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nanochain arrays as bifunctional electrocatalysts
for overall water splitting†

Zhengyang Cai, ab Ping Wang, *b Xianglong Zhao,c Xiuming Bu,b Jiajia Zhang,b
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The development of low-cost and high-durability bifunctional electrocatalysts is of considerable

importance for overall water splitting (OWS). This work reports the controlled synthesis of nickel–iridium

alloy derivative nanochain array electrodes (NiIrx NCs) with fully exposed active sites that facilitated mass

transfer for efficient OWS. The nanochains have a self-supported three-dimensional core–shell

structure, composed of a metallic NiIrx core and a thin (5–10 nm) amorphous (hydr)oxide film as the

shell (e.g., IrO2/NiIrx and Ni(OH)2/NiIrx). Interestingly, NiIrx NCs have bifunctional properties. Particularly,

the oxygen evolution reaction (OER) current density (electrode geometrical area) of NiIr1 NCs is four

times higher than that of IrO2 at 1.6 V vs. RHE. Meanwhile, its hydrogen evolution reaction (HER)

overpotential at 10 mA cm−2 (h10 = 63 mV) is comparable to that of 10 wt% Pt/C. These performances

may originate from the interfacial effect between the surface (hydr)oxide shell and metallic NiIrx core,

which facilitates the charge transfer, along with the synergistic effect between Ni2+ and Ir4+ in the (hydr)

oxide shell. Furthermore, NiIr1 NCs exhibits excellent OER durability (100 h @ 200 mA cm−2) and OWS

durability (100 h @ 500 mA cm−2) with the nanochain array structure well preserved. This work provides

a promising route for developing effective bifunctional electrocatalysts for OWS applications.
Introduction

Electrocatalysts with low-cost, high-efficiency and excellent-
durability for industrial-scale overall water splitting (OWS)
application are urgently required.1–5 Especially for the anode's
oxygen evolution reaction (OER), the kinetics of which is about 5
times slower than that of cathode's hydrogen evolution reaction
(HER).6–8 Platinum group metal based materials are realized as
efficient electrocatalysts like iridium (Ir), ruthenium (Ru) for
OER and platinum (Pt), palladium (Pd) for HER. However, their
large-scale applications are limited by their scarcity and high
cost.9–11 Thus, it is necessary to develop low-cost and bifunc-
tional electrocatalysts with facile strategies. Although, a great
deal of research has been performed in order to investigate non-
noble metal-based electrocatalysts for the OER and HER,12,13

their overpotentials are still not satisfactory, and their long-
term durability is usually tested at low current density, mostly
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less than 100 mA cm−2, and these assessment criteria can't
meet the requirement for industrial applications.14–18 On the
other hand, as the precious IrO2 is considered to have excellent
OER activity and durability,19–21 researchers have devoted
tremendous effort to minimizing the Ir loading on the electrode
and improving its utilization through various modication
strategies. For example, improving active sites exposure via
hierarchical architecture designing,22–24 improving noble metal
atom utilization via single-atom electrocatalysts develop-
ment,25,26 and compounding non-noble metal elements to
ensure the satisfactory durability and improving the electro-
catalytic activity.27,28 However, more research is needed to
further reduce the content of noble metals to achieve a balance
between high OER activity and excellent durability. In terms of
HER, no matter from the DFT-calculated HER volcano plot or
the experiment, it is veried that Ir is also an element with HER
activity.29–32 Therefore, it would be advantageous if an electro-
catalyst with low Ir content was bifunctional for OER and HER.
In addition, it is also necessary to develop high-efficiency
bifunctional electrocatalysts to improve production efficiency
in terms of time and cost.

