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Sub-monolayers of iridium electrodeposited on Ti2AlC substrate as
catalysts for hydrogen evolution reaction in sulfuric acid solution
ABSTRACT
The hydrogen evolution reaction (HER) was investigated at sub-monolayers of iridium
electrodeposited on Ti2AlC substrate. The lowest amount of electrodeposited iridium was 3 closepacked (111) monolayers (3 ML), while the highest one was 22 ML (3, 5, 10, 15 and 22 ML). The
lowest and the highest amounts of iridium were electrodeposited by linear sweep voltammetry
(LSV), while the other three samples were electrodeposited by controlled potential coulometry,
from the solution containing 1 mM, or 3 mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2) at 70 oC. The HER
was investigated by polarization and electrochemical impedance spectroscopy (EIS)
measurements. Polarization curves for iridium sub-monolayers equal, or higher than 6 ML showed
low Tafel slope of -14 to -16 mV dec-1 up to about -0.1 A cm-2, while at higher current densities the
Tafel slopes increased, varying between -40 and -72 mV dec-1. The highest value of exchange
current density (jo) was obtained for 6 ML of electrodeposited iridium, being -27.89 A g-1. The
overpotential at j = -0.3 A cm-2 could be determined for samples containing 15 ML and 22 ML of
iridium, being 82 mV.
Keywords: Sub-monolayer, iridium electrodeposition, hydrogen evolution, sulfuric acid

1. INTRODUCTION
1.1. The HER on iridium in acid solutions
Although it has been reported that the experimental reaction rate of HER in alkaline solutions is
much slower than that in acid solutions [1], the
development of efficient electrocatalysts for the
HER in acid media is of great importance for
polymer electrolyte membrane (PEM) electrolyzers,
but the corrosion of non-noble metal substrates in
acids is still a great problem.
According to the literature [2-8], the iridium
oxide electrodes were considered as the most
efficient oxygen evolution reaction (OER) electrocatalysts in acid media. Unfortunately, there are
only few reports on iridium based catalysts for the
HER in acid media [9,10].
Bimetallic iridium based nanostructures, characterized by high specific surface area and strong
binding energy between nanoclusters and support
were reported by Pi et al. [11] as highly efficient in
acidic water electrolysis.
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These nanocatalysts exhibited excellent activity
and durability for oxygen evolution as well as for
hydrogen evolution reaction. Bimetallic iridiumnickel was reported as the best performance one
[11].
Highly active iridium nanocrystalline catalysts
were synthesized by applying etching of multime3+
tallic solid nanocrystals using Fe ions and tested
as the catalysts for water splitting [12]. The Ir-Co
nanocatalysts exhibited the best performance for
hydrogen evolution reaction, with 35 mV over-2
potential at the current density of 20 mA cm , even
comparable to the commercially available Pt/C [12].
Iridium-nickel-iron nanoparticles with homogeneous particle size distribution, synthesized by
colloidal synthesis procedure, exhibited high activity and durability for both, anodic and cathodic
reactions in water electrolysis - the overpotential for
the HER in 0.5 M HClO4 was 24 mV at the current
-2
density of 10 mA cm [13]. It was explained by
strong synergistic electronic effect between Ir, Ni
and Fe [13].
Ir nanoparticles supported by 3D graphite foam
was reported as a novel bifunctional catalyst for
efficient water splitting in acid electrolyte [14]. This
nanostructured catalyst showed excellent electrocatalytic activities for the HER, as well as for the
OER [14].
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Iridium-cobalt alloy based nanostructured
catalysts exhibited excellent HER activity in acid
electrolyte [15] owing to the strong electronic
interaction and alloying effect of Ir and Co at the
atomic level [15].
Mahmood et al. [16] referred Ir nanoparticles
spread over 3D organic network support as
efficient catalysts for the HER. The activity of this
electrocatalyst was exceptional - only 13.5 mV
overpotential value at the current density of 10 mA
−2
cm in 0.5 M H2SO4 [16].
Wet-chemical approach procedure was applied
for synthesis of Iridium based nanowires with
specific morphology and large electrochemically
active surface area, that exhibited excellent
catalytic activity for the HER in acidic media, if
compared to the state-of-the-art carbon supported
Pt nanocatalysts [17].
However, high price and low abundance in
Earth core of Pt-group metals generally limits their
use in water electrolysis. Namely, two strategies for
minimization of noble metals loading and
maximization of the active surface area to volume
ratio were exploited in the literature: (a) alloying
with non-noble metals, for instance applying atomic
layer deposition [18], and (b) electrodeposition of
very thin, low noble metal loading sub-monolayers
[19,20].

