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Developing novel hydrogen evolution reaction
(HER) catalysts with high activity, high stability and
low cost is of great importance for the applications
of hydrogen energy. In this work, iridium-nickel
thin films were electrodeposited on a copper foam
as electrocatalyst for HER, and electrodeposition
mechanism of iridium-nickel film was studied. The
morphology and chemical composition of thin films
were determined by scanning electron microscopy
(SEM) and energy-dispersive spectroscopy (EDS),
respectively. The electrocatalytic performances
of the films were estimated by linear sweep
voltammograms (LSV), electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV).
The results show that iridium-nickel thin films
were attached to the substrate of porous structure
and hollow topography. The deposition of nickel
was preferable in the electrolyte without the
addition of additives, and the iridium-nickel thin
film was alloyed, resulting in a high deposition
rate for Ir42Ni58 thin film, and subsequently an
increase of iridium content in the thin films of
Ir80Ni20 and Ir88Ni12. Iridium-nickel thin films with
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Tafel slopes of 40–49 mV dec–1 exhibited highly
efficient electrocatalytic activity for HER. The
electrocatalytic activity of iridium-nickel thin films
showed a loading dependence. As the solution
temperature increased from 20°C to 60°C, the
hydrogen evolution performance of iridium-nickel
thin films improved. The apparent activation
energy value of Ir88Ni12 film was 7.1 kJ mol–1.
Long-term hydrogen evolution tests exhibited
excellent electrocatalytic stability in alkaline
solution.

1. Introduction
The continuous increase in energy consumption
on the earth could push for alternative routes of
energy generation and storage, in order to make a
transition toward a more sustainable system (1, 2).
Hydrogen is increasingly considered to be one of
the most promising energy carriers (3). Alkaline
water electrolysis derived from renewable energy
is a promising technology to produce hydrogen (4).
However, the energy consumption, which is
directly proportional to cell voltage during the
production of hydrogen by water electrolysis, is
currently high (5). In order to resolve the demand
for energy-saving, cathode materials with high
catalytic activity can be designed to reduce the
overpotential of HER.
Currently, platinum is the most efficient HER
catalyst in alkaline electrolytes due to both low
overpotential and excellent stability. However, due
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to the high cost, reducing the use of platinum is of
critical importance for developing efficient affordable
catalysts for HER. An effective alternative method
to decrease the use of precious metals in catalysts
is by alloying with transition metals such as nickel,
cobalt and iron. The properties of precious metals,
such as their lattice parameters, binding energy
and bond length, can be tuned by alloying them
with non-precious metals to change the adsorption
energies and achieve optimal catalytic activity (10).
Nickel provides good catalytic activity, chemical
and mechanical stability and reasonably low cost
compared to other possible materials (11, 12).
Nickel binary alloys could provide both a reduced
hydrogen overvoltage at the electrode surface and
high quantity of hydrogen absorbed.
Iridium has unique physical and chemical
properties, such as high melting point, low oxygen
permeability, high chemical stability, superior
oxidation resistance, high corrosion resistance and
high catalyst activity for both hydrogen and oxygen
evolution reactions (13–19). Iridium oxides, both
anhydrous rutile-type IrO2 and hydrated amorphous
forms, have been widely considered as oxygen
evolution reaction (OER) catalysts (20). The iridiumnickel alloy system is of great interest for catalytic
and corrosive environment applications (20–24).
The iridium-nickel alloy is of particular interest
because of the complete miscibility of iridium
and nickel, and the absence of intermetallic
compounds in the binary phase diagram. Kuttiyiel
et al. (21) synthesised core-shell, hollow-structured
Ir–Ni–N nanoparticles and then evaluated their HER
activity. Coupling nickel nitrides with the IrNi cores
enhanced the HER activity of iridium shells to a level
comparable to that of Pt/C while reducing iridium
loading of the catalyst. Özer et al. (16) explored
the potentiostatic electrodeposition process of
nickel onto polycrystalline iridium and assessed
the electrocatalytic properties of the bimetallic
surfaces. An overlayer of nickel on iridium showed
superior performance in the acidic and alkaline
conditions. Vázquez-Gómez et al. (22) modified
porous nickel electrodes by electrodeposition of
iridium nuclei from H2IrCl6 solutions at 70°C,
with the aim of activating them towards the HER
and comparing their performance with those of
porous nickel electrodes activated by spontaneous
deposition of noble metals. The current efficiency
of iridium deposition was very low (1% or lower),
which is not commercially useable. Sawy and
Birss (23) studied nanoporous iridium and its oxide
thin films formed by electrodeposition for a wide
variety of electrocatalytic and sensing applications.
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Electrodeposition is a powerful cost-effective and
reliable film process without vacuum (24–28).
Electrodeposited nickel-based materials have good
repeatability, simple preparation method, low
requirements on experimental conditions and good
catalytic properties for HER (29). To achieve the
electrodeposition process, the operation conditions,
such as pH, deposition time, applied current density
or potential bath temperature and complexing
agents should be precisely controlled (25–28). In
our publications (30–32), the iridium-nickel alloy
films were electrodeposited from citrate and oxalic
acid aqueous solutions. In citrate aqueous solutions,
nickel-iridium alloys with iridium content as high
as 37 at% and Faraday efficiency as high as 44%
were obtained, the codeposition of nickel-iridium
alloy was a normal deposition for IrCl3‑Ni2+‑citrate
acid system. Recently, iridium-nickel thin film
electrocatalysts were electrodeposited on copper
foam from hexabromoiridate(III) solution, and the
HER performance of iridium, nickel and iridiumnickel thin-film electrocatalysts was studied and
published in our laboratory (32). Iridium-nickel
thin film with large real active area exhibited
highly efficient electrocatalytic activity for HER,
and achieved a current density of 10 mA cm–2
at an overpotential of 60 mV and a Tafel slope of
40 mV dec –1, which is superior to pure iridium
and nickel thin films. The copper foam is used
to improve catalyst structure to obtain more
active sites on a supported electrode. Fabricating
porous materials with unique morphology and
microstructure to increase the number of active
sites or introducing additional metal or nonmetal elements to the catalyst to increase the
intrinsic activity of the active site have been
proven to be effective ways to further enhance the
electrocatalytic performance of the catalysts (33).
These methods could help catalysts tune the
electronic structures and optimise the absorption
energy for HER. The catalysis through increased
loading may also expose more active sites per
gram (29). However, the research on the effect
of loadings and solution temperature on hydrogen
evolution performance of electrocatalysts is still
rare and limited. Pierozynski and Mikolajczyk (34)
studied the HER performance of nickel foam and
palladium-activated nickel foam materials in 0.1 M
sodium hydroxide solution over the temperature
range of 20–60°C. Both Tafel slopes and charge
transfer
coefficient
exhibited
temperaturedependent behaviour. Devadas and Imae (35)
evaluated the HER efficiency with a small amount
of platinum nanoparticles immobilised on graphene
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oxides, carbon nanohorns and carbon nanotubes
by dendrimer-mediated chemical reaction, and
found that the high HER efficiency from low loading
of platinum contribute to the development of low
cost hydrogen energy or battery systems.
In this study, iridium-nickel thin films were
electrodeposited on copper foams with different
deposition times. The present work aims to study
the effects of loadings and solution temperature
on the HER performance of iridium-nickel thin
films in alkaline solutions, simultaneously to
investigate electrodeposition mechanism and
the microstructure and chemical composition of
iridium-nickel thin films.

