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Electrodeposition of iridium from composite ionic liquid
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Abstract: In order to study the electrodeposition process of iridium in composite ionic liquid, the effects of N, N-dimethylacetamide
(DMAC) on the viscosity, conductivity and electrochemical stability of composite ionic liquid BMIC-BMIBF,, as well as the
electrochemical behavior of IrCl; in this system were studied. Iridium (Ir) coatings were deposited at different constant potentials and
characterized by SEM and XRD. The results show that the addition of DMAC can evidently decrease the viscosity of the composite
system, increase conductivity and improve electrochemical stability of the composite system. Cyclic voltammograms of a Au
electrode illustrate that the process controlled by diffusion rate is irreversible with the average charge transfer coefficient of 0.170
and average diffusion coefficient of 1.096x10°° cm?s. In addition, SEM image shows that Ir film deposited at the reduction peak

potential is dense and even, while XRD pattern shows that Ir deposit is polycrystalline structure.
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1 Introduction

Much interest in the preparation of iridium coatings
is due to their variety of applications in aerospace,
defense, energy and many other areas, which results from
their excellent performance, such as high melting point
(up to 2400 °C), high elastic modulus, high strength,
good chemical inertness. Iridium coatings are generally
deposited by chemical vapor deposition [1,2], sputter
physical vapor deposition [3], double glow plasma
method [4,5], plasma spraying [6] and electro-
deposition [7—10]. Among them, electrodeposition is one
of the most potential methods to prepare iridium coatings
because of its low cost, strong controllability and
flexibility to select the shape of the cathode material.
However, the coatings  have  been
electrodeposited either in molten salts or in aqueous
solution so far. The electrochemical deposition from
molten salt system needs a large amount of energy in
order to achieve very high temperature, which is highly
corrosive and very dangerous for operator. The iridium

iridium

coatings from aqueous solution system are usually loose
and easy to crack, which may result from the poor

stability and side reactions of aqueous solution.
Therefore, good iridium coatings can hardly be deposited
from aqueous solution despite its low cost and low
viscosity.

Room-temperature ionic liquids (RTILs), by
contrast, have been expected to take the place of various
molten salts and aqueous solution in many areas [11],
especially in electroplating, because they use much less
energy than molten salts, and have wider electrochemical
potential window, better thermal stability and chemical
stability as well as lower vapor pressure [12—14] than
aqueous solutions. It has been reported that some light
metals such as Al [15] or Al-Zn alloy, which cannot be
electrodeposited from aqueous solution, have been
successfully electroplated from ionic liquids. And some
refractory metals like Pt, Mo and Pd can also be
deposited from RTILs whose temperature is much lower
than that of molten salts. What’s more, since there is no
water in ionic liquids and some are even hydrophobic,
hydrogen evolution reaction can be prevented, which
greatly improves the quality of the deposited
layer [16,17]. Even and compact iridium layer was once
prepared on a platinum substrate by electrodeposition
under constant potential in 1-butyl-3-methylimidazolium
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chloride (BMIC) for the first time by our group, which
shows great potential of electrodeposition iridium layer
from ionic liquids.

However, the low solubility of IrCl; in a single ionic
liquid hinders the research process of electrodeposition.
Thus, we used composite ionic liquids to increase the
solubility of IrCl;, in order to promote the process of
electrodeposition. So far, few studies have been
conducted on electrodeposition in composite ionic
liquids. CHEN and SUN [18] have reported the positive
effects of composite ionic liquid EMI-CI-BF, composed
of EMIC and EMIBF, on the solubility of ion pairs
Cu'/Cu®". We have also found that the solubility of IrCl,
in composite ionic liquid BMIC-BMIBF, is much higher
than that in a single ionic liquid, which means that
composite ionic liquids may have the unique excellent
properties to promote the process of electrodeposition.

