis is a key enabling technology for a sustainable
hydrogen economy, because it allows facile conversion of
renewable or surplus electricity to hydrogen gas, whilst
contributing to the resilience and stability of the electric grid."*
Commercial water electrolysis requires effective and robust
electrocatalysts for efficient and high-rate hydrogen and oxygen
evolution reactions (HER and OER). Alkaline water electrolysis
is the most commonly used commercial technology because of
its high ionic conductivity and moreover the lower OER over-
potential. However, the HER in alkaline medium suffers from
a higher energy barrier and poor kinetics compared with acidic
solutions. Therefore, the grand challenge in HER electrocatalyst
design is to achieve a low overpotential at high current densities
in alkaline solutions. Platinum loaded on porous carbon (Pt/C)
is the best-performing lab-scale HER electrocatalyst because of
its superior catalytic activities.>* Nevertheless, the most widely
used commercial HER electrocatalyst is porous nickel (Ni)
metal, because of its low cost, high robustness and moderate
catalytic activities. The performance of Ni metal can be
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performance electrocatalysts operating at high current densities.

significantly improved by surface treatment or modification.
Among others, in situ growth of Ni chalcogenides on Ni metal
substrates is an effective and feasible method because of the
facile preparation, high activity, conductivity and robustness of
the chalcogenide coating.

The materials design of the Ni chalcogenide coatings
includes morphological, polymorph or crystalline structure,
doping, defect and heterostructure. These advanced synthetic
strategies drastically improve the HER performances to even
compete with the benchmark Pt/C catalyst. Among others,
heterostructured Ni chalcogenides allow simultaneous incor-
poration of high surface area, optimized adsorption energy,
enhanced intrinsic catalytic activity, large numbers and
multiple active sites.>® Recent studies®’ suggest hetero-
structured NiSe/NizSe, on Ni foam is a highly promising HER
electrocatalyst because of its optimal adsorption free energy for
atomic hydrogen, Se on NiSe and Ni on Ni;Se, dual active sites,
and high surface area. Despite their combined merits, these
NiSe/Ni;Se, heterostructures only shows compelling HER cata-
Iytic performances at low or moderate current densities (<300
mA cm ™ ?). On the other hand, a recent phenomenon found in
heterointerface, i.e., built-in electric field, has been verified to
increase the hydrogen yield in photocatalytic HER.® The pres-
ence of a built-in electric field was reported in NiS/Ni3S, heter-
ostructure,” which shows platinum-like catalytic behavior as
a counter electrode in dye-sensitized solar cell. As a chemical
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and structural analogue of NiS/Ni3S,, NiSe/Niz;Se, hetero-
structure is also expected to yield a built-in electric field that can
boost its HER performances at high current densities. Although
this hypothesis is highly plausible, it has not verified so far,
because there is still a lack of both experimental evidence and
design principles for such heterostructure with high-rate HER
behaviour. We herein report a common-anion heterovalent-Ni-
cation type NiSe/Ni;Se, heterostructure on Ni foam by one-
step hydrothermal synthesis. This rationally designed elec-
trode shows lower overpotential compared with Pt/C at ultra-
high current densities up to 1.25 A cm™ 2. Furthermore, we
propose the general rules on optimal heterostructure design for
HER, particularly the synergistic effects of intrinsic activity, site
exposure and built-in electric field.

Results and discussion

Two single-phase nickel selenide coating on nickel foam,
NiSe@NF and Ni;Se,@NF, heterostructured NiSe/Ni;Se,@NF,
and dissimilar-anion heterostructured NiSe/Ni;S,@NF were
prepared by one-step solvothermal process (details in the
Experimental section of the ESIT). SEM images (Fig. 1) show that
all the four samples have similar morphologies of uniform 1D
nanorod arrays on the nickel substrate, though the sizes, shape
and lengths show variations. It is also observed that the nano-
rods of NiSe/NizSe,@NF has a comparatively rougher surface
than the other three samples. For all four samples, the nano-
rods are near-vertically grown on NF, with diameters between
200 and 500 nm and lengths of several micrometers. Electrodes
with such nanorod arrays on the surfaces are highly desired
because of the increased number of active sites and improved
electrolyte accessibility. Moreover, this sub-micrometer-scale
architecture commonly generates a hydrophilic and aero-
phobic surface that leads to enhanced mass transfer during gas
evolving reaction.’ The contact angles with water droplet and
air bubble (Fig. S11) indeed suggest that NiSe/Ni;Se,@NF is
much more hydrophilic and slightly more aerophobic than bare
NF. The powder X-ray diffraction (XRD) patterns (Fig. 2a) indi-
cates single phase NiSe (JCPDS no. 75-0610 and JCPDS no. 29-
0935) and NizSe, (JCPDS no. 19-0841) structures of NiSe@NF
and Niz;Se,@NF. In contrast, the XRD patterns of the two het-
erostructures, NiSe/Ni;Se,@NF, and NiSe/Ni;S,@NF, all display
two-phase crystalline structures of their individual two
constituent phases, confirming successful preparation of the
intended heterostructures. Detailed peak assignment of the
four samples is shown in Table S1."**