2. Experimental
2.1 Chemicals and Electrodeposition
The bath chemistry consisted of trisodium
hexabromoiridate (Na3[Ir(III)Br6]) and nickel
sulfate hexahydrate (NiSO4·6H2O). All chemical
reagents were analytical grade. The bath solution
was purged with pure nitrogen for 10 min before
turning on the current. A nitrogen blanket was
passed over the solution during electrodeposition.
In all experiments, a magnetic stir bar was used
to stir the solution. Copper foam was supplied by
Taili Foam Metal Corporation, China (>99.99%
copper, porosity ≥98%). The copper foam samples
(10 mm × 10 mm × 0.3 mm) were first immersed
in acetone for 40 min and ultrasonically cleaned
for 10 min. The samples were then immersed in a
mixture solution of nitric acid (HNO3)·H2O (volume
ratio = 1:1) at room temperature for 5–10 s in a
fume hood. Finally, the samples were washed with
pure water and then dried in air. A conventional
three-electrode cell was used for electrodeposition
of iridium-nickel thin films on a copper foam sheet
as the working electrode, platinum foil as the
counter-electrode and a reference Ag/AgCl 3 M KCl
electrode. The galvanostatical electrodeposition and
electrochemical processes were carried out in the
cell, using a CHI 660E electrochemical workstation
(CH Instruments Inc, China) coupled to a computer
with specific data acquisition software installed. The

solution pH was examined by a PHS-3C pH meter
and was adjusted to the desired value by adding
5.0 M NaOH while being stirred. The volume of the
electrolyte in the cell was approximately 15 ml. The
solution temperature was controlled by a HH-501
thermostatic bath (Jintan Baita Xinbao Instrument
Factory, China). The mass change of the specimens
before and after deposition was recorded by an
analytical balance (FA2004B, resolution 0.1 mg).
Table I shows the composition of the plating bath
and the deposition parameters, three specimens
were prepared in the same electrolyte, the first
specimen #1 was deposited with 1 min, then
the second specimen #2 for 3 min and the last
specimen #3 for 5 min.
The CV of iridium in the bath of 26 mM
Na3[Ir(III)Br6], nickel in the bath of 26 mM
NiSO4·6H2O and iridium-nickel in the bath of
26 mM Na3[Ir(III)Br6] and 26 mM NiSO4·6H2O were
performed, using an electrochemical workstation
(CHI 660E). The electrocatalysts on copper sheets
with diameter of 1 cm served as the working
electrodes. The platinum foil with diameter of 1 cm
served as the counter-electrode and a reference
Ag/AgCl 3 M KCl electrode was used. The solutions
for CV tests of iridium-nickel, nickel and iridium
films were electrolytes at room temperature with a
scanning rate of 10 mV s–1.

2.2 Characterisations
The microstructure and morphology of the surface
of the films were observed by SEM (SUPRA 55,
Sapphire and ZEISS Sigma, ZEISS Microscopy,
Germany). The chemical composition of the film
was determined by X-ray EDS using x-act detector
(Oxford Instruments plc, UK).
The chemical composition and elemental states
of the top surface of the iridium-nickel thin
film on copper foam before HER performance
testing were performed by X-ray photoelectron
spectroscopy (XPS), (ESCALABTM 250Xi, Thermo
Fisher Scientific, USA) with an ultrahigh vacuum
of 3.3 × 10−8 Pa base pressure. The top surface
of the iridium-nickel thin film on copper foam was
irradiated with an aluminium Kα monochromatic

Table I The Composition of the Plating Bath and Process Parameters
No.

[Ir(III)Br6]3+, mM

Ni2+, mM

pH

Temperature, oC

j, mA cm–2

Time, min

ΔW, mg

#1

13.5

40.5

4

80

20

1

2.3

#2

13.5

40.5

4

80

20

5

3.5

#3

13.5

40.5

4

80

20

10

4.2

Note: j = current density, ΔW = weight gain.
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source of 1486.6 eV, and the outcome electrons
were analysed by a spherical capacitor analyser
using the slit aperture of 0.8 mm. The carbon
signal for C 1s at 285 eV was taken as an energy
reference for the measured peaks. In order to
identify the elements on the film surface, a lowresolution survey spectrum was firstly taken over
a wide energy range of 0–1350 eV, with a pass
energy of 150.0 eV at increments of 1.0 eV step−1.
High-resolution spectra were acquired with a
pass energy of 30.0 eV at small increments of
0.05 eV step−1, to allow precise determination
of the position of the peaks and their shapes.
Curve-fitting was done with Gaussian–Lorentzian
functions, using the XPSPEAK 4.1 software. Two
fitting parameters, the position of the peak and
its full width at half-maximum (FWHM), were fixed
within less than about ± 0.2 eV.