Herein, we report a series of bifunctional self-supported
three-dimensional core–shell structured NiIrx alloy derivative
nanochain array electrodes (NiIrx NCs, x = 0, 0.01, 0.1, 0.5, 0.9,
1, 5, 10, 20, molar ratio between Ni and Ir) for efficient OWS,
which were synthesized via a facile one-step chemical reduction
RSC Adv., 2023, 13, 17315–17323 | 17315
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method. The NiIrx NCs composed of a metallic NiIrx core and
with a thin amorphous (hydr)oxide shell (5–10 nm) on the
surface and thus forming a three-dimensional core–shell
structure. The diameter of NiIrx NCs (x s 0) is signicantly
reduced compared to NiIr0 NCs, thus resulting in a high elec-
trochemical surface area (ECSA), which benets the exposure of
active sites, and provides a large number of mass transfer
channels. In addition, the in situ growth of nanochains on
nickel foam provides good charge transfer ability and structural
stability. Beneting from the unique three-dimensional core-
shelled nanochain array architecture and interfacial effect
between surface thin (hydr)oxide shell and the metallic NiIrx
core (e.g., IrO2/NiIrx and Ni(OH)2/NiIrx) along with the syner-
gistic effect between Ni2+ and Ir4+ in the (hydr)oxide shell, NiIrx
NCs achieve excellent electrocatalytic OER and HER activities.
Especially for NiIr1 NCs its OER current density is four times
higher than that of commercial IrO2 at 1.6 V vs. RHE. In addi-
tion, NiIr1 NCs also exhibits excellent HER activity, with a low
overpotential at current density of 10 mA cm−2 (h10 = 63 mV)
which is close to that of commercial 10 wt% Pt/C. Furthermore,
NiIr1 NCs exhibited negligible OER activity change aer dura-
bility test (100 h @ 200 mA cm−2) and self-supporting nano-
chain arrays structure was maintained aer OWS long-term
durability test at large current density (100 h @ 500 mA cm−2).
Therefore, NiIr1 NCs are promising bifunctional electrocatalysts
for OWS with high electrocatalytic activity, good durability and
low cost. These ndings would provide new opportunities for
the design of industrial requirement meetable electrocatalysts
with efficient bifunctional OWS performance.
Experimental section
Chemicals

The chemicals are used as received without further purication.
Hydrochloric acid (HCl, AR, Adamas, China), ethanol (C2H5OH,
$99.7%, Adamas, China), 2-propanol (C3H8O, $99.7%, Gre-
agent, China), sodium citrate dehydrate (C6H5Na3O7$2H2O,
$99.0%, Aladdin Co., China), nickel chloride hexahydrate
(NiCl2$6H2O, AR, Aladdin Co., China), dihydrogen hexa-
chloroiridate(IV) hydrate (H2Cl6Ir$xH2O, Ir $ 35.0%, Adamas,
China), hydrazine monohydrate (N2H4 H2O, >98.0%, Aladdin
Co., China), iridium(IV) oxide (IrO2, 99.9%, Adamas, China),
platinum on carbon (10 wt% Pt/C, Sigma-Aldrich, Germany),
potassium hydroxide (KOH, trace metal basis 99.99%, Acros,
Belgium), Naon D-521 solution (5 wt%, Alfa Aesar, USA), Ni
foam (0.5 mm in thickness, Tianjin EVS Co., China), anion
exchange membrane (Fumasep® FAA-3-50) and deionized (DI)
water (∼18.2 MU cm) is used throughout all experiments.
Fabrication of nickel–iridium alloy nanochains (NiIrxNCs, x=
0, 0.01, 0.1, 0.5, 0.9, 1, 5, 10, 20)

The in situ growth of NiIrxNCs array on Ni foam (NF) was carried
out via a magnetic eld-assisted chemical reduction method.
Typically, a piece of NF with a dimension of 3 × 3 cm2 was
cleaned with hydrochloric acid (37 wt%) to remove the surface
oxide layer and rinsed with ethanol and DI water for several
17316 | RSC Adv., 2023, 13, 17315–17323
times sequentially. Specically, 50 mL aqueous solutions con-
taining different molar ratios of H2Cl6Ir$xH2O (0, 0.01, 0.1, 0.5,
0.9, 1, 5, 10 and 20%) with a total metal atomic (Ni + Ir)
concentration of 0.1 M were heated at 70 °C, followed by adding
5 wt% of N2H4$H2O. Taking NiIr1 NCs as an example, the ratio
of each component in the 50 mL precursor solution is NiCl2-
$6H2O (0.099 M), H2Cl6Ir$xH2O (0.001 M) and Na3C6H5O7-
$2H2O (0.02 M). The beaker containing precursor solution was
placed on a magnet, and the Ni foam at the bottom of the
beaker was oriented vertically to the direction of the magnetic
eld lines. The reduced Ni nanoparticles will be attracted by the
magnet and grow into nanochains along the direction of the
magnetic eld lines. This allowed the NiIrx NCs to grow
perpendicular to the surface of the foam Ni. The mixture was
kept at 70 °C for 60 min. The obtained NiIrx NCs were washed
sequentially by ethanol and DI water and dried in vacuum
overnight.