The high-resolution transmission electron microscopic (HR-
TEM) images (Fig. 1e-g) of NiSe/Ni;Se,@NF shows two distinct
lattice structures, i.e., the broader lattice fringe spaces of 0.28
and 0.31 nm correspond to the (012) and (110) planes of
hexagonal NisSe,, while the narrower lattice fringe spaces of
0.20 and 0.267 nm correspond to the (102) and (021) planes of
hexagonal NiSe.*” The HR-TEM images also reveal that Ni,Se, is
the dominant and skeleton phase with NiSe located at the edge
of the nanorods, i.e., Ni;Se, nanorods wrapped by a thin NiSe
layer. The HR-TEM elemental mapping (Fig. S2t) of NiSe/Nis-
Se,@NF shows a uniform distribution of nickel and selenide
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signals. Compared with heterostructures with dissimilar
cations or anions, NiSe/Ni;Se,@NF is a unique heterovalent-Ni-
cation common-anion type heterostructure that is beneficial for
charge transfer across the interface.

The XPS survey spectrum (Fig. S3) of NiSe/Ni;Se,@NF shows C
and O signals, aside from Ni and Se, which is attributed to the
contamination/surface oxidation of the samples due to exposure to
air. The high-resolution Ni 2p spectrum of NiSe/Ni;Se,@NF
(Fig. 2b) reveals spin-orbital Ni** 2p;/, and Ni** 2p,, peaks at 852.8
and 870.1 eV, while the higher energy peaks at 855.8 and 873.9 eV
are assigned to Ni** 2p;;, and Ni*" 2p,,, suggesting that the state
of Ni in NiSe/Ni;Se,@NF is the mixed phase of Ni*" and Ni**.51
The peaks at 861.0 eV and 879.6 eV are assigned to the shake-up
satellite peaks of Ni*" 2p;, and Ni** 2p,,, respectively. Besides,
the high-resolution XPS spectrum of the Se 3d (Fig. 2b) consists of
two peaks at binding energy of 54.84 eV and 55.74 eV, corre-
sponding to the Se 3ds, and Se 3d;, of the metal-rich form
hexagonal NizSe, in the heterostructure. The peak at binding
energy of 57.6 €V can be ascribed to the bonding structures of
SeO,, which is partial oxidation of Se under air atmosphere. The
peak at binding energy of 53.8 eV belongs to hexagonal NiSe
phase.**"”* One Ni atom coordinates with 6 Se atoms and other 2
Ni atoms in NiSe; while one Ni in Ni;Se, is coordinated with 4 Se
and 4 Ni atoms. NizSe, possesses more Ni-Ni bonds than NiSe,
thereby exhibiting metallic conductivity. The observed lower
binding energy of Ni 2p and Se 3d peaks in Ni;Se, is a result of its
metallic feature (Fig. 2c).”