2.3 Electrochemical Performance
Measurements
The LSV was tested in an alkaline solution at a
scanning rate of 5 mV s−1 using a three-electrode
system. Nitrogen was bubbled through the 1.0 M
potassium hydroxide solution for 1 min before
all electrochemical measurements were done.
The iridium-nickel electrocatalysts deposited on
the copper foam electrode served as the working
electrode. The graphite rod and Hg/Hg2Cl2 were
used as the counter and reference electrodes,
respectively. The catalytic activities of iridiumnickel thin films with different loadings and solution
temperatures were compared by LSV testing.
Furthermore, the potentials were transferred to
a reversible hydrogen electrode (RHE) potential.
The formula for calibrating the saturated calomel
electrode (SCE) to RHE is as follows (Equation (i)):
+ 0.0592 pH

CV measurements were conducted at different
scanning rates ranging from 10 mV s−1 to
160 mV s−1. The capacitor charging current iC at
0.05 V is plotted against the scanning rate nscan,
which shows good linear dependence. Then, Cdl is
obtained from the slope of the linear fitting. The
relative ECSA of the iridium-nickel catalysts with
different loadings are compared by their Cdl values.
Potential values were corrected with the ohmic
(iR) drop by the electrolyte resistance obtained
from EIS measurements taken in a potentiation
mode in the frequency range from 100,000 Hz to
0.01 Hz. The solution temperature was controlled
in the range of 20–60°C.

3. Results and Discussion
3.1 Cyclic Voltammograms
In order to better understand the electrodeposition
mechanism, the CV measured in electrolytes
containing nickel, iridium and both iridium and
nickel salts are shown in Figure 1. The reduction
peaks of iridium, nickel and iridium-nickel
were at −0.56 V, −0.37 V and −0.54 V due to
the reduction of Ni(II) to Ni0 and Ir(III) to Ir0,
respectively. It can be found that the reduction
potentials of iridium-nickel and iridium are very
close and their peak currents are much higher

0.002

Ir
Ir-Ni
Ni

0.001

(i)

The CV of an iridium-nickel thin film was performed
in alkaline solution using an electrochemical
workstation (CHI 660E). The iridium-nickel thin film
on the copper foam electrode served as the working
electrode. In this work, the electrochemically
active surface area (ECSA) of iridium-nickel
catalysts were compared on a relative scale using
the capacitance of the electrochemical double layer
(Cdl) on the electrode-electrolyte interface. This
comparison is validated as ECSA is proportional
to Cdl. Cdl is obtained by the following procedure
reported by McCrory et al. (36), which assumes
that the measured current at the non-Faradaic
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iC = ν scan × Cdl (ii)

0

3+

Ir3+→Ir
Ir4++ e–
Ir

Oxidation peak

H→H+ + e–
Current, A

E (vs. RHE) = E (vs. SCE) + ESCE ( 0.241 V )

region iC is due to the charging of the double-layer
capacitor. Thus, the current iC is proportional to the
scanning rate vscan (Equation (ii)):

0

Ir

–0.001

Ni2++ e–→Ni

Ni
+

–0.002
Ir-Ni
–0.003
–1.0

–

H + e →H

0

Ir3+ + e–→Ir0
Reduction peak
–0.8

–0.6

–0.4

–0.2

0

Potential, V vs. Ag/AgCl

Fig. 1. Cyclic voltammograms of iridium-nickel
electrode in the bath of 26 mM [Ir(III)Br6]3– and
26 mM Ni2+, nickel electrode in the bath of 26 mM
Ni2+ and iridium electrode in the bath of 26 mM
[Ir(III)Br6]3–
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than that of nickel, which may lead to much more
iridium content in the iridium-nickel deposits.
Without the addition of complexing agent in the
electrolyte, the reduction potential of Ni2+ ions is
higher than that of [Ir(III)Br6]3– ions. Therefore,
the deposition of nickel was preferable during
the electrodeposition process. The oxidation peak
for iridium is present at –0.24 V vs. Ag/AgCl. The
oxidation peak was mainly attributed to iridium
oxidation, Ir0 → Ir(III). However, the oxidation
peak for iridium-nickel is present at around
–0.24~–0.15 V vs. Ag/AgCl because the iridiumnickel codeposited film is suggested to be alloyed.
There is no oxidation peak for nickel at negative
potential. For iridium-nickel film, the current peak
at –0.54 V was due to the hydrogen adsorption,
while the current peak at around –0.24~–0.15
V was due to the reoxidation of the codeposited
deposits. For iridium film, the current peak
at –0.56 V was observed due to the hydrogen
adsorption, which is higher than the current peak
at –0.23 V due to hydrogen desorption. These
findings indicate that iridium and iridium-nickel
deposits have a significant facility for hydrogen
incorporation into the plated deposits (37). The
deposition processes of iridium and iridiumnickel films are accompanied by a large amount
of hydrogen evolution.