these complexes could be reduced to Ir . Welldefined cathodic peak corresponding to the iridium
electrodeposition was detected on the cyclic
voltammograms (CVs). At the potential of hydrogen
evolution iridium electrodeposition was quenched,
while during the reverse sweep this process again
took place at potentials more positive than the
potential of hydrogen evolution on the rotating Au
disc electrode. The shape of the current density
responses of the CVs during the electrodeposition
of Ir on rotating Au electrode indicated that the
reaction is dominated by the surface controlled
processes, i.e. desorption of the anion adlayer,
while formation of a complete monolayer of
hydrogen terminates Ir electrodeposition process,
contrary to the mechanism predicted by Ref. [25].
In our previous studies of the HER at Ru, Pd
and Ir layers electrodeposited on Ti2AlC substrate
[29- 31] it was shown that Ti2AlC substrate is
completely stable in 0.5 M H2SO4 (no corrosion,
nor the OER could be detected up to 2.244 V) and
that thin layers of electrodeposited noble metals
could be promising catalyst for the HER in acid
solution. Hence, taking into account that Ti2AlC
support is well known as low cost, commercial
product, in this work an attempt was made to
electrodeposit sub-monolayers of iridium on Ti2AlC
support and investigate the HER in sulfuric acid
solution on such electrodes.

1.2. Electrodeposition of iridium

2. EXPERIMENTAL

The process of iridium electrodeposition has
been the subject of several papers [21-25]. In most
of these studies iridium was electrodeposited for
4+
corrosion protection purposes [22-24] from the Ir
3+
6
salts as a consequence of the fact that Ir d
complexes belong to the group of the most stable
complexes, being extremely inert to ligand
exchange [26]. The current efficiency for iridium
electrodeposition was low (between 2 % and 45
%). High current efficiency (up to 100%) for
electrodepositing thin (up to 20 nm) and porous
iridium layers was reported in Ref. [25], proposing
4 steps in the overall process of adsorption30
controlled reduction of IrCl6 to Ir , with the
33necessary steps being adsorption of IrCl6 (IrCl6
(ads)) and adsorption of hydrogen (H(ads)).
S.H. Ahn et al. [21] used a different approach
to the process of Ir electrodeposition from the
3
IrCl6 complex, based on the ligand exchange with
the sulfate-based aqueous electrolyte. Although at
the room temperature this exchange is very slow,
o
after increasing solution temperature to 70 C the
3+
exchange of ligands and stabilization of Ir species
[27,28] has been detected. Complexes such as
x3
IrCl6-xH2O
were formed and it was shown that