In the present study, the metal Ir was
electrodeposited in the composite ionic liquid BMIC—
BMIBF,. N, N-dimethylacetamide (DMAC) was added
into the media above as organic additive to reduce the
viscosity of ionic liquids, forming the new
electrodeposition composite system DMAC-BMIC-
BMIBF,. The effects of DMAC on the viscosity,
conductivity and electrochemical stability of ionic
liquids, as well as the electrochemical behavior of IrCl;
in DMAC—BMIC-BMIBF, composite ionic liquid were
studied.

2 Experimental

BMIC (Shanghai Chengjie Chemical Co.,
Ltd., >99%), BMIBF, (Shanghai Chengjie Chemical Co.,
Ltd., >99%) and IrCl; (Shanxi Kaida, >99.5%) were
dried under vacuum for 30 min to remove its moisture
before the experiment. All the electrochemical
experiments and handing of hygroscopic reagents were
performed in an argon-filled glove box with a continuous
gas purification apparatus. The BMIC and BMIBF, were
fully mixed after stirring for 2 h, and then adequate
addictive DMAC (Beijing Chemical Plant, China, AR)
was added, forming the new composite system of
DMAC-BMIC-BMIBF,. The conductivity and dynamic
viscosity of the new composite system with or without
the addictive at different temperatures were measured
respectively by conductivity meter (Shanghai Leici
Instrument Factory, China, DDS—-307) and rotation
viscometer (Shanghai Changji Geological Instrument
Co., Ltd., China, NDJ—1). The absorption spectra of
IrCl; in BMIC-BMIBF, and DMAC-BMIC-BMIBF,
were measured respectively by UV—Vis spectrometer
(UV-3600).

Firstly, constant potential deposition experiments
and electrochemical measurements were carried out

using a standard three-electrode cell and electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd.,
China, CHI660D). A Au electrode (d2 mm) was
employed as working electrode. A platinum wire
electrode (d0.5 mm) was used as a quasireference
electrode. A graphite rod electrode (spectrally pure,
d3 mm) was used as a counter electrode [19]. Then, Mo
electrode (immersed area of 15 mm % 2 mm, >99%) was
employed as working electrode and deposited Ir layer.
After being washed with acetone and dried in the air, the
Ir layer was characterized by scanning electron
microscope (SEM, Quanta 250 FEG), energy-dispersive
spectrometry (EDS in JSM 7500F) and X-ray
diffractometer (XRD—6000).

3 Results and discussion

3.1 Viscosity and conductivity of ionic liquids

Table 1 shows the viscosity of composite ionic
liquids at different temperatures. It is clear that the
viscosities of composite ionic liquids BMIC-BMIBF,
and DMAC-BMIC-BMIBF, decrease with the increase
of temperature, respectively. Between them, the viscosity
reduction of BMIC-BMIBF, is larger. The viscosity of
BMIC-BMIBF, is 0.604 Pa-s at 20 °C, almost in still
state, while it decreases to 0.0202 Pa-s at 90 °C, about
1/30 of the original. After equivoluminal DMAC was
added to composite ionic liquid, the viscosity of the
system declines to 0.0138 Pa's at 20 °C, about 1/44 of
that in BMIC-BMIBF,, while 0.0036 Pa-s at 90 °C,
about 1/5 of that in BMIC-BMIBF,. This change results
from strong intramolecular hydrogen bonds and van der
Waals forces in ionic liquids, which may lead to high
viscosity [20]. After soluble additive was added, the
system became dispersed and intramolecular hydrogen
bonds and van der Waals forces turned weak. Such a low
viscosity system contributed to increasing the ion
diffusion rate and improving electrodeposition process.