3.2 Structural Characterisation
Figure 2 shows the plots of the mass gain of the
specimens deposited in one electrolyte with different
deposition times. There is a nonlinear dependence
of the mass gain against deposition time. According

5

Mass gain, mg

4

The second line

3

2

The first line
1

0

0

1

2

3

4

5

Deposition time, min

Fig. 2. Plots of the mass gain of the specimens
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Table II Atomic Composition (at%)
of Iridium-Nickel Thin Films
Determined by EDS
Content, at%

Specimen

Nickel

Iridium

1 min, 2.3 mg cm–2

58

42

3 min, 3.5 mg cm

–2

20

80

5 min, 4.2 mg cm

–2

12

88

to CV curves, nickel is preferentially deposited
because the deposition potential of nickel is higher
than that of iridium. Therefore, the deposition
rate for the first specimen, about 2.3 mg min–1 is
larger than that of the others. Subsequently, the
deposition rate kept stable, and the nickel content
in the films decreased. The slope of the second
plot is around 0.35, indicating a deposition rate of
about 0.35 mg min–1. The atomic composition of
the film by EDS is listed in Table II. The iridium
content in the deposits increased remarkably from
1 min to 5 min. This result is in agreement with the
above discussion.
Figure 3 shows the surface morphology of
iridium-nickel electrocatalysts and copper foam.
Figure 3(a) shows a large number of dendritic
structures for copper foam with diameters
30–60 nm. In Figures 3(b) and 3(c), many
pores and hollowed topography can be observed.
The grain boundary of the copper foam is clearly
visible because of the thin layer. With the increase
of deposition time, the thickness of the film also
increases. It can be clearly seen that the iridiumnickel thin film is attached to the surface of the
substrate (see Figure 3(d)). The cross structure
and many pores of copper foam can increase the
active area of the thin film, which is advantageous
for hydrogen evolution performance. Figure 4
shows the EDS spectrum of the iridium-nickel
electrocatalysts with different loadings. The
chemical composition of iridium and nickel in the
thin films is shown in Table II. EDS elemental
mapping to probe nickel and iridium presence
for Ir80Ni20 and the distribution on the substrate
surface is shown in Figure 5. A large amount of
copper is evenly distributed on the surface. It can
be observed that the amount of iridium is larger
than that of nickel in the image. Ir80Ni20 thin film
was almost completely covered on the copper foam
surface. The phase and crystallographic structure
of the films on copper foam were determined by
X-ray diffraction (XRD), however the signals of
the films were not detected due to small loading,
the information of copper foam was only present.
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(a)

Fig. 3. SEM images
of copper foam:
(a) iridium-nickel
films; (b) 2.3
mg cm–2; (c) 3.5 mg
cm–2; (d) 4.2 mg cm–2

(b)

×100 100 µm

×3,000

5 µm

×3,000

5 µm

(d)

(c)

×3,000

5 µm

The copper foam was composed of polycrystalline
structure.
The chemical composition and elemental states
of Ir80Ni20 thin films were deeply analysed by XPS
technique. The atomic composition of Ir80Ni20
thin films on copper foam is listed in Table III.
Figure 6 shows the XPS depth profile for the top
surface of iridium-nickel thin films on copper foam.
The elements copper, iridium, carbon, oxygen and
bromine were determined on the top surface of
as-deposited film. Unfortunately, the signal nickel
element was not detected, probably due to the low
quantities in the film. The large amounts of carbon
and oxygen contents were attributed to ordinary
adsorption from the environment (see Table III),
significant amounts of oxides formed on the surface
of the electrode during electrodeposition. The
bromine signal was mainly from the electrolytes.
The coverage of the Ir80Ni20 thin film on copper
foam was not so perfect that the signal copper was
determined. Figure 7 shows the high-resolution
XPS spectra of as-deposited Ir80Ni20 thin film on
copper foam. The binding energies of iridium were
located at 63.6 eV and 60.6 eV for Ir0 4f5/2 and
4f7/2, respectively. It was indicated that the film
was composed of the metallic state of iridium,
although the nickel signal was not detected
(Figure 7(a)). The binding energies of Ir0 4f5/2
and 4f7/2 have weak shifts in iridium-nickel thin
films in contrast with pure iridium (63.8 eV and
60.8 eV) (38). This is ascribed to the incorporation
of nickel into the electronic structures of iridium,
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demonstrating the changes in the alloyed phase, in
turn enhancing the catalytic performance (39–41).
In the O-1s spectrum (see Figure 7(b)), the main
peak at 530.5 eV is attributed to O 1s of the oxides,
and the peaks at 531.3 eV and 531.9 eV are usually
ascribed to surface species, such as hydroxyls or
absorbed water of the film. An additional broader
feature peak is present at a higher binding energy
of ~533.2 eV.

3.3 Electrocatalytic Behaviour
The electrocatalytic activities for HER of iridiumnickel thin films with different loadings were
investigated in 1.0 M KOH solutions. Figure 8
presents the iR-corrected LSV curves and Tafel
slopes of the bare copper foam and iridium-nickel
samples. As anticipated, the bare copper foam
displays a relatively low catalytic activity which
requires an overpotential of 502.5 mV to drive
a current density of 10 mA cm–2. In contrast,
the iridium-nickel catalyst exhibits excellent
catalytic activity, demonstrating a negligible onset
potential (8.3–18.3 mV) at 1 mA cm–2 for hydrogen
evolution in the electrolyte (see Table IV), which
are much lower than the onset potential of copper
foam. Here, the onset potential should always be
defined on the basis of a specific current density,
where the Tafel constant can be considered as
the onset potential of HER (42, 43). From an
electrochemical point of view, the Tafel constant
becomes complementary to the Tafel slope.
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Fig. 4. EDS spectra of the iridium-nickel films: (a)
2.3 mg cm–2; (b) 3.5 mg cm–2; (c) 4.2 mg cm–2

In order to obtain a current density of
10 mA cm–2, Ir42Ni58, Ir80Ni20 and Ir88Ni12 thin
films require overpotential of 76.4 mV, 60 mV
and 95.4 mV, respectively (see Table IV). These
values are already twice the overpotential of
34 mV at the current density of 10 mA cm–2 for
the state-of-the-art Pt/C catalyst tested in the
same electrolyte. To shed light on insights about
the reaction kinetics, a detailed Tafel analysis
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Fig. 5. EDS elemental mapping images of Ir80Ni20
thin film in Fig. 3(c): (a) copper-blue; (b) iridiumred; (c) nickel-green

has been performed. The Tafel equation is as
follows (44) (Equation (iii)):

