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ABSTRACT: Nanocomposite anode materials for water oxidation
have been readily synthesized by electrodeposition of iridium oxide
nanoparticles into poly(pyrrole-alkylammonium) films, previously
deposited onto carbon electrodes by oxidative electropolymeriza-
tion of a pyrrole-alkylammonium monomer. The nanocomposite
films were characterized by electrochemistry, transmission electron
microscopy, and atomic force microscopy. They showed an efficient
electrocatalytic activity toward the oxygen evolution reaction. Data
from Tafel plots have demonstrated that the catalytic activity of the
iridium oxide nanoparticles is maintained following their inclusion
in the polymer matrix. Bulk electrolysis of water at carbon foam
modified electrodes have shown that the iridium oxide−polymer
composite presents a higher catalytic activity and a better operational stability than regular oxide films.
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1. INTRODUCTION
Global energy demand will roughly double by midcentury and
triple by 2100. The success in meeting this energy challenge
will largely depend on the design, research, and development of
new technologies providing a solution for an abundant, clean
and sustainable energy. Typically, the power generated from
natural and renewable sources, including solar and wind, is
undulating and intermittent, which requires energy storage
because of its variability. Hydrogen has emerged as an attractive
candidate for a clean fuel. Thus, an important step toward
meeting this objective is to develop systems that can use an
energy input to split water into hydrogen and oxygen, thereby
providing an effective means for conversion and storage of
energy from green and sustainable sources.1 In this context, a
highly desirable strategy is water electrolysis, a process which
requires a complex proton-coupled multielectron oxidation of
water to dioxygen with the release of four protons, and their
subsequent reduction to dihydrogen.
The four-electron oxidation of water (reaction 1) is a

pressing challenge;1−9 it remains as a bottleneck because of its
associated slow electrode kinetics.10−13

→ + ++ −2H O 4H O 4e2 2 (1)

Therefore, robust electrode materials for the electrocatalytic
oxidation of water are required to produce oxygen efficiently, at
high turnover rates and low overpotential. Noble and transition
metal oxides at high valency remain the best catalysts for water
oxidation.14 Among these, hydrous iridium oxide (IrOx.nH2O)
is one of the most efficient catalysts for the oxygen evolution
reaction (OER) capable of operating over a wide pH range.

Iridium oxide can be synthesized in the form of nanoparticles
and films,14−29 using chemical or electrochemical techniques.30

Broadly, chemical deposition techniques produce stable
materials of low surface area, while the electrolytic oxides can
have high surface area but often poor stability. Progress in the
electrodeposition of stable and active iridium oxide thin films
on different supports have been recently reported.24,26,28

A key factor in the performance of an electrocatalyst is its
nanostructuration,31,32 since efficiency is markedly enhanced by
increasing the surface area-to-volume ratio.33 However,
decreasing the particle size to increase the surface area of the
catalyst results in a reduction of their stability and can lead to
aggregation. Aggregation of metal oxide catalyst particles can be
in principle prevented by using an inorganic matrix7,34 or a
polymer coating.35,36 Thus, to both improve performance
(efficiency and stability) and to reduce the cost of iridium
oxide-based catalysts for the OER, an appealing approach is to
design nanocomposites. To date, two studies have demon-
strated that nanostructuration of electrode materials based on
iridium oxide can increase their catalytic efficiency for OER, but
this work was restricted to the analytical scale.27,29

The modification of electrode surfaces with functionalized
polypyrrole films containing cationic37 or complexing38,39

moieties provides a straightforward and efficient route allowing
high loadings of metal species to be accumulated at electrode
interfaces. The attractive features of polypyrrole-alkylammo-
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nium films are their easy and efficient electrochemical synthesis,
their remarkable high stability when coated on various
electrode surfaces, and overall their outstanding potential
independent ion-exchange properties that allow binding of
anionic metal salts and complexes.37,40,41 The entrapped metal
species can be subsequently electrochemically reduced to
precipitate catalyst particles into the polyammonium matrix.
Composite electrode materials consisting of poly(pyrrole-
alkylammmonium) films containing nanoparticles of noble40

and transition41 metals, or a metal oxide like RuO2,
37,42,43 have

already demonstrated their potential in various electrocatalytic
applications.
Following a similar strategy, we have recently described