Table 1 Viscosity of composite ionic liquids at different
temperatures

Viscosity/(Pa-s)
20°C 30°C 50°C 70°C 90°C
0.604 0.2704 0.0769 0.0359 0.0202

Tonic liquid

BMIC-BMIBF,
DMAC-BMIC—
BMIBF,

0.0138 0.007 0.0052 0.0046 0.0036

Table 2 shows the conductivity of composite ionic
liquids at different temperatures. It shows that the
conductivities of different composite ionic liquids all
increase with the rising of temperature. They increase
markedly from 0.95 to 9.25 mS/cm at 20 °C, while
they increase from 2.28 to 10.83 mS/cm at 40 °C when
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Table 2 Conductivity of composite ionic liquids at different
temperatures

Conductivity/(mS-cm ")
20°C 25°C 30°C 35°C 40°C
BMIC-BMIBF, 0.95 1.17 1.42 1.68 2.28
DMAC- BMIC—
BMIBF,
IrCl;-BMIC—
BMIBF,
IrCl;-DMAC—
BMIC—BMIBF,

Tonic liquid

925 9.70 996 1043 10.83

099 126 147 170 237

884 939 973 10.18 10.50

DMAC is added. The inadequate dissociation of cation
and anion in composite ionic liquid and ion association
under the combined effects of hydrogen bondings, van
der Waals forces and static electricity, etc., forming ion
pairs, ion network structure and so on, leads to the low
viscosity and high conductivity of BMIC-BMIBF,. The
addition of DMAC leads to the salvation of ionic liquid,
which decreases the quantity of ion pairs and increases
the degree of ionization of the ionic liquid, thereby
increasing the conductivity of system [21]. It is
noteworthy that, the addition of 0.05 mol/L IrCl; can
increase the conductivity of BMIC-BMIBF,, but
decrease the conductivity of DMAC-BMIC-BMIBF,.
The UV—Vis absorption spectra of Ir(Ill) in BMIC—
BMIBF; and DMAC-BMIC-BMIBF, are given in
Fig. 1. Figure 1 shows three absorption maxima at about
370, 430 and 500 nm. These values agree well with those
reported by POULSEN and GARNER [22] for [IrCl¢]*
and the final result has something in common with
Ref. [18]. Since Ir(III) exists mainly as [IrCls]*" [22] and
keeps balance as follows: IrCl; + 3Cl"=‘[IrCI6]37, the
addition of IrCl; will promote the dissociation of ionic
liquid by forming [IrCls]*” and increase the total number
of ions and conductivity of system, while ionic liquid
will not dissociate adequately without the addition of

*~. IrCl;-DMAC-BMIC-BMIBF,

\ ~
\'/

300 350 400 450 500 550 600
Wavelength/nm
Fig. 1 UV—Vis absorption spectra of 0.05 mol/L IrCl; in
BMIC-BMIBF, and DMAC-BMIC-BMIBF,

IrCl; in BMIC-BMIBF,. However, in DMAC-BMIC—
BMIBF,, ionic liquid dissociates relatively thoroughly.
Therefore, the formation of [IrCls]>” will decrease the
total number of ions as well as the conductivity of
composite system.

3.2 Electrochemical window in different ionic liquid

systems

Figure 2 shows the cyclic voltammograms of a Au
electrode in different ionic liquid systems at 90 °C. It is
clear that the electrochemical window of BMIBF,
(from —2.25 to 1.20 V, about 3.45 V) is the widest, while
those of BMIC (from —2.0 to 0 V, about 2.0 V) and
BMIC-BMIBF, (2.0 V) are narrower. After adding
DMAC to BMIC-BMIBEF,, the electrochemical window
is from —2.2 to —0.1 V and similar to the original without
DMAC. Meanwhile, the addition of DMAC can lower
the current density, which indicates that the DMAC—
BMIC-BMIBF, composite system has better chemical
stability within its range of electrochemical window.
Therefore, the addition of DMAC can not only improve
the stability of system, but also lower the viscosity of
composite ionic liquid and increase its conductivity
evidently, and then promote the -electrodeposition
process.