η = b log ( j /j0 )

(iii)

where j is the current density, j0 is the exchange
current density (i.e. a constant at η = 0 V) and
b is the Tafel slope. The equation indicates that
excellent catalysts should have both low Tafel
slopes and high exchange current densities. The
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Table III Atomic Composition (at%) of
Ir80Ni20 Thin Film on Copper
Foam Determined by XPS

(a)
9000

Chemical composition, at%

8000

Cu2p

24.87

7000

Ir4f

2.91
34.37

O1s

37.41

Br3d

0.44

600,000

4000
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2000
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0
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66
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54

Ni-2p

O-1s

(b)
35,000
O-1s

0
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800
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1200

1400

Binding energy, eV

Fig. 6. XPS depth profile for the top surface of
Ir80Ni20 thin film on copper foam
potential-dependency of current density j is related
to the interfacial electrocatalytic reaction n, as the
following (Equation (iv)):
j = nFν (iv)
where n is the number of electrons, F is the Faraday’s
constant (96,500 mol C−1). Because the current
density j is potential-dependent, n is also potentialdependent and consisted of three elementary steps
as the following Equations (v)–(vii):
Initial discharge or Volmer step:
H+ + e− → Hads (v)
Atom + ion or Heyrovsky step:
H+ + Hads → H2 (vi)
Atom + atom or Tafel step:
2Hads → H2 (vii)
The above elementary steps lead to two mechanisms:
Volmer-Heyrovsky and Volmer-Tafel. Three rate
determining steps, Volmer, Heyrovsky and Tafel
are possible for the above two mechanisms. The
linear portions of the Tafel plots were fitted to the
Tafel equation, the Tafel slope values for Ir42Ni58,
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Fig. 7. High-resolution XPS spectra of Ir80Ni20 thin
film: (a) Ir-4f; (b) O-1s
Ir80Ni20 and Ir88Ni12 thin films were 49 mV dec–1,
40 mV dec–1 and 43 mV dec–1 respectively, indicating
that the Ir80Ni20 electrocatalyst has much higher
intrinsic activity than other catalysts for HER while
still being less active than the Pt/C catalyst (28mV
dec–1) (45). The Tafel slopes indicate the HER process
of iridium-nickel film follows a Volmer-Heyrovsky
mechanism, where electrochemical desorption of
hydrogen is regarded as the rate-limiting step, i.e.
the HER rate is determined by both H2O discharge
and desorption of H from the catalyst surface
(46–48). The exchange current density (j0) of
iridium-nickel thin films and copper foam were
calculated by the Tafel extrapolation method (see
Table IV), which reflects the catalytic activity
of the electrode material under the reaction
thermodynamic equilibrium conditions. The j0 value
of the Ir80Ni20 thin film was 87.6% of the Pt/C
catalyst (0.75 mg cm–2, 15 wt% Pt) (45). Therefore,
an iridium-nickel thin film has highly efficient
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Fig. 8. (a) Linear sweep voltammograms obtained
in 1 M KOH solution at room temperature and
potential scan rate of 5 mV s–1; (b) Tafel plots
electrocatalytic activity for HER. In addition, a
summary of the hydrogen evolution performance
of electrocatalysts in alkaline solutions is listed in
detail in Table V (49–81). It can be found that the
Tafel slope of the iridium-nickel thin film is low,
indicating iridium-nickel thin film has excellent
electrocatalytic performance.
The ECSA of the catalyst is proportional to
the electrochemical double-layer capacitance
(Cdl). As shown in Figure 9, the Cdl values for

Ir42Ni58, Ir80Ni20 and Ir88Ni12 were 59.82 mF
cm–2, 132.91 mF cm–2 and 70.03 mF cm–2,
respectively. It indicates that the high hydrogen
evolution performance of Ir80Ni20 catalyst was
mainly due to the high exposure of effective active
sites. On the other hand, the scanning range of
–0.15~0.85V for Ir80Ni20 catalyst is larger than
the range of –0.25~0.65 V for other catalysts. In
our previous publication (32), the initial CV curve
of Ir80Ni20 catalyst was measured at a scanning
rate of 10 mV s–1. It was found that iridium
oxides are electrochemically formed at high
positive potential on the surface of Ir80Ni20 thin
film during a positive scanning direction, however
the formation of iridium oxides cannot easily
be reduced to the metal state (32). The formed
iridium oxides could result in a significant decrease
of HER activity. Therefore, when the scanning
range of Ir42Ni58 and Ir88Ni12 thin films was shifted
from –0.25 V to 0.65 V, the obtained Cdl values
should be valid. Therefore, it is inferred that the
hydrogen evolution performance of Ir88Ni12 film
is better than that of Ir42Ni58 film, which might
be attributed to the increase in iridium content
of the film or electrode surface defects, resulting
in increasing the number of effective active sites.
The large active surface area could be related
to the porous structure and hollow architecture
with crossed branch structure, which results in a
significantly enhanced catalytic activity. The rough
texture and the porous structure of copper foam
facilitate fast mass transport for the enhanced
reaction kinetics (82). However, Ir88Ni12 thin film
with a good hydrogen evolution performance has
a larger electrochemical surface area than Ir42Ni58
film. The electrocatalytic activity of iridium-nickel
catalysts show a loading dependence.
Electrochemical
impedance
measurements
were performed to further investigate the
reaction kinetics of the HER process under
the experimental conditions. Nyquist plots of
copper foam, Ir80Ni22, iridium and nickel thin
films as a function of overpotential are shown

Table IV Comparison of the HER Catalytic Performance of Different Catalysts in 1.0 M KOH at
298 K
Samples

Onset potential, mV
(at 1 mA cm–2)

Overpotential, η, mV
(at 10 mA cm–2)