Preparation of IrO2 and Pt/C electrodes

The control electrodes of IrO2 and Pt/C were prepared by drop-
coating catalyst ink onto NF. For example, to prepare the IrO2

electrode, 20 mg IrO2, 40 mL Naon solution, 540 mL 2-propanol
and 400 mL DI water were mixed together and ultrasonicated for
forming a homogeneous dispersion, in which the solid content
was about 2 wt%. Then, the suspension was coated onto NF,
which was then dried at room temperature. The loading amount
of IrO2 and Pt/C electrode on NF was kept the same amount of
1.5 mg cm−2 with the NiIr1 NCs.

Characterizations

The morphology and structure of the as-synthesized samples
are detected with scanning electron microscopy (SEM, Zeiss
Gemini 300), transmission electron microscope (TEM, FEI
Tecnai F20) coupled with energy dispersive X-ray spectroscopy
(EDX). The phase composition and chemical bonding nature in
the samples are characterized by X-ray diffraction (XRD, D8
Advance) and X-ray photoelectron spectroscopy (XPS, Thermo
sher Scientic K-Alpha+). The Ni and Ir dissolved contents
were analyzed by inductively coupled plasma-mass spectrom-
etry (ICP-MS, Aglient 7800).

Electrochemical measurements

Electrochemical measurements are carried out on an electro-
chemical workstation (Ivium Technologies, Vertex.1A, The
Netherlands) in a standard three-electrode system equipped
with the as-prepared samples as the working electrode,
a F6 mm graphite rod as the counter electrode, and a Hg/HgO
electrode as the reference electrode. The OER andHER activities
are evaluated using cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) methods in 1 M KOH aqueous solution. The
stability tests are performed by chronopotentiometry method at
a constant current density in 1 M KOH aqueous solution.
Electrochemical impedance spectra (EIS) are measured at
a potential of 1.53 V vs. RHE for OER and −0.15 V vs. RHE for
HER from 100 kHz to 0.1 Hz with an amplitude of 10 mV. The
double-layer capacitance values (Cdl) were obtained from CV
© 2023 The Author(s). Published by the Royal Society of Chemistry
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measurements, which carried out at different scan rates (from
10 to 100 mV s−1) in a potential range from 0.927 V to 1.027 V vs.
RHE. All the measured potentials vs. Hg/HgO are converted to
RHE by the Nernst equation (ERHE = EHg/HgO + 0.0592pH +
0.098) and except where otherwise stated, an iR compensation
of 90% are applied to all the CV and LSV curves.

Results and discussions
Synthesis and structural characterization

The fabrication of self-supporting NiIrx NCs on the nickel foam
(NF) substrate was achieved via a simple one-step chemical
reduction method. Typically, a precursor solution containing
a desired atomic ratio of Ni and Ir was heated to 70 °C in a water
bath, followed by adding a reducing agent under the vigorous
stirring condition, and then the result homogeneous mixture
was kept at 70 °C for 1 h. Detailed synthetic procedure is given
in Experimental section. Firstly, the morphology and structure
of NiIrx NCs were examined via scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) character-
izations. As shown in Fig. S1a–e, g and h† the nanochains arrays
of NiIrx NCs (x = 0, 0.01, 0.1, 0.5, 0.9, 1) are grown uniformly on
Ni foam. Moreover, it can be observed from high-magnication
Fig. 1 SEM images with different magnifications of (a and b) NiIr0 NCs, (c
and f) NiIr0 NCs, (g and h) NiIr1 NCs. HAADF-STEM image (i) and corresp