A
= — BMIBF, (x10) $
¢ —BMIC )
Ao — BMIC-BMIBF, 10
¢ —DMAC-BMIC-BMIBF, | |

Current density/(mA-cm™2)

-25-20-15 -10 -05 0 05 1.0 1.5
Potential (vs Pt)/V

Fig. 2 Cyclic voltammograms of Au electrode in different ionic
liquid systems at 90 °C

3.3 Electrochemical behavior of IrCl; in DMAC-

BMIC-BMIBF,

Figure 3 shows the cyclic voltammograms of a Au
electrode in DMAC-BMIC-BMIBF, with or without
0.05 mol/L IrCl; at 90 °C and scan rate of 50 mV/s.
There is a remarkable reduction peak at —1.35 V, which
may be caused by the reduction of [IrCls]’", and an
oxidation peak at —0.9 V after the addition of IrCl;.

Figure 4 shows the SEM image and XRD pattern of
Ir deposit prepared at constant potential of —1.35 V (vs Pt)
for 12 h on Mo electrode in DMAC—-BMIC-BMIBF,
containing 0.05 mol/L IrCl; at 90 °C. Figure 4 indicates
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Fig. 3 Cyclic voltammograms of Au electrode in DMAC-—
BMIC—-BMIBF, with or without IrCl; at 90 °C
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Fig. 4 SEM image (a) and XRD pattern (b) of Ir deposit
prepared by constant potential deposition on Mo electrode in
DMAC-BMIC-BMIBF, containing 0.05 mol/L IrCl; at 90 °C
and deposition potential of —1.35 V (vs Pt) for 12 h

that dense deposit can be obtained at peak potential of
—1.35 V by constant potential deposition. The deposit
consists of many particle clusters gathered by small
particles, and the diameter of particle clusters is about

10 um. XRD pattern shows that there are three evident
diffraction peaks at 47.34°, 69.36° and 84.50°, which
correspond to three crystal faces of Ir: (200), (220) and
(311), respectively, according to the XRD standard
card(JCPDS, 43—0144). Crystal faces (111) and (222) of
Ir at 40.68° and 88.00° respectively coincide with
relatively strong Mo diffraction peaks. In addition, XRD
pattern illustrates that Ir deposit has polycrystalline
structure [8]. It can be inferred that [IrCl]>” can be
reduced to Ir’ by one step at this potential. Its electrode
reaction is as follows:

[IrCls]* +3e=Ir"+6C1" e))

In addition, the oxidation peak current density is
much smaller than the reduction peak current density,
which indicates that the electrode process is irreversible.

Figure 5 shows the SEM image and line scanning
analysis of cross section of Ir coating/Mo substrate
prepared under the condition above. The yellow direct
line in the middle of the picture is the path of line
scanning. This exhibits good adherence between Ir
coating and Mo substrate with no evident delamination.
The thickness of Ir layer is about 1 um according to the
line scanning analysis of the cross section of the sample.

Fig. 5 SEM image and line scanning analysis of cross section
of Ir coating/Mo substrate

Figure 6 shows the cyclic voltammograms of a Au
electrode at different scan rates in DMAC-BMIC-
BMIBF, containing 0.05 mol/L IrCl; at 90 °C. There is
an evident reduction peak in the range from —1.25 to
—1.40 V in every cyclic voltammogram. With the
increase of scan rate, the reduction peak current density
Jp gradually increases and the peak potential ¢, shifts to
the more negative side.

Figure 7 shows the variation of the peak potential ¢,
with scan rate. It is clear that ¢, and the natural logarithm
of scan rate In v are in good linear relationship, which
implies that this electrode reaction is irreversible.