All solutions were prepared using 18.2 MΩcm
deionized water (Smart2PureUV, TKA) and p.a.
chemicals (SIGMA-Aldrich). Both, electrodeposition
and HER experiments, were performed by the
potentiostat Refrence 600 (Gamry Instruments,
Inc.).
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2.1. Iridium electrodeposition
Iridium electrodeposition was carried out in a
double-jacketed three-electrode cell, with Pt
counter electrode and reference, saturated sulfate
electrode (SSE), being placed in separate
compartments. Counter and reference electrode
compartments were held at the room temperature,
while the main compartment was heated to the
desired temperature. Counter electrode compartment, containing only supporting electrolyte, was
connected to the main one by fritted junction, while
the reference electrode (SSE) was placed in a side
compartment connected to the main one through a
bridge and a Luggin capillary, always containing
only supporting electrolyte. All compartments were
filled with 0.5 M Na2SO4 of the same pH, while
necessary amount of K3IrCl6 was dissolved in the
main compartment.
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Working electrode was Ti2AlC cylinder, the
diameter d = 6 mm and thickness h = 2 mm,
connected to the Pt wire on the back side using
silver conducting epoxy paste and sealed in the
epoxy resin, so that only front surface was exposed
to the solution. The procedure of Ti2AlC substrate
preparation was explained in our previous papers
[29-31]. Iridium was electrodeposited on Ti2AlC
substrate discs from the solution containing either 1
mM or 3 mM K3IrCl6 dissolved in a supporting
electrolyte 0.5 M Na2SO4 of the pH 6.2. Five iridium
electrodeposited sub-monolayers (3, 6, 10, 15 and
22 ML) were used for the investigation of the HER
in 0.5 M H2SO4. Before the iridium electrodeposition, Ti2AlC substrate discs were polished on
emery papers 600, 1200, 2400 and 4000, and
cleaned and reduced by hydrogen evolution in 0.5
-2
M H2SO4 for 10 min at j = -0.1 A cm .
2.2. HER investigations
HER was investigated in 0.5 M H2SO4 at the
o
temperature of 25±1 C using three-electrode cell,
with Pt mesh counter electrode and reference,
saturated calomel electrode (SCE), being placed in
separate compartments, while working electrode (Ir
covered Ti2AlC) was placed in the main
compartment and was connected to the reference
electrode through a bridge and a Luggin capillary.
All investigated electrodes were first kept in 0.5 M
H2SO4 for 10 min at the current density j = -0.1 A
-2
cm and then polarization curves were recorded
starting at -0.016 V and finishing at about -0.14 V
-1
with 1 mV s (using current interrupt technique).
Polarization curves for all samples were also
recorded by starting at -0.14 V and finishing at 0.016 V and they were practically the same as
those recorded in opposite direction. After
recording polarization curves by sweeping potential
-1
with 1 mV s (using current interrupt technique),
EIS measurements were performed at four different
potentials (on sample with 22 ML of Ir), covering
current density range from approximately -2 mA
-2
-2
cm to -100 mA cm , in the frequency range from
5 kHz to 0.01 Hz, with the amplitude of 5 mV RMS
at 20 points per decade.
Since two different reference electrodes were
used (SSE and SCE) all potentials in this work are
given vs. normal hydrogen electrode (NHE).
3. RESULTS AND DISCUSSION
3.1. Electrodeposition of iridium on Ti2AlC substrate
As shown in our recent study [31] and
explained in the introduction, electrodeposition of