Tafel slope,
mV dec–1

Exchange current
density, mA cm–2

Ir42Ni58

8.3

78

49

0.69

Ir80Ni20

11.4

60

40

0.657

Ir88Ni12

18.3

97

43

0.418

Copper foam

336

500

189

0.022

Pt/C (45)

0

40

29.5

0.75
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Copper

Nickel

Graphite

Copper

Copper

Steel

Carbon steel

Carbon steel

Carbon steel

Copper

–

Carbon cloth

Mild steel

–

Ni-Fe-C

Ni-S

NiMn

NiCoZn

Ni92P8

NiTi

NiFeZn

Ni-S

Ni–CeO2

Ni–LaNi5

Co90W10

CoNiFe

Co–Mo45

Fe82B18
Electroless plating

Rapid solidification

ditto

Electrodeposition

Arc melting

ditto

ditto

ditto

Electrodeposition

Thermal arc spraying

ditto

ditto

ditto

ditto

ditto

ditto

Heat treatment

Plasma spraying

Copper

Ni-Sn

Electrodeposition

Perforated nickel
sheet

Carbon steel

NiMo46

Arc melting

Raney Nickel

–

Nickel

ditto

Melt-spinning

Copper

Ni71Mo27P2

ditto

–

Copper

Ni83P12C5

ditto

Nano-Zr67Ni33

Mild steel

Ni-Mo-Fe

ditto

–

Mild steel

Ni-Mo

Electrodeposition

Platinum

Mild steel

Ni-Mo

Electroless plating

Mild steel

Mild steel

Ni-P10

Methods

Ni-P

Substrates

Coatings

25% KOH

6 M KOH

8 M KOH

32% NaOH

1 M KOH

1 M NaOH

1 M NaOH

1 M NaOH

1 M NaOH

1 M NaOH

28% NaOH

28% KOH

1 M NaOH

1 M NaOH

1 M KOH

30% NaOH

30% KOH

3.5% NaCl

1 M KOH

5 M KOH

1 M NaOH

1 M NaOH

1 M NaOH

6 M KOH

6 M KOH

6 M KOH

32% NaOH

Alkaline

70

25

85

30

25

30

70

25

25

25

80

80

25

70

25

25

25

90

25

25

25

70

25

80

80

80

30

Temperature, °C

−2

−3

–
–

−3

4

2.5 × 10

−1

119(250)

1530(50)

460(100)

−2

2.66 × 10

340(250)

−6

3.98 × 10

47 × 10

−3

49.9 × 10

5.85 × 10

430(300)

326(250)
−4

330(250)

–

90(150)

104(135)

–

171(250)

140(100)

141(100)

141(200)

70(120)

–

215(100)

−3

76.5 × 10

13.2

80.71 × 10

4.6

3.778

5.25

0.24

1.62

0.6

5.385

–

6.939 × 10

5.43

3.3 × 10
−3

170(250)

−3

3.10 × 10
–

201.9(250)

−3

187(300)

185(300)

185(300)

323(200)

η, mV

−3

1.54 × 10

–

1.86 × 10

–

3.6 × 10

−3

j0, mAcm–2

84

121

390

147

113

103

151

102

101

157

80.9

67

283

57

81

130

264.4

–

121

147

121

89

95.2

165

105

175

105

b, mVdec–1

Table V Summary of HER Electrocatalysts in Alkaline Solution on Exchange Current Densities, Overpotential and Tafel Slope

(79)

(78)

(77)

(76)

(75)

(74)

(73)

(72)

(71)

(70)

(69)

(68)

(67)

(66)

(65)

(64)

(63)

(62)

(61)

(60)

(59)

(58)

(56, 57)

(54, 55)

(51–53)

(50, 51)

(49)

Refs.
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This work
43
97(10)
0.418
25
1 M KOH
ditto
Copper foam
Ir88Ni12

Note: j0=Exchange current density; η= Overpotential, the value in the bracket is the target current density; b=Tafel slope

(32)

This work
49

69
130.1(10)

78(10)
0.69

0.398
25

25
1 M KOH

1 M KOH

Copper foam
Ir42Ni58

ditto

Copper foam
Iridium

ditto

(32)

(32)
112

40
60(10)

170(10)
0.347

0.657
25

25
1 M KOH

1 M KOH

Copper foam
Nickel

ditto

Copper foam
Ir80Ni20

Electrodeposition

(81)

(81)
42

166
274(100)

48(100)
7.2

2.23
25

25
1 M NaOH

1 M NaOH

Nickel
Porous NiRu

ditto

Nickel
Porous NiIr

ditto

(80)

(81)
138

72
40(10)

298(100)
0.32

–
25

25
1 M NaOH

1 M KOH

Nickel
Porous nickel

Spontaneous deposition

Nickel foam
Platinum

Electrodeposition

(80)

(80)
96

60
180(10)

260(10)
–

–
25

25
1 M KOH

1 M KOH

–
Nickel foam

–

Nickel foam
Cobalt

ditto

(80)

(80)
48

35
110(10)

175(10)
–

–
25

25
1 M KOH

1 M KOH

Nickel foam
Iron

ditto

Nickel foam
CoFe

Electrodeposition

Substrates
Coatings

Table V (Continued)