preliminary results on the straightforward all-electrochemical
synthesis of iridium oxide-based polymer film modified
electrodes. These were found to be very efficient for the
electrocatalytic oxidation of arsenic(III) species in applications
for trace arsenic removal.44 Here, we report an extended study
on the optimization of the electrosynthesis of nanostructured
iridium oxide−polymer composite electrode materials, together
with structural and redox characterizations of the new materials.
The electrocatalytic activity of the composite materials toward
water oxidation and oxygen evolution has been studied at the
analytical scale using polymer modified microelectrodes, and
also at macroelectrodes in bulk electrolysis experiments. In
addition, the electrocatalytic performances of the IrOx−
polymer composite films were compared to those of regular
electrosynthesized iridium oxide films.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. (3-Pyrrol-1-yl-propyl)-

triethylammonium tetrafluoroborate, denoted monomer 1 (Scheme
1), was prepared according to a previously reported procedure.37

Potassium hexachloroiridate(III) (K3IrCl6, 99%, Aldrich), acetonitrile
(Rathburn HPLC, grade S) and tetra-n-butylammonium perchlorate
(TBAP, Fluka puriss) were used as received. Distilled water was
obtained from an Elgastat water purification system (5 MΩ cm).
2.2. Electrodes, Electrochemical Cells, and Instrumentation.

All electrochemical experiments were performed using a conventional
three-electrode system. Electroanalytical experiments were performed
using a CHI 660B electrochemical analyzer (CH Instruments).
Electrosynthesis of nanocomposites and bulk electrolysis were carried
out using an EGG PAR model 273 potentiostat. Potentials are referred
to the Ag|AgCl (3 M KCl) or to the Ag|Ag+ (10 mM in CH3CN + 0.1
M TBAP) reference electrodes in aqueous and non aqueous
electrolytes, respectively. For analytical experiments, glassy carbon
microelectrodes (3 mm diameter) were polished with 1-μm diamond
paste. Large-scale electrolyses were conducted on modified carbon
foam electrodes (0.5 × 1 × 2 cm, porosity 100 ppi, from
Electrosynthesis). Samples for microscopy characterization were
deposited onto indium tin oxide (ITO) electrodes. All experiments
were conducted at room temperature under an argon atmosphere.
2.3. Preparation of the Nanocomposite Film Modified

Electrodes. 2.3.1. Electrosynthesis of Poly(pyrrole-alkylammo-
nium). Polymer films (denoted poly1) were grown by potentiostatic
oxidative electropolymerization in unstirred solutions of monomer 1
(4 mM) in CH3CN containing TBAP (0.1 M) as supporting
electrolyte.37,40 The extent of the polymerization was controlled

through the anodic charge recorded during electrolysis. The amount of
pyrrole units in the films, and thus the apparent surface coverage in
ammonium units ΓN+ (mol cm−2) were determined, after transfer of
the modified electrodes into monomer-free CH3CN electrolyte, from
the integration of the polypyrrole oxidation wave recorded at low scan
rate (10 mV s−1), assuming that one in three pyrrole units is
oxidized.45 For the preparation of C|poly1-modified microelectrodes,
films with ΓN+ ranging from 2.0 × 10−8 to 6.0 × 10−8 mol cm−2 were
grown onto glassy carbon disc (3 mm diameter) electrodes by
controlled potential oxidation carried out at Eapp = 0.85 V vs Ag|Ag+

(10−2 M), using polymerization charges from 0.5 to 2 mC. Prior to the
incorporation of iridium oxide, the electroactivity of the polymer film
was fully destroyed46 by cycling the electrode potential several times
between 0 and 1.6 V in a clean electrolyte. This allowed measurement
of the intrinsic activity of the incorporated electrocatalyst uncompli-
cated by the redox response of the conducting polymer backbone.
Modification of carbon foam electrodes was achieved by potentiostatic
oxidative electropolymerization of monomer 1 in acetonitrile electro-
lyte at Eapp = 0.9 V vs Ag|Ag+ (10−2 M), using polymerization charges
of 0.5 to 1.5 C. This process led to the deposition of a polymeric
material onto the carbon foam containing about 1−3 μmol of
ammonium groups (electrodeposition yield around 45%).

2.3.2. Electrodeposition of Iridium Oxide. Iridium(IV) oxide was
electrosynthesized using two different processes, denoted Method A
and Method B. As shown by structural characterizations described
below, the electrodeposition of iridium oxide onto poly1 film modified
carbon or ITO electrodes led to the formation of nanostructured
composite films where IrOx nanoparticles are dispersed throughout the
polymer matrix. For comparative structural, redox and catalytic studies,
regular iridium oxide films were coated onto naked carbon and ITO
electrodes using the same electrochemical procedures.