Figure 8 shows the variation of peak current [, with
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Fig. 6 Cyclic voltammograms of Au electrode at different scan
rates in DMAC—BMIC-BMIBF, containing 0.05 mol/L IrCl;
at 90 °C
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Fig. 7 Relationship between peak potential and scan rate in
DMAC-BMIC-BMIBEF, containing 0.05 mol/L IrCl; at 90 °C
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Fig. 8 Relationship between cathodic peak current and scan
rate in DMAC—BMIC—BMIBF, containing 0.05 mol/L IrCl; at
90 °C

v'2 Tt is clear that 1, and v'? are in linear relationship,
and the straight line goes though the origin of
coordinates, which implies this electrode reaction is
controlled by diffusion [23]. The following relations

exist 1in the irreversible process controlled by
diffusion [24]:

|§0p_(0p/2|:1 857RT/((XHF) (2)
1,=—0.4958nFACoD" v *[anF/(RT)]"* 3)

where ¢, denotes the reduction peak potential, @,»
denotes the half peak potential (V), a denotes the transfer
coefficient, n denotes the number of transferred electrons,
F denotes the Faraday constant (C/mol), /, denotes the
peak current (A), A denotes the surface area of working
electrode (cm?), C, denotes the concentration of the
material body (mol/cm®), D denotes the diffusion
coefficient (cm%/s), and v denotes the scan rate (V/s).
According to Eq. (2), the transfer coefficients of ionic
liquid are listed in Table 3. It is easy to know that the
average transfer coefficient is 0.170. According to Eq. (3)
and the relation between /, and v'* in Fig. 8, the
diffusion coefficient of DMAC-BMIC-BMIBF, of
1.096x10 ° cm”/s is obtained.

Table 3 Data of cyclic voltammograms at different potential

scan rates
v(mV-s")  L/I0'A g /V o= @pal/V a
10 —-0.932 -1.292 0.113 0.168
20 -1.322 -1.32 0.113 0.168
30 —1.642 -1.336 0.114 0.166
40 —1.875 —-1.351 0.111 0.171
50 —2.097 —1.365 0.111 0.171
60 —2.34 -1.371 0.109 0.174

3.4 1Ir coatings prepared by constant potential

electrodeposition

In order to obtain even and dense Ir coatings,
constant potential electrodeposition was conducted at
different potentials. Figure 9 shows the microstructures
of Ir coatings deposited at —1.35 and —-1.45 V
respectively on Mo electrode in DMAC-BMIC—
BMIBF, containing 0.05 mol/L IrCl; at 90 °C. As can be
seen from Fig. 9(a), Ir coatings deposited at —1.35 V are
dense and even, with the diameter of the particle cluster
being 10 um as well as fewer cracks on the outer surface.
This can be attributed to the equilibrium between
nucleation rate and growth rate of the particles when Ir
coatings are deposited near peak potential. Therefore, Ir
particles grow evenly and Ir coatings are deposited
densely. However, Ir coatings deposited at —1.45 V have
uneven surface and big particle clusters, about 50 pum,
with incompact arrangement. This results from the large
driving force during the process of nucleation and
growth, which can easily damage the balance between
them and lead to the intensive growth of particles, and
the larger the diameter of particle clusters is, the more
uneven and looser the coatings are eventually.



1690

Fig. 9 SEM images of Ir coatings obtained at —1.35 V (a) and
~1.45 V (b) on Mo electrode in DMAC-BMIC-BMIBF,
containing 0.05 mol/L IrCl; at 90 °C and deposition time of
12h

4 Conclusions

1) The effects of DMAC on the viscosity,
conductivity and electrochemical window of composite
ionic liquid BMIC-BMIBF, were studied. It shows that
the addition of DMAC can evidently decrease the
viscosity, increase the conductivity and improve the
electrochemical stability along with little change in
electrochemical window. This promote the
electrodeposition experiments if this composite system is
used for electrolyte.

2) IrCl; is reduced to Ir by one step at —1.35 V in
DMAC-BMIC-BMIBF, at 90 °C, which is irreversible
process controlled by diffusion. Analysis of cyclic
voltammograms of a Au electrode illustrates that the
average charge transfer coefficient is 0.170 and average
diffusion coefficient is 1.096x10 ¢ cm?/s.

3) SEM images show that Ir coatings deposited at
the reduction peak potential are dense and even, while
they are loose and uneven at the overpotential.

will
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