Based on the above morphological and spectroscopic results,
the growth and formation mechanisms of different nickel selenide
coatings are proposed as follows. At the beginning of the reaction,
N,H,-H,0 assists the dissolution of Se powder to produce H" and
Se*” (eqn (1)). The resulting H' reacts with NF, yielding Ni** (eqn
(2));°*° the Ni*" cations and Se®~ anions subsequently precipitate
to form the NiSe phase (eqn (3)). At a reaction temperature of
140 °C, the reaction terminates at this step, yielding pure NiSe
coating on NF, i.e., NiSe@NF. At elevated hydrothermal tempera-
ture of 200 °C, Ni** can be reduced by hydrazine hydrate to reactive
Ni' atoms (eqn (4)) upon heating, which further reacts with NiSe to
form Ni;Se, (eqn (5)) under hydrothermal conditions.”? At a low
dosage of Se powder, pure NizSe, coating on nickel foam is
formed, ie., NizSe,@NF. At higher Se dosage, NiSe continues to
form on the surface of Ni;Se,, leading to the formation of heter-
ostructured NiSe/Ni;Se,@NF. To sum up, the formation of
different Ni selenide coatings on NF is a combined consequence of
hydrothermal reaction temperature and Se usage. The XRD, SEM
and HR-TEM results agree well with the above proposed reaction
mechanisms.

N,H, -H,O + Se — 4H" + S¢*~ + N1 + H,0 (1)
2H" + Ni — Ni** + H, (2)

Ni?* + Se’~ — NiSe (3)

Ni** + N,H4-H,0 — Ni* + N, + 2H, + H,0 (4)
2NiSe + Ni* — NisSe, (5)

RSC Adv, 2021, 1, 34432-34439 | 34433
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Fig. 1 Morphological and structural characterizations. SEM images of NiSe@NF (a) NizSe,@NF (b) NiSe/NizSe,@NF (c) NiSe/NizS,@NF (d) and

high-resolution TEM images of NiSe/NizSe,@NF (e—g).

The HER catalytic behaviors of all samples were evaluated
and compared with bare NF and Pt/C@NF in a standard three-
electrode electrochemical cell using 1.0 M KOH aqueous solu-
tion. The linear sweep voltammograms (LSV, Fig. 3a) show that

all the samples exhibit HER catalytic behaviors, with more
positive onset potentials and higher cathodic currents than bare
NF, suggesting that nickel selenides generally have higher HER
catalytic activities than nickel metal. Among all the four
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Fig.2 Spectroscopic characterizations. XRD patterns (a) of NizSe,@NF, NiSe@NF, NiSe/NizSe,@NF, and NiSe/NizS,@NF. (b) Ni 2p spectra. (c) XPS

fitting of Se 3d peaks of NiSe/NizSe,@NF and NizSe,@NF.
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Fig. 3 HER activity and stability of the various electrocatalyst. (a) Linear sweep voltammetry polarization curves of NF, NizSe,@NF, NiSe@NF,
NiSe/NizSe,@NF, NiSe/NizS,@NF, and Pt/C@NF electrocatalysts in 1.0 M KOH solution. (b) Tafel plots obtained from the LSV curves in (a). (c)
Nyquist plots of the above electrocatalysts in 1.0 M KOH with frequency values ranging from 0.01 Hz to 10° Hz. (d) Polarization curves of NiSe/
NisSe,@NFrecorded at the initial and the 3000 potential cycles in 1.0 M KOH.

selenide samples, NiSe/Ni;Se,@NF shows the best electro-
catalytic performance as evidenced by its lowest overpotential
and highest cathodic current density. Compared with Pt/C@NF,
the HER onset potential of NiSe/NizSe,@NF is 50 mV more
negative. At low current density of 10 mA cm ™, NiSe/NizSe,@-
NF also shows an overpotential that is 61 mV higher than Pt/C
(Fig. S47), but their LSV curves intersect with each other at
current density of 180 mA cm ™2, At higher current beyond the
intersection (>180 mA cm™?), NiSe/Ni;Se,@NF requires lower
overpotentials than Pt/C@NF to deliver the same current
density. To reach ultra-high current densities of 500, 1000 and
1250 mA cm™ 2, NiSe/Ni;Se,@NF only requires overpotentials of
262, 330 and 336 mV, respectively, outperforming Pt/C@NF
(500, M1000 and M50 = 351, 438 and 440 mV) for high-rate
HER. Among all the selenide samples, NiSe/Ni;Se,@NF also
displays the lowest Tafel slope of 72.1 mV dec™ ' (Fig. 4b), indi-
cating that the HER occurs via the Volmer-Heyrovsky mechanism
with the Volmer step (water discharge) as the bottleneck. The
Vomer-step-determined alkaline HER requires fast water dissoci-
ation and appropriate adsorption of H,q/OH,q.** In this sense,
heterostructured electrocatalysts are generally more prone to
meeting the multiple requirements through their multiple active
sites and electronic structure modulation.**

The charge transfer and ion diffusion properties of different
electrodes were studied by electrochemical impedance spec-
troscopy (EIS) and electrochemical active surface area (ECSA).