© 2023 The Author(s). Published by the Royal Society of Chemistry
images that the nanochains are assembled by stacking nano-
particles (Fig. 1a–d and S1†). This interconnected assembly has
the potential to improve durability by preventing particle
agglomeration and particle separation. However, with the
increase of Ir content (for the NiIrx NCs (x = 5, 10, 20)), the
nanoparticles were dispersed on the surface of NF and could not
be stacked and assembled into nanochains (Fig. S1g and h†).
This may be due to the different magnetic properties of Ni and
Ir. Ni is a ferromagnetic material and has a strong magnetic
property.33 However, Ir is an antiferromagnetic material and has
a weak magnetic property.34 Therefore, when the Ir content in
the precursor is low (NiIrx NCs, x = 0.01, 0.1, 0.5, 0.9, 1), the
freshly reduced Ni nanoparticles will be attracted by the magnet
and stack into nanochains along the direction of the magnetic
eld lines during the magnetic eld-assisted chemical reduc-
tion process. This allowed the NiIrxNCs can grow perpendicular
to the surface of the Ni foam. However, when the Ir content in
the precursor is high (NiIrx NCs, x = 5, 10, 20), since the Ir
nanoparticles cannot be attracted by the magnetic eld, and the
Ni nanoparticles are insufficient, resulting in the collapse of
nanochain structure. Interestingly, when compared with NiIr0
NCs, the nanochain diameter of NiIr1 NCs is signicantly
and d) NiIr1 NCs. TEM and HRTEM images with inset SAED images of (e
onding elemental mapping of Ir, Ni and O in NiIr1 NCs (j).

RSC Adv., 2023, 13, 17315–17323 | 17317
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reduced, which will be more clearly demonstrated in the TEM
results (Fig. 1e, g, S4a and c†). And a similar phenomenon was
also observed in other control samples (Fig. S1a–d and S2a†).
Due to more nanochains with a smaller diameter can grow per
unit area, the exposure of active surface area can be facilitated
greatly. The energy dispersive X-ray spectroscopy (EDX) results
show that the Ni is uniformly distributed in NiIr0 NCs and with
a very small portion of surface oxygen (2.37 at%) (Fig. S2b†). It
can be observed that the atomic ratio of Ir in NiIr1 NCs is about
0.87 at%, which is close to 1 at% in the precursor, indicating
a high Ir atom utilization in NiIr1 NCs (Fig. S1f†). And the
oxygen atomic ratio is similar to that in NiIr0 NCs (2.22 at%)
(Fig. S2b†). To further reveal the detailed structural informa-
tion, TEM characterization was performed. It is clear that the
nanochain diameter of NiIr1 NCs is about 210 nm which is
about 5 times smaller than that of NiIr0 NCs (∼960 nm) (Fig. 1e,
g, S4a and c†). The well-resolved high-resolution TEM (HRTEM)
images show a distinct interface in both NiIr0 NCs and NiIr1
NCs (yellow dashed lines in Fig. 1f and h), which formed at the
junction of metallic NiIrx core and thin (5–10 nm) amorphous
(hydr)oxide shell. In NiIr0 NCs, the metallic Ni formed the inner
core, with an interplanar spacing of 0.203 nm of Ni (111) plane
can be observed. The surface layer mainly contains nickel
hydroxide, and the interplanar spacing of 0.218 nm corre-
sponds to the (011) plane of Ni(OH)2 (Fig. 1f). For NiIr1 NCs case
(Fig. 1h), the core is composed of metallic NiIrx alloy, which is
mostly Ni-rich NiIr solid solution phase with NiIr (111) planes
with a plane spacing of 0.208 nm. A small fraction of the Ir-rich
NiIr solid solution phase can also be observed, with NiIr (111)
Fig. 2 (a) XRD patterns of NiIrxNCs (x= 0, 0.01, 0.1, 0.5, 0.9, 1, 5, 10, 20). H
and NiIr1 NCs.