Methods

Alkaline

Temperature, °C

j0, mAcm–2

η, mV

b, mVdec–1

Refs.
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in Figure 10. The preparation of the iridium
and nickel electrocatalysts was addressed (32).
According to alternating current (AC) circuit
theory, impedance spectra obtained for a given
electrochemical system can be correlated to one
or more equivalent circuit (83). Thus, different
equivalent circuits were suggested to model the
present data and the relevant model with the
minimum number of electrical elements. The
model of Ir80Ni22 film consists of the solution
resistance (Rs), the low frequency time constant
characterising the double-layer capacitance (Cdl)
and charge transfer resistance (Rct). The potential
dependencies of the obtained data are shown in
Table VI. Due to surface heterogeneity of solid
electrodes resulting from surface roughness and
formation of porous layers, a constant phase
element (CPE) is commonly used to replace the
capacitance (C) in a real electrochemical process,
which mainly depends on a non-ideal capacitance
behaviour (84, 85). Rct values of iridium film and
copper foam are 72.34 Ω cm2 and 76.64 Ω cm2,
respectively. While the charge transfer resistance
of nickel and Ir80Ni22 films are large, about
2642 Ω cm2 and 1312 Ω cm2, indicating that
the Rct values of iridium film and copper foam
are lower than those of nickel and iridium-nickel
films. According to the XPS data, there is no
iridium oxide on the catalyst surface for Ir80Ni22
thin films. It can be inferred that the iridium thin
film was composed of metallic state. On the other
hand, copper foam was immersed in nitric acid
solution to activate it before the experiment. The
absence of oxides in copper foam may result in a
charge transfer resistance that is less than other
electrocatalysts as a result. For nickel and Ir80Ni22
thin films, the top surface might be composed
of some nickel oxides. The surface of nickel-rich
nickel-iridium thin films consisted of lots of nickel
oxides, the amount of nickel oxides was much
more than that of metal nickel (unpublished
data). Therefore, there is a contradiction here.
The electrocatalytic performance of the thin
film involves various factors, such as surface
chemical substances, the number of catalytic
active sites per unit area, and the electronic
effect of the thin film metal. At the cathode, the
process of hydrogen reduction for hydrogen gas
requires energy to remove electrons from the
metal electrode and connect electrons to protons
to produce hydrogen. Therefore, the process of
transferring electrons from the electrode to the
hydrogen ions in the liquid phase has a certain
resistance, which is a charge transfer resistance.
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Fig. 9. CV curves with different scan rates for electrodes in the alkaline solution: (a) Ir42Ni58; (b) Ir80Ni20; (c)
Ir88Ni12; (d) differences in current density at 0.05 V vs. RHE (Δi= ia–ic) plotted against scan rate
Iridium electrode with a low resistance could
accelerate the electron transfer during the
electrocatalytic reaction.
Figure 11 shows the polarisation curves and Tafel
curves of the Ir88Ni12 film at different temperatures.
As shown in Figure 11(a), the electrode has the
best hydrogen evolution performance at 60°C,
with only an overpotential of 186 mV to obtain a
current density of 30 mA cm–2. At the temperature
of 30°C, an overpotential of 212 mV is required.
The performance of hydrogen evolution improves
from 30°C to 60°C. Interestingly, the hydrogen
evolution performance of the catalyst has
decreased from 20°C to 30°C. The effect of
temperature is not obvious, and the curves are
very close. This result can also be derived from
the Tafel slopes (see Figure 11(b)). From 20°C
to 60°C, the Tafel slope is 46 mV dec–1, 56 mV dec–1,

105

52 mV dec–1, 43 mV dec–1 and 40 mV dec–1,
respectively. The comparison of the HER catalytic
performance at different temperatures is shown
in Table VII.
To investigate the essence of the improvement of
HER activity of the iridium-nickel electrocatalyst,
the apparent activation energies (Ea) of the film
were determined via the following Arrhenius
equations (86) (Equations (viii)–(x)):
 E 
j0 = Fkc ⋅ exp  − a  (viii)
 RT 
log j0 = −

Ea
(ix)
2.303RT

d log j0
Ea
(x)
=−
2.303R
1
d 
T
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Fig. 10. (a) Nyquist plots of Ir80Ni20 film, iridium
film and copper foam for the HER in 1M KOH; (b)
the corresponding equivalent electric circuit models
for all samples

50°C
60°C

–0.030

–0.025

–0.020

52 mV dec–1

30°C
40°C

40 mV dec–1
43 mV dec–1

46 mV dec–1

–0.015

–0.010

where j0 is exchange current density (A cm−2), F is
the Faraday’s constant, k is Kohlrausch coefficient
(dimensionless), c is the concentration of reactant
(constant), Ea is the apparent activation energy
(J mol−1), T is the temperature (K), and R is

56 mV dec–1
0

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Log(j/mA cm–2)

Fig. 11. (a) Linear sweep voltammograms obtained
in 1.0 M KOH solution at different temperatures and
potential scanning rate of 5 mV s–1; (b) Tafel plots

Table VI Electrical Equivalent Circuit Parameters
Samples

Rs, Ω cm2

Cdl, F cm–2

Rct, Ω cm2

Iridium

1.218

0.098

72.34

Ir80Ni20

1.485

0.05076

1312

Nickel

13.6

0.003567

2642

Copper foam

1.89

0.005816

76.64

Table VII Comparison of the HER Catalytic Performance in 1.0 M KOH at Different
Temperatures
Temperature,
°C

Onset potential,
mV

Overpotential, η, mV
(at 30 mA cm–2)

Tafel slope,
mV dec–1

Exchange current
density, mA cm–2

20

16

192

46

0.54

30

16

212

56

0.62

40

16

204

52

0.53

50

16

193

43

0.44

60

16

186

40

0.40

106
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–1

log, j0

–2

Ea = 7.1 kJ mol–1

–3

y = a + b*x

Equation

B

Plot

–4

No weighting

Weight

–4.48426 ± 0.47883

Intercept
Slope
Residual sum of squares

369.28976 ± 149.28486
0.00755

Pearson's r

0.81916

R-square (COD)

0.67103

Adj. R-square

0.56137

–5
0.0030

00.0031

0.0032

0.0033

0.0034

0.0035

1/T, K–1

Fig. 12. Dependence on temperature (Arrhenius
plots) of the exchange current density for the
Ir88Ni12 film

(a)