© 2021 The Author(s). Published by the Royal Society of Chemistry

The fitted Nyquist plots (Fig. 3c and Table S2+) show that NiSe/
Ni;Se,@NF has the lowest charge-transfer resistance (Rcr) value
of 71.6 @ among all the selenide samples. The low Rcr value and
Tafel slope of NiSe/Ni;Se,@NF are both beneficial to its catalytic
performances, particularly at high current densities. The ECSA
values as derived from the electrochemical double-layer capac-
itance (Cqy) are plotted in Fig. S5.1 NiSe/Ni;Se,@NF displays the
highest Cq value of 25.17 mF cm > among all the selenide
samples, indicating the highest number of active sites on NiSe/
NizSe,@NF. The high Cq4 value agrees well with the SEM
observation (Fig. 2) that the nanorods of NiSe/Ni;Se,@NF have
rougher surface than the other samples. The charge density
difference plots (Fig. S61) also reveal electron enrichment at the
interface between NiSe and NizSe,. This finding suggests the
interfacial region can probably provide additional HER active
sites, complementing to the two known optimal sites, i.e., Se on
NiSe and Ni on Ni;Se,.*” As a result of the additional active sites
and the higher ECSA, NiSe/Ni;Se,@NF shows a much higher
exchange current density (j,, Table S31) than the other selenide
samples.

The stability of NiSe/Ni;Se,@NF was evaluated by the chro-
noamperometric test, which demonstrates ultra-high durability
as evidenced by the nearly overlapped LSV curve after 3000 CV
cycles (Fig. 3d). The stability is further verified by the 30 h
potentiostatic HER test. At n = 164 mV, a constant current
density of 100 mA cm™? is maintained after 30 h; while at n =

RSC Adv, 2021, N, 34432-34439 | 34435
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164 mV, NiSe/Ni;Se,@NF shows fairly slow decrease of current
density (Fig. S71). The amount of H, gas produced by NiSe/
Niz;Se,@NF is exactly the same as the theoretical value during
galvanostatic HER in 2 h (Fig. S8t), suggesting a nearly 100%
faradaic efficiency. The SEM images (Fig. S9f), XRD pattern
(Fig. S101) and the XPS spectra (Fig. S117) indicate that the NiSe/
Ni;Se,@NF electrocatalyst undergo no morphological, structural
or chemical change after 3000 CV cycles. The superior stability of
NiSe/Ni;Se,@NF is attributed to its intrinsic chemical stability, as
well as the robust mechanical properties resulting from the in situ
growth of the selenide coating on NF.'**

To gain further insight into the heterostructure features,
Mott-Schottky (M-S) analysis was performed at an AC frequency
of 1 kHz. The M-S diagram (Fig. S12t) exhibits positive slope of
n-type semiconductor properties.>>® A recent work demon-
strates that n-type semiconductor electrocatalysts favor
cathodic reactions such as HER because of their self-gating
under negative electrode potentials.”” All the selenide samples
belong to the n-type, so they are promising HER electrocatalysts
from this perspective. DFT calculations (structural model
shown in Fig. S131) shows that NiSe and NizSe, possess
different band structures (Fig. 4a and b). NiSe shows a clear gap
between its valence and conduction band (VB and CB), while the
VB and CB of Niz;Se, shows overlap, suggesting that NiSe is
a typical semiconductor but NisSe, exhibits metallic-type
conductivity. Therefore, the electric conductivity in NiSe/