17318 | RSC Adv., 2023, 13, 17315–17323
planes with a plane spacing of 0.216 nm. This may be due to the
composition segregation near the surface.35 In addition to
Ni(OH)2 (d(012) = 0.176 nm) in the surface amorphous shell, the
existence of IrO2 (d(101) = 0.258 nm) near the Ir-rich NiIr solid
solution phase is also observed. Thus, the interface is conrmed
to be formed between metallic NiIrx core and the surface (hydr)
oxide shell composed of Ni(OH)2 and IrO2. The selected area
electron diffraction (SAED) pattern also conrmed the existence
of metallic Ni and Ni(OH)2 in NiIr0 NCs (Fig. S4b† and inset in
Fig. 1f) and NiIr alloy and Ni(OH)2 in NiIr1 NCs (Fig. S4d† and
inset in Fig. 1h), respectively. The elemental mapping results in
Fig. 1i, j, S4e and f† for NiIr1 NCs and NiIr0 NCs, respectively,
show that the Ni and Ir elements are uniformly distributed. A
small amount of oxygen is present at the surface, corresponding
to the surface amorphous (hydr)oxide layer. Therefore, the core–
shell structure has been further conrmed. And from the
atomic ratio results, it can be seen that the oxygen content in
NiIr0 NCs and NiIr1 NCs is 1.99 at% and 1.56 at% (Fig. S4g and
h†), respectively, and the atomic ratio of Ir in NiIr1 NCs is 1.03
at%. These are consistent with the SEM-EDX results.

The crystal structure of NiIrx NCs were further examined via
X-ray diffraction (XRD) characterization. As shown in Fig. 2a,
the characteristic peaks in NiIr0 NCs located at 44.7° and 52.1°
are related to the (111) and (200) low-index crystal planes of Ni
(JCPDS #70-0989). For NiIrx NCs (x = 0.01, 0.1, 0.5, 0.9, 1, 5, 10,
20), although the presence of Ir is clearly shown in the EDX
results as discussed above, no diffraction peaks associated with
the Ir or IrO2 phases are observed in the XRD pattern, which
suggests that Ir is distributed atomically into the Ni lattice, or
igh-resolution XPS spectra of Ni 2p (b), Ir 4f (c) andO 1s (d) of NiIr0 NCs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exists in the form of IrO2 clusters, rather than a highly ordered
crystal phase. As can be clearly observed in NiIrx NCs (x = 0.01,
0.1, 0.5, 0.9, 1, 5, 10, 20) the diffraction peaks have negative
shis in different degrees. And negative shis of 0.2 and 0.7°
were observed in NiIr1 NCs and NiIr20 NCs, respectively. This is
consistent with the fact that the volume expansion of the unit
cell due to the incorporation of Ir into the Ni lattice to form the
NiIr alloy solid solution, and the diffraction peak have negative
shis to lower 2q values, which is consistent with HRTEM
results.

The chemical states and surface species of NiIrx NCs (x = 0,
0.01, 0.1, 0.5, 0.9, 1, 10) are further investigated by X-ray
photoelectron spectroscopy (XPS). As displayed in the wide-
scan XPS survey in Fig. S5a,† the existence of Ni, Ir, C, and O
elements is obviously observed. The binding energy positions of
different species and the corresponding peak area data derived
from the high-resolution XPS spectra of all elements are listed
in Table S1.† As seen from the Ni 2p deconvolution spectra,
a distinct Ni2+ phase, which belongs to Ni(OH)2, can be
observed in all samples, and the presence of a metallic Ni phase
can also be detected (Fig. 2b and S5b†). This further proves that
Ni(OH)2 exists in the nanochain surface thin layer. The peaks of
the metallic Ni phase are the most obvious in NiIr0 NCs and
NiIr1 NCs, which also veries that the thickness of the surface
(hydr)oxide shell is within 10 nm, which is consistent with the
TEM results. The deconvoluted XPS spectra of Ir 4f show that Ir
exists in two oxidation states, Ir4+ and Ir0 representing the IrO2

and Ir metallic phases, respectively (Fig. 2c and S5c†).36–38 The
surface Ir atomic ratio obtained from XPS shows that the Ir
content in NiIrx NCs (x = 0, 0.01, 0.1, 0.5, 0.9, 1, 10) increases
with the Ir doping amount (Table S1†), which are 0.00, 0.00,
0.02, 0.02, 0.19, 0.38 and 0.75 at%, respectively. The content of
IrO2 is higher than that of the metallic Ir. This means the
surface of NiIrxNCs are uniformly coated with (hydr)oxide shell,
with little exposure of the internal metallic NiIrx core.