Method A was performed by potential cycling of the electrodes into
an IrIII2O3·xH2O solution. The latter was prepared as follows according
to a literature procedure:19 287 mg of K3IrCl6 (5.5 × 10−4 mol) was
dissolved in 25 mL of 0.1 M aqueous HCl and the solution was stirred
at 80 °C for 2 h under argon to afford a light brown solution of
diaquotetrachloroiridate(III) ion (eq 2). In a second step, argon-
purged aqueous 0.5 M NaOH was added to afford the air-sensitive
solution of iridium(III) oxide Ir2O3.xH2O (eq 3).

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯− −IrCl Ir(OH) Cl6
3 0.1M HCl

2 4 (2)

⎯ →⎯⎯⎯⎯⎯ ·− xIr(OH) Cl Ir O H O2 4
NaOH

2 3 2 (3)

Deposition of iridium(IV) oxide particles was achieved by
electrochemical oxidation (eq 4) using an Ir2O3·xH2O stock solution
by scanning the potential from −0.4 to 1.1 V at 50 mV s−1 at polymer
modified and naked electrodes. (see Figures S1A and S1B in
Supporting Information).

· + → · + +− −x xIr O H O 2OH 2IrO H O H O 2ex2 3 2
Ox

2 2 (4)

Method B: iridium(IV) oxide was formed by acidic hydrolysis of
[Ir(OH)6]

2− aqueous solutions, following the procedure described by
Mallouk.26 Iridium(IV) hydroxide was first prepared as follows
according to literature recipes.26,47 A 2 mM solution of K3IrCl6 in
0.1 M NaOH was slowly raised to 70 °C, then immediately cooled in
an ice−water bath (eq 5).

⎯ →⎯⎯⎯⎯⎯−
°

−IrCl [Ir(OH) ]6
3

70 C

NaOH
6

2
(5)

In a second step, a 0.4 mM solution of [Ir(OH)6]
2− was prepared

by dilution of this stock solution with 0.1 M NaOH. The pH was
adjusted to 8 with aqueous HCl. Electrodeposition of iridium(IV)
oxide onto naked or poly1 film modified electrodes was carried out by
electrochemical oxidation at 0.9 V of this [Ir(OH)6]

2− solution (eq 6).

⎯→⎯−
+

n[Ir(OH) ] IrO H Ox6
2 H

2 (6)

2.4. Atomic Force Microscopy Experiments. Samples for AFM
measurements were prepared by electrodeposition of iridium oxide on

Scheme 1. Pyrrole-Containing Monomer (1) Used in This
Work
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poly1 films deposited on ITO-coated glass electrodes (1 cm2).
Electropolymerization of monomer 1 in acetonitrile electrolyte was
performed at a controlled oxidation potential of 1.1 V vs Ag|Ag+ (10−2

M), using charges of 28 mC (ΓN+ = 6.1 × 10−8 mol cm−2). Iridium
oxide was then electrodeposited onto poly1 films (method B), using
charges of 28 mC (ΓIrOx = 3.6 × 10−8 mol cm−2). For comparative
studies, IrOx was deposited in the same way onto a naked ITO
electrode (ΓIrOx = 4.7 × 10−8 mol cm−2). AFM measurements were
performed with a PicoPlus instrument (Molecular Imaging) equipped
with a PicoScan controller and an AC-mode control box. The
topography images were recorded with different scanning ranges and a
tapping nose was used for imaging. AFM cantilevers with an aluminum
coating (BudgetSensors Tap150Al-G) with a nominal spring constant
of 5 N m−1 were used. The measurement frequency was set to 15%
below the resonance frequency (about 150 kHz). Images were treated
using Gwyddion program.
2.5. Transmission Electron Microscopy Experiments. TEM

samples were prepared first by growing poly1 films onto ITO-coated
glass electrodes (1 cm2) by oxidative electropolymerization of
monomer 1 in acetonitrile electrolyte at 1.1 V vs Ag|Ag+ (10−2 M)
using a charge of 80 mC. Iridium oxide nanoparticles were then
electroprecipitated into polymer films by cycling the modified ITO|
poly1 electrodes 10 times in an Ir2O3.xH2O solution (Method A).
Poly1-IrOx nanocomposite films were peeled off following soaking of
the modified ITO electrode in liquid nitrogen, and a piece of film was
deposited in a flat mold filled with epoxy resin. The resin was cured at
60 °C for 72 h. Cross sections through the thickness of the
nanocomposites were obtained with a diamond knife at a thickness of
70 nm using a Leica UC6 microtome. The thin sections were collected
onto a slotted pattern copper grid (type 75/300) and observed at 200
kV with a JEOL 2010 transmission electron microscope in the
laboratory of “Laboratoire des Mateŕiaux et du Geńie Physique”
(LMGP-CNRS 5628, INP-Minatec, Grenoble, France).
2.6. Analysis of Dioxygen and Hydrogen Peroxide. Real-time