–Z", Ω cm2

the gas constant (8.314 J mol–1 K–1). The linear
relationship between logj0 and 1/T for Ir88Ni12
thin film is displayed in Figure 12. According
to Equations (viii)–(x), the apparent activation
energy of Ir88Ni12 thin film electrocatalyst is
calculated as 7.1 kJ mol−1, by the slopes of lines.
Compared with the nickel cathode with about
40 kJ mol–1 in standard electrolyte (87), this
result indicates that the Ir88Ni12 thin films can
remarkably reduce Ea for HER and accordingly
result in higher electrocatalytic activity. Hence,
the codeposition process of nickel and iridium
species on the copper foam provides a large
number of active centres for hydrogen adsorption,
with the synergetic effect giving electronic
structure suitable for HER.
AC impedance characterisation of HER on the
Ir88Ni12 electrode in 1.0 M KOH with different
temperatures is shown in Figure 13. Nyquist
plots of Ir88Ni12 film as a function of overpotential
are shown in Figure 13(a). Impedance spectra
obtained for a given electrochemical system
can be correlated to an equivalent circuit
(Figure 13(b)). The temperature dependence of
Rct and Cdl parameters for the HER of Ir88Ni12 film
examined at the temperature range of 20–60°C
is present in Table VIII. The Ir88Ni12 electrode
exhibited single, ‘depressed’ semicircles (a singlestep charge-transfer reaction) at all reaction
temperatures, in the explored frequency range, it
is noted that a high-frequency semicircle electrode
porosity response, which is typically observed in
alkaline media, was practically indiscernible (34).
The recorded Rs parameter decreased from
1.572 Ω cm2 at 30°C to 1.038 Ω cm2 at 60°C.
Simultaneously, the Rct parameter significantly
reduced from 48.34 Ω cm2 to 14.75 Ω cm2 for
the same temperature range (see Table VIII).
The lower Faraday resistance of the Ir88Ni 12
electrode surface accelerates the electron
transfer during the electrocatalytic reaction.
The Cdl parameter was significantly reduced
from 0.02515 F cm–2 to 0.02885 F cm–2. The
effect most likely results from partial blocking

18
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30°C
40°C
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50°C
60°C

12
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2
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(b)
CPEdl
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Rct

Fig. 13. (a) Nyquist plots of Ir88Ni12 film for the
HER in 1M KOH at different temperatures; (b) the
corresponding equivalent electric circuit models

Table VIII Electrochemical Parameters for the HER on Ir88Ni12 Thin Film Electrode in Contact
with 1.0 M KOH, Studied over the Temperature Range of 20-60°C
Parameters
Rs, Ω cm

20°C

30°C

40°C

50°C

60°C

2

1.572

1.366

1.126

1.041

1.038

–2

0.02515

0.03417

0.02987

0.03334

0.02885

48.34

44.74

24.33

20.53

14.75

Cdl, F cm

Rct, Ω cm2
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of electrochemically active electrode surface by
fresh hydrogen bubbles (34).
Apart from the catalytic activity, stability is
another important requirement of catalysts for
the HER system. In this case, the long-term
stability of Ir80Ni20 film electrocatalyst is assessed
in 1.0 M KOH at constant current densities of 10
mA cm–2 for 10 h (see Figure 14(a)). A slight
increase in the overpotential has been observed
in the V-t curve. The result of the long-term
hydrogen evolution tests exhibited excellent
electrocatalystic stability in alkaline solution.
Polarisation curves recorded after 400 cycles

(a)

0.6

0.4

Overpotential, V

0.2

10 mA cm–2

0

–0.2

–0.4
0

2

4

6

8

10

Time, h

(b)
0
Intial
After 400 cycles

j, mA cm

–2

–10

–20

–30

–40
–0.20

–0.15

–0.10

–0.05

0

Overpotential, V vs. RHE

Fig. 14. (a) Chronoamperometric durability test for
Ir80Ni20 film at a constant current density of 10 mA
cm–2 for 10 h; (b) polarisation curves of Ir88Ni12
film initially and after 400 cycles vs. RHE at a scan
rate of 5 mV s–1 in 1.0 M KOH solution

testing for Ir88Ni12 film indicate that there is a
little decay while the overpotential exceeds
0.068 V, instead, a slight improvement of the

108

electrocatalytic activity of the electrode at low
overpotential (see Figure 14(b)). This slight
increase in the catalytic activity was possibly
owing to the reduction of surface oxides during
the initial period of hydrogen evolution, while
the observed increase in overpotential as shown
in Figure 14(a) could be a result of increased
mass exchange resistance due to the continuous
gas bubbling (88).

4. Conclusions
Iridium-nickel thin films were successfully prepared
on copper foam by electrodeposition under different
deposition times. The morphology, chemical
composition and electrocatalytic performance of
iridium-nickel thin films were studied. At the same
time, the electrodeposition mechanism of iridiumnickel thin film in the electrolyte without the
addition of complexing agent was studied. It was
found that the deposition of nickel was preferable
during electrodeposition of iridium-nickel thin film
and the iridium-nickel thin film was alloyed, which
could result in high deposition rate for Ir42Ni58
thin film, and subsequently the increase of iridium
content in the thin films of Ir80Ni20 and Ir88Ni12.
Iridium-nickel thin films have highly efficient
electrocatalytic activity for HER. The Tafel slopes
of iridium-nickel thin films were 40–49 mV dec–1,
indicating that the HER process of iridium-nickel
films followed a Volmer-Heyrovsky mechanism. The
Ir80Ni20 thin film possesses the good electrocatalytic
performance due to the incorporation of nickel into
the electronic structures of iridium, enhancing the
catalytic performance. The surface of Ir80Ni20 thin
film was composed of metallic state of iridium and
some oxides. The electrocatalytic activity of iridiumnickel thin film shows a loading dependence. As the
temperature raised from 30°C to 60°C, the hydrogen
evolution performance of the iridium-nickel thin
film became better. The apparent activation energy
value of the Ir88Ni12 film was 7.1 kJ mol–1. Longterm hydrogen evolution tests exhibited excellent
stability in the alkaline solution.
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