This further proves the existence of IrO2 in the (hydr)oxide
shell on the surface of nanochains. Notably, no Ir signal can be
detected in NiIr0.01 NCs and NiIr0.1 NCs, which may be due to
the fact that the doping content is below the detection limit of
XPS. The Ni 3p orbital partially overlaps with the Ir 4f orbital,
also showing the presence of metallic Ni and Ni2+. The O 1s
spectra (Fig. 2d and S5d†) further conrmed that the surface
oxygen species of NiIrx NCs (x = 0, 0.01, 0.1, 0.5, 0.9, 1, 10) are
mainly in the form of M–O–H (M = Ni) species39–41 with a low
amount of M–O–M species (M = Ni and Ir) in the Ni(OH)2 and
IrO2 lattice.42–44
Electrocatalytic activity toward OER, HER and OWS

The electrocatalytic performance of prepared NiIrx NCs (x = 0,
0.01, 0.1, 0.5, 0.9, 1, 5, 10, 20) was investigated in an electrolyte
(1 M KOH) with a standard three-electrode system. As shown in
the cyclic voltammetry (CV) curves, the OER overpotential plot
at a current density of 10 mA cm−2 (h10) (Fig. 3a, S6a and c†),
with the increase of Ir content in NiIrx NCs, h10 has a trend with
great decrease rst and then slowly increase. It is worth noting
that since the SEM results show that the nanochains cannot
© 2023 The Author(s). Published by the Royal Society of Chemistry
grow well in NiIrx NCs (x = 5, 10, 20), the reason for the better
performance when x = 5, 10, 20 may come from the increase of
Ir content, which has higher intrinsic activity than Ni, rather
than the exposure of more active sites by the nanochain array
since the nanoparticles were dispersed on the surface of NF as
discussed in SEM results. But such a high Ir content will cause
a cost limit for large-scale applications. Therefore, NiIr1 NC was
selected as the optimal sample. Interestingly, the h10 of NiIr1
NCs (253 mV) is signicantly lower than that of NiIr0 NCs (363
mV) and also better than that of commercial IrO2 (300 mV). In
addition, the current density of NiIr1 NCs at 1.6 V vs. RHE (189
mA cm−2) is four times higher than that of IrO2 (44 mA cm−2).
This excellent OER activity may be attributed to both the
interfacial effect between the surface Ni(OH)2/IrO2 thin lm and
the beneath metallic NiIrx core, which facilitates the charge
transfer from the (hydr)oxide shell to the metallic NiIrx core,
and the synergistic effect between Ni2+ and Ir4+ in the (hydr)
oxide shell, which can regulate the local electronic congura-
tion to optimize the adsorption and desorption energy of the
OER intermediates.45–50 In contrast, although there is also an
interface formed by Ni(OH)2 and Ni in NiIr0 NCs, Ir is missing
and thus results in a lack of synergistic enhancement and the
poor conductivity of Ni(OH)2.45,48 And similar reasons can also
be found in IrO2 where the synergistic effect between Ni and Ir
and the interface effect between IrO2/Ir are both absent. Since
the OER mechanism is a complex four-electron transfer step,
the Tafel slope is employed to theoretically analyze the rate-
determining step (RDS) of the reaction on electrocatalysts. As
shown in Fig. 3b and S6f,† NiIr1 NCs have a Tafel slope of
74.9 mV dec−1, which is smaller than that of NiIr0 NCs (75.8 mV
dec−1) and IrO2 (109.4 mV dec−1). The other NiIrx NCs control
groups have Tafel slopes close to 60 mV dec−1 (Fig. S6b and f†),
which indicates that the OER process on NiIrx NCs has faster
charge transfer and the RDS is the second step (*OH to *O).51,52

The RDS on IrO2 is the rst electron transfer reaction.51

In addition to the interfacial effect, the fast charge transfer
on NiIrxNCs also benets from the in situ grown self-supporting
structure, which makes a strong combination between nano-
chains and the support NF. Furthermore, since the h10 of NiIr0
NCs is much larger than that of NiIr1 NCs, the Nyquist plot
shows that its OER charge transfer resistance (Rct) is much
larger than that of NiIr1 NCs (Fig. 3c), which conrms the fast
charge transfer on NiIr1 NCs. NiIr1 NCs also shows excellent
OER durability with negligible potential change at current
density of 200 mA cm−2 for 100 h (Fig. 3i). And the CV curves
tested before and aer the durability test overlap well in the
OER part, except that the redox peaks belonging to Ni2+/3+ at
1.4 V vs. RHE are enhanced and shied to the anodic direction
aer the durability test. This is due to the oxidation of Ni and
the aging effect of Ni(OH)2 on the surface of the nanochain in
the alkaline environment, which partially converts the redox
couple of a-Ni(OH)2/g-NiOOH to b-Ni(OH)2/b-NiOOH
(Fig. 3h).53,54