iridium could be achieved from x mM K3IrCl6 only in
the solution of 0.5 M Na2SO4 (pH 6.2) at the
o
temperature of 70 C. Hence, following details
given in this work [31], solutions containing 1 and 3
mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2) were
o
prepared by heating supporting electrolyte to 70 C
in the main compartment of the cell and adding
necessary amount of K3IrCl6 in the supporting
o
electrolyte at 70 C. Since it was shown in our
previous study [31] that electrodeposition of iridium
on Ti2AlC substrate could be achieved only on the
reduced Ti2AlC substrate, working electrode was
kept at the potential of hydrogen evolution for at
least 100 s before recording either LSV or j – t (Q –
t) responses for iridium electrodeposition.
Samples with 3 ML of Ir and 22 ML of Ir were
-1
electrodeposited by LSV (v = 5 mV s ), Fig. 1a,b,
while those with 6 ML of Ir, 10 ML of Ir and 15 ML
of Ir were electrodeposited by controlled potential
coulometry, Fig. 2 a,b. The reason for application
of two techniques for Ir electrodeposition is as
follows: the first LSV was recorded in 1 mM K3IrCl6
+ 0.5 M Na2SO4 and the amount of electrodeposited Ir was only 3 ML (Fig. 1a); the second
LSV was recorded in 3 mM K3IrCl6 + 0.5 M Na2SO4
and the amount of electrodeposited Ir was 22 ML
(Fig. 1b); since our intention was to electrodeposit
6, 10 and 15 ML of Ir it was necessary to apply
potential controlled coulometry in the solution
containing 3 mM K3IrCl6 + 0.5 M Na2SO4 in order to
obtain desired amounts of Ir (Fig. 2a,b).
Considering Fig. 1a it could be concluded [31]
that the cathodic charge under the LSV peak
between -0.2 V and 0.1 V corresponds to the
iridium electrodeposition on Ti2AlC substrate, while
the cathodic current density at more negative
potentials than -0.2 V corresponds to the HER.
This charge amounts to approximately 3 ML. With
the increase of K3IrCl6 concentration from 1 mM to
3 mM the shape of the LSV changes (Fig. 1b) and
under the same conditions the peak current density
for iridium electrodeposition increased from  50
-2
-2
µA cm in 1 mM solution to  670 µA cm in 3 mM
solution, with the LSV peak being sharper and
positioned in the potential range from -0.15 V to
0.15 V. It is interesting to note that before the
beginning of iridium electrodeposition, anodic
current density (most probably due to desorption of
hydrogen) has been recorded.
In the case of controlled potential coulometry
the increase of cathodic charge is almost linear
(Fig. 2a), while the j – t responses (Fig. 2b)
possess practically the same shape.
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Figure 1. Electrodeposition of samples with 3 ML of Ir (a) and 22 ML of Ir (b) recorded by the LSV with the
-1
o
sweep rate of 5 mV s . Solutions: 1 mM and 3 mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2) at 70 C.
Slika 1. Elektrohemijsko taloženje uzoraka sa 3 monosloja Ir (a) i 22 monosloja Ir (b) metodom linerane
-1
o
promene potencijala (v = 5 mV s ). Rastvori: 1 mM and 3 mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2), T = 70 C.
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Figure 2. Electrodeposition of samples with 6, 10 and 15 ML of Ir, (a) Q – t, (b) j – t responses recorded
o
with controlled potential coulometry. Solution: 3 mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2), T = 70 C.
Slika 2. Elektrohemijsko taloženje uzoraka sa 6, 10 i 15 monoslojeva pri konstantnom potencijalu do
o
potrebne količine naelektrisanja. Rastvor: 3 mM K3IrCl6 + 0.5 M Na2SO4 (pH 6.2) at 70 C.

The amount of charge for close-packed
monolayer of iridium was calculated from the
equation

QML 

11
qe z
ab

(1)

where: r – atomic radius of Ir (136 pm, a = 2r = 272
pm); b – distance between Ir atoms in two rows of
the (111) orientation (235 pm - see Fig. 3); q –
-19
charge of one electron (1.602 x 10
C); z –
number
of
reduced
electrons
for
Ir
3+
0
electrodeposition (3, Ir Ir ). The amount of
charge for the formation of one close-packed (111)
-2
monolayer of Ir was found to be QML = 752 µC cm .
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Figure 3. The schematic presentation of the close-packed (111) monolayer of Ir.
Slika 3. Shematski prikaz gusto pakovanog (111) monosloja Ir.
3.2. HER at all investigated samples
Polarization curves for all Ir electrodeposited
samples are presented in Fig. 4. As can be seen
almost identical polarization curves were obtained
for 6, 10, 15 and 22 ML of Ir, while at the sample
with 3 ML of Ir the overpotential for the HER starts
to increase already at the current density of -100
-2
µA cm , indicating that the whole surface of Ti2AlC
substrate is not covered with iridium and that the
HER mostly takes place at the substrate surface.

All polarization curves, except that for 3 ML of
Ir, are characterized with lower Tafel slope (varying
-1
between -14 and -16 mV dec ) in the range of
-2
current densities from about -0.1 mA cm to
-2
approximately -100 mA cm (for the sample with 22
ML of Ir) and the increase of Tafel slope at higher
current densities varying between -40 and -72 mV
-1
dec . These polarization curves are almost
identical to those recorded in our previous paper
for thicker iridium layers. The overpotential for the
HER at samples with 15 and 22 ML of Ir is seen to
be very small, amounting to 82 mV only.