34436 | RSC Adv, 2021, 1, 34432-34439

Ni,;Se,@NF follows NF > Ni;Se, > NiSe. This descending order of
conductivity from substrate to the electrode surface is in
accordance with the rational design principle of electrocatalyst
with rapid charge transfer properties.” The calculated density
of states (DOS, Fig. 4c) suggest that the DOS of NiSe/Ni;Se,
below the Fermi level is mainly contributed by NisSe,, while
above the Fermi level is jointly contributed by NiSe to a large
extent. The DOS results also indicate that the electrical prop-
erties of heterojunction, especially the width of valence band,
are significantly larger than that of the single component.
Therefore, the two components in the heterojunction have
strong hybridization. The electronic structure modulation is
further verified by the free energy with hydrogen (AGy), as
illustrated in Fig. 4d. The computed hydrogen adsorption free
energy (AGy+) of NiSe/NizSe, is the lowest among all the three
electrocatalysts. High HER catalytic activity generally requires
a AGy= value close to 0 eV because it offers both moderate H
chemisorption and releasing strength.** The more negative
AGy~ values of NiSe and Ni;Se, indicates lower HER catalytic
activities, which can be attributed to the formation of NiH,qs
species (Ni+H" +e~ — NiH,q,) and SeH,q, species (Se + H' + e~
— SeH,qs) with strong binding energy during the Volmer
reaction in HER processes, respectively.*”** The near-zero AGy«
value of the NiSe/Ni;Se, structure is an indication of its optimal
adsorption and dissociation ability for H*, in agreement with
the observed higher exchange current density (j,, Table S37).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Aside from the higher conductivity and electron density,
NisSe, has lower work function than NiSe (Fig. 5a and b). The
lower work function of NisSe, is in agreement with previous
theoretical work,*® which attributes this to the lower oxidation
state and lower electronegativity of Ni atoms in Ni;Se, than
NiSe. In the NiSe/Ni;Se, heterojunction, a built-in electric field
(BIEF) is formed which induces electron injection from the
lower to higher work function material,* i.e., electron transfer
from Ni;Se, to NiSe. This BIEF originates from the band
alignment in order to achieve a work function equilibrium
(Fig. 5¢) between NiSe and Ni;Se,. The charge density difference
plots (Fig. S61) also show that the electron density is reduced on
Ni;Se, but increased on NiSe upon contact, confirming the
spontaneous electron transfer from Ni;Se, to NiSe. The result-
ing BIEF facilitates unidirectional interfacial charge transfer
that is in line with the cathodic current flow (Fig. 5d) and hence
enhances the HER catalytic activity.**** Furthermore, NiSe/
Ni;Se, belongs to a unique type of common-anion heterovalent-
common-cation heterojunction, which possesses ample Ni-Se
bonds (Fig. 5d) across the interface to reduce the interfacial
charge transfer resistance. In fact, NiSe and Ni;Se, have similar
lattice parameters,® so the lattice mismatch in the NiSe/Ni;Se,
heterostructure is small, also beneficial for interfacial Ni-Se
bonds and charge transfer. The dissimilar-anion hetero-
structured NiSe/Ni;S,@NF exhibits higher overpotentials
(Fig. 3a) and higher charge transfer resistance (Fig. 3c) than
NiSe/Niz;Se,@NF, confirming that the common-anion feature is
favorable for HER electrocatalysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Coupled with the experimental results and the theoretical
analysis, the superior high-rate HER performance of NiSe/Ni;-
Se,@NF is rationalized as follows. (1) The nanorod-array
morphology and high surface roughness affords high surface
area and exposure of catalytic active sites. (2) The multiple
active sites and electronic structure modulation in the hetero-
structure meet the specific requirements of the elementary
steps of alkaline HER. (3) The hydrophilic and aerophobic
surface originating from the micro-architecture is beneficial for
mass transfer at high reaction rates. (4) The common-anion
heterostructure presents ample interfacial Ni-Se bonds to
facilitates charge transfer across the interface. (5) The different
electronegativity of Ni cations results in a built-in electric field
that induces spontaneous electron transfer from Ni,;Se, to NiSe.
The observed low onset potential of NiSe/Ni;Se,@NF is attrib-
uted to standpoint (1) and (2), whereas its superior high-rate
HER performance is mainly due to (3), (4) and (5).

Conclusions

In conclusion, we report one-step hydrothermal synthesis of
NiSe/Ni;Se,@NF heterostructure through control of reaction
temperature and reactant molar ratio. This common-anion
heterovalent-common-cation heterostructure shows superior
catalytic performances in ultra-high-rate alkaline HER. The
morphological features offer high number of active sites and
the heterostructure provides multiples catalytic sites and elec-
tronic structure modulation. Moreover, the rationally designed
NiSe/Ni;Se,@NF results in built-in electric field and efficient
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interfacial charge transfer, both responsible for its excellent
high-rate HER performances.
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