To investigate the bifunctional properties of the prepared
samples, the electrochemical HER test was also performed. As
shown in the CV curve and h10 plot of HER (Fig. 3d, S6d and c†).
Compared to NiIr0 NCs, the HER activities of NiIrx NCs (x =
RSC Adv., 2023, 13, 17315–17323 | 17319
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Fig. 3 Electrochemical characterization in 1 M KOH electrolyte. (a) OER LSV curves of NiIr0 NCs, NiIr1 NCs and IrO2 at a scan rate of 5 mV s−1. (b)
The corresponding OER Tafel slopes. (c) OER Nyquist plots. (d) HER LSV curves of NiIr0 NCs, NiIr1 NCs and Pt/C at a scan rate of 5 mV s−1. (e) The
corresponding HER Tafel slopes. (f) HER Nyquist plots. (g) Calculations of Cdl for NiIr0 NCs and NiIr1 NCs. (h) OER CV curves before and after the
durability test at a scan rate of 5 mV s−1. (i) OER chronopotentiometry test of NiIr1 NCs and the inset shows the three-electrode system used for
the test.
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0.01, 0.1, 0.5, 0.9, 1, 5, 10, 20) were improved. And the h10 of
NiIr1 NCs (63 mV) is comparable to that of commercial 10 wt%
Pt/C (49 mV). Interestingly, even trace amounts of Ir in NiIr alloy
(NiIr0.01 NCs) can dramatically improve the HER activity. In
addition, the HER activity of NiIrx NCs (x = 0.01, 0.1, 0.5, 0.9, 1)
was observed to slowly increase with increasing Ir content. But
when x= 5, 10 and 20, which is different from the OER case, the
activity of NiIrx NCs decreased signicantly. The h10 of NiIr5
NCs, NiIr10 NCs and NiIr20 NCs are 109, 86 and 86 mV,
respectively. These ndings indicate that Ir does not play
a dominant role in the promotion of HER activity of NiIrx NCs.
And this will be explained further below. The HER Tafel slopes
of NiIrx NCs (x = 0, 0.01, 0.1, 0.5, 0.9, 1, 5, 10, 20) are all close to
120 mV dec−1 (Fig. 3e, S6e and f†), indicating that the Volmer
step acts as the RDS.55 Notably, the estimated Tafel slope of
NiIr1 NCs (96mV dec−1) is signicantly lower than those of NiIr0
NCs (139.5 mV dec−1) and NiIr5 NCs (142.7 mV dec−1). Since the
Ir content does not dominate the HER, the large difference of
the Tafel slope is most likely due to the difference in mass
transfer rate, which affects the intermediate adsorption of the
17320 | RSC Adv., 2023, 13, 17315–17323
Volmer step. And NiIr1 NCs also had a smaller HER Rct than that
of NiIr0 NCs (Fig. 3f). It can be seen from the insets of Fig. 3c
and f that the solution resistance (Rs) for OER and HER are
similar (about 1.5 U).

To further reveal the origin of the high HER activity, we
characterized the ECSA of NiIr0 NCs and NiIr1 NCs (Fig. S7†).
The results show that the double-layer capacitance (Cdl) of NiIr1
NCs (59.8 mF cm−2) is nearly 30 times higher than that of NiIr0
NCs (2.1 mF cm−2) (Fig. 3g). And Cdl is proportional to ECSA. As
predicted from the SEM and TEM morphologies, the smaller
nanochain diameter of NiIr1 NCs enables more nanochains to
grow per unit area, resulting in a larger ECSA. In addition, the
presence of Ir makes the nanochains grow thinner, so the HER
h10 of NiIr0.01 NCs decreases abruptly compared with NiIr0 NCs.
A further comparison of OER and HER performance on recently
reported low noble-metal-based electrocatalysts is given in
Table S2.†