Figure 4. Polarization curves for all electrodeposited Ir samples recorded in 0.5 M H 2SO4.
Slika 4. Polarizacione krive svih elektrohemijski istaloženih uzoraka Ir u 0.5 M H 2SO4.
In Fig. 5 is presented the polarization curve for
the HER recorded for sample with 6 ML of Ir. From
the intercept of Tafel line at lower current densities
and zero overpotential, the exchange current
186

density is obtained. Taking into account that the
weight of electrodeposited Ir for this sample
-2
amounts to 2.995 µg cm , high specific exchange
-1
current density of -27.89 A g is obtained.
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Figure 5. Polarization curve for 6 ML of Ir recorded in 0.5 M H 2SO4.
Slika 5. Polarizaciona kriva uzorka sa 6 monoslojeva Ir u 0.5 M H2SO4.
The theory of the HER on metallic electrodes in
acid solutions predicts that this reaction proceeds
through a combination of three elementary steps,
Volmer step, Heyrovsky step and Tafel step and
that hydrogen adsorption takes place under
Langmuir conditions. The analysis of Tafel slopes
for different cases has been given: If the HER
follows
the
Volmer–Heyrovsky
pathway,
theoretically two different slopes could be observed
on the Tafel plots depending on the ratedetermining step (RDS) and surface coverage by
−1
Hads (θH): only one slope of −120mVdec over the
entire overpotential range when the Volmer
−1
reaction is a RDS, or −40 mV dec at lower
−1
overpotentials (θH → 0) and −120 mV dec at
higher overpotentials (θH → 1) when the Heyrovsky
−1
step is the RDS, while the slope of −30 mV dec

implies Tafel step as the rate determining one.
Hence, the presence of a Tafel slope of −16 to −18
−1
mV dec cannot be explained by a general HER
mechanism and formal kinetics laws, but it could be
concluded that the HER on such electrodes is very
fast, producing high current densities at low
overpotentials. There are some hypothesis in the
literature that the decrease of Tafel slope values at
these catalysts could be caused by significant
contribution of the hydrogen oxidation reaction
(HOR) to the experimentally recorded HER
currents in the low overpotential region [32,33].
Nevertheless, the obtained values of Tafel slopes,
as well as exchange current density values in the
potential region close to the open circuit potential,
represent real behavior of electrodes under these
operating conditions [34].

Figure 6. EIS results for sample with 22 ML of Ir recorded in 0.5 M H2SO4.
Slika 6. Rezultati merenja impedanse za uzorak sa 22 monosloja Ir u 0.5 M H 2SO4.
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In Fig. 6, EIS results recorded at four different
potentials for sample with 22 ML of Ir, are
presented. As it could be expected, the semicircles corresponding to the Rct and Rp become
smaller with the increase of overpotential for the
HER (more negative potentials).

Rct is the charge transfer resistance. CPEdl is a
constant phase element replacing Cdl, and Rs is the
solution resistance
The values of Cdl and Cp were calculated using
the equations (2) and (3) [37,38], assuming parallel
connection between Cdl and Rct, as well as
between Cp and Rp
(2)

(3)
Obtained values for Cdl and Cp for sample with
22 ML of Ir, recorded at four different potentials are
given in Table 1.
Figure 7. Equivalent circuit for fitting EIS results
presented in Figure 6.
Slika 7. Ekvivalentno kolo za fitovanje rezultata
impedanse prikazanih na Slici 6.
EIS results (squares, circles, triangles, etc.)
were fitted (corresponding lines) with the equivalent
circuit typical for the HER reaction [35] presented in
Fig. 7. The HER kinetics-related part of this circuit
consists of elements Rp║CPEp in series with Rct,
where parameters Rp and CPEp are associated
with the relaxation of the adsorbed reaction
intermediate upon potential perturbation [36], while

Table 1. Parameters Cdl and Cp obtained from Ydl and
Rct, Yp and Rp, using equations (2) and (3).
Tabela 1. Prametri Cdl i Cp dobijeni iz Ydl i Rct, Yp i Rp
korišćenjem jednačina (2) i (3).
Sample