By a combination of the outstanding OER and HER perfor-
mance of NiIr1 NCs, beneting from the unique self-supporting
structure of nanochain arrays and reinforced with (hydr)oxide/
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the nanochains array electrode with self-supported three-dimensional core–shell structure and the
bifunctional OWS process. (b) OWS LSV curves before and after the durability test at a scan rate of 5mV s−1. (c) OWS chronopotentiometry test of
NiIr1 NCs (−)//NiIr1 NCs (+) electrode pair the inset shows the two-electrode configuration used for the tests. (d) High magnification SEM image
of NiIr1 NCs serves as anode after 100 h OER process.
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metal interfacial effect and the synergistic effect between Ni and
Ir (Fig. 4a), we tested the OWS performance in a two-electrode
conguration using NiIr1 NCs as both the anode and cathode.
As shown in Fig. 4b, the NiIr1 NCs//NiIr1 NCs electrode pair
exhibited good OWS performance of small cell voltages of 1.481
and 1.769 V to deliver current densities of 10 and 100 mA cm−2,
respectively. These cell voltages outperform the Pt/C//IrO2

electrode pair, which needs 1.570 and 1.975 V to achieve 10 and
100 mA cm−2, respectively. To eliminate the inuence of side
reactions such as oxygen reduction reaction (ORR) and
hydrogen oxidation reaction (HOR), we also performed OWS
tests of the NiIr1 NCs//NiIr1 NCs electrode pair in an H-type
electrolysis cell separated by an anion exchange membrane
(Fig. S8†). The results showed that its OWS activity has no
signicant difference with that in a normal electrolysis cell. It is
worth noting that in a normal electrolysis cell, the current
uctuation in the high potential region due to gas diffusion is
alleviated in the H-type electrolysis cell.56,57 More importantly,
a negligible increase in cell voltage can be observed aer 100 h
durability test at a large current density of 500 mA cm−2

(Fig. 4c). In addition, as shown in Fig. 4b that the overpotentials
achieved from LSV curves of OWS before and aer durability
testing only has a slight increase of ∼7 mV for both 10 and 100
mA cm−2, which is within the error range. From the SEM images
of NiIr1 NCs which were employed as anode aer the durability
test (Fig. S3a† and 4d), it can be seen that the self-supporting
nanochain arrays are well preserved, the high magnication
image shows the surface of the nanochain becomes rough
(Fig. 4d), which may be due to the oxidation of Ni and the aging
effect of Ni(OH)2 during the OER process as discussed above.
And according to the EDX analysis, the atomic ratio of O aer
the durability test was increased to 6.25 at% (Fig. S3†), which is
higher than that of freshly prepared (2.22 at%). Furthermore,
© 2023 The Author(s). Published by the Royal Society of Chemistry
the ICP-MS results (Table S3†) of the electrolyte aer 100 h OWS
stability test showed that only trace amounts of Ni (58.3 ppb)
and Ir (1.6 ppb) ions were present in the electrolyte, further
demonstrating the excellent electrochemical stability of NiIr1
NCs.
Conclusions

In summary, this work highlights the designs of a self-
supporting ultralow-iridium containing NiIrx NCs with three-
dimensional core–shell structure for efficient OWS. This
unique structure has high ECSA, thus the active sites can be fully
exposed and facilitate the mass transfer. And the in situ-growth
of alloy nanochain arrays also provide high structural stability
and good conductivity. In addition, NiIrx NCs have bifunctional
properties that can not only promote the OER activity, but also
the HER. Especially, the OER activity (electrode geometrical area)
of NiIr1 NCs is four times higher than that of commercial IrO2 at
1.6 V vs. RHE, and the HER h10 (63 mV) is comparable to that of
10 wt% Pt/C. A thin amorphous (hydr)oxide shell (5–10 nm) can
arouse the interfacial effect with the metallic NiIrx core (e.g.,
IrO2/NiIrx and Ni(OH)2/NiIrx). And combining with the syner-
gistic effect between Ni2+ and Ir4+ in the (hydr)oxide shell, the
excellent electrocatalytic can be achieved. Furthermore, NiIr1
NCs exhibited excellent OER durability (100 h @ 200 mA cm−2)
and excellent OWS durability (100 h @ 500 mA cm−2). These
ndings represent a possible advance towards the low-cost, high-
efficiency, and high-durability bifunctional electrocatalysts for
large-scale OWS applications.
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