22 ML
of Ir

E / V vs.
NHE
-0.046
-0.056
-0.066
-0.076

Cdl / F cm
0.032
0.010
0.018
0.013

-2

Cp / F cm

-2

0.056
0.048
0.058
0.052

-1

Figure 8. E vs. log(Rf ) dependence obtained by fitting EIS results for sample with 22 ML of Ir
recorded in 0.5 M H2SO4.
-1
Slika 8. E vs. log(Rf ) zavisnost dobijena fitovanjem rezultata imepdanse za uzorak sa 22 monosloja
Ir u 0.5 M H2SO4.
Faradaic resistance of the HER, Rf = Rct + Rp,
was obtained for all samples by fitting EIS results
using equivalent circuit presented in Fig. 7. In the
188
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case of the HER the dependences E vs. log (Rf)
should be linear, as it is the case for investigated
sample presented in Fig. 8.
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4. CONCLUSIONS
It was shown that it is possible to electrdeposit
sub-monolayer amounts of Ir (3, 6, 10, 15 and 22
ML) on Ti2AlC substrate from the solution
containing 1mM or 3 mM K3IrCl6 + 0.5 M Na2SO4
o
(pH 6.2) at 70 C using LSV at a sweep rate of 5
-1
mV s and controlled potential coulometry. The
HER on Ir-Ti2AlC samples containing 3, 6, 10, 15
and 22 ML was investigated in 0.5 M H2SO4 by
-1
recording polarization curves (v = 1 mV s ), while
the EIS at four different potentials has been
performed on the sample with 22 ML only.
Polarization curves, except the one for 3 ML of Ir,
were characterized with the low Tafel slope of -14
-1
-2
to -16 mV dec up to about -0.1 A cm , while at
higher current densities the Tafel slope increased,
-1
varying between -40 and -72 mV dec . The value
of specific exchange current density determined
from the polarization curve was the highest for the
-1
6 ML of Ir amounting to -27.89 A g . It is important
to emphasize excellent catalytic behavior of submonolayer Ti2AlC supported Ir catalysts under
industrial conditions of the HER, with the
-2
overpotential of 82 mV at j = -0.3 A cm . The facts
that electrodeposition is considered as a cost
effective way for catalyst production, as well as low
cost of commercial Ti2AlC support, make these
catalysts promising cathodes for commercial
hydrogen production by water electrolysis in
sulfuric acid solution.
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IZVOD
NEKOLIKO MONOSLOJEVA ELEKTROHEMIJSKI ISTALOŽENOG IRIDIJUMA
NA PODLOZI OD Ti2AlC KAO KATALIZATORI ZA IZDVAJANJE VODONIKA U
RASTVORU SUMPORNE KISELINE
Izdvajanje vodonika ispitivano je u rastvoru sumporne kiseline na elektrohemijski istaloženim
slojevima (od 3 monosloja do 22 monosloja) iridijuma na podlozi od Ti 2AlC. Najmanja i najveća
količina iridijuma (3 i 22 monosloja) elektrohemijski su istaložene metodom linearne voltametrije,
dok su preostala tri uzorka (6, 10 i 15 monoslojeva) elektrohemijski istaložena pri konstantnom
potencijalu do potrebne količine naelektrisanja iz rastvora 1 mM, ili 3 mM K 3IrCl6 + 0.5 M Na2SO4
(pH 6.2) na temperaturi rastvora od 70 oC. Reakcija izdvajanja vodonika ispitivana je na svim
elektrodama snimanjem polarizacionih krivih. Za uzorak sa 22 monosloja Ir primenjena je i metoda
impedanse. Polarizacione krive za uzorke sa 6, 10, 15 i 22 monosloja Ir bile su okarakterisane
malom vrednošću Tafel-ovog nagiba od -14 to -16 mV dek-1 u oblasti gustina struja do -0.1 A cm-2,
dok se Tafel-ov nagib povećavao pri većim gustinama struja varirajući od -40 do -72 mV dek-1.
Najveća vrednost specifične gustine struje izmene (j o) dobijena je kod uzorka sa 6 monoslojeva Ir i
iznosila je - 27.89 A g-1. Za uzorke sa 15 i 22 monosloja Ir vrednost prenapetosti pri gustini struje
j = -0.3 A cm-2 (uslovi industrijske proizvodnje vodonika) iznosila je 82 mV.
Ključne reči: izdvajanje vodonika, elektrohemijsko taloženje Ir (3 do 22 monosloja), sumporna
kiselina.
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