measurements of dissolved oxygen concentration coupled to water
oxidation at poly1-IrOx and IrOx films modified carbon foam
electrodes were made using a YSI Clark-type oxygen electrode
immersed in the electrolytic solution. Prior to each set of experiments,
the oxygen-permeable membrane was replaced to ensure a high quality
response and complete electrical isolation of the Clark electrode from
the bulk solution. The amount of oxygen evolved in the gas phase,
above the liquid phase in the working compartment of the electrolysis
cell, was quantified by gas chromatography using a PerkinElmer
Autosystem XL Gas Chromatograph equipped with a 5 Å molecular
sieve column (oven temperature =303 K) and a thermal conductivity
detector (TCD), using argon as a carrier gas. Prior to each experiment,
GC/TCD calibration was carried out by using oxygen of the air
(20.95%) as reference.
The amount of hydrogen peroxide formed was determined at the

end of each electrolysis experiment, from square wave voltammograms
recorded at a 3 mm diameter Pt disc electrode (see Supporting
Information, Figure S2A). The pulse amplitude was 80 mV, the
potential step height was 1 mV, and the square-wave frequency was 10
Hz. H2O2 was determined from a calibration curve (Figure S2B), and
also by means of the standard addition method.

3. RESULTS AND DISCUSSION

3.1. Electrosynthesis of Poly(pyrrole-alkylammo-
nium)−Iridium Oxide Nanocomposite Electrode Materi-
als. The composition of hydrous iridium oxide films, generally
denoted IrOx, implies a mixture of oxides and hydroxides with
iridium predominantly in the IrIV state.48 It is well-established
that the electrochemical deposition of iridium oxide films on
carbon, platinum, gold or conducting oxide-coated glass
electrodes can be readily performed by oxidation from basic
solutions of iridium oxides19,22,44 and hydroxides.20,26 In
particular, the electrochemical oxidation of an IrIII2O3·xH2O
solution leads to the formation of an insoluble hydrous

iridium(IV) oxide (see Experimental, eq 4).19 Moreover, since
iridium oxide nanoparticles can be formed by acidic hydrolysis
of [IrIV(OH)6]

2− (see Experimental Section, eq 6),47 thin films
of iridium(IV) oxide can be readily anodically grown onto
various electrodes under oxidative induced acidic conditions
due to water oxidation.26

We have recently described44 that thin films of poly1−
iridium oxide nanocomposite can be prepared by scanning C|
poly1 film modified electrodes over the −0.4 to 1.1 V potential
range in an Ir2O3·xH2O solution for 10−25 consecutive cycles
(Method A; see Figure S1B in Supporting Information). As for
regular iridium oxide films electroprecipitated on naked
carbon19 (see Figure S1A in Supporting Information), 10−20
cycles are enough to obtain the best coatings. More cycles do
not give a significant increase in the amount of electrodeposited
iridium oxide.
To take better advantage from the excellent ion-exchange

properties of the cationic poly1 films, here we present another
approach for the electrosynthesis of iridium oxide-based
composite materials, by using the anionic [Ir(OH)6]

2− species
as precursor. Thus, composite films were also synthesized by
precipitation of IrOx into poly1 films by oxidation in the 0.9−
1.0 V potential range into [Ir(OH)6]

2− solutions (Method B;
see Experimental Section). In this case, we can expect a larger
incorporation rate of iridium oxide in poly1 films and a better
nanostructuration of the resulting composite, therefore a higher
catalytic activity of these electrode materials.

3.2. Electrochemical Characterization of Poly(pyrrole-
alkylammonium)−Iridium Oxide Composite Film Modi-
fied Electrodes. When studied by cyclic voltammetry, iridium
oxide-containing composite film modified electrodes prepared
according to Method A (Figure 1A) or Method B (Figure 1B)
exhibit a similar well-behaved and stable redox activity, in acidic
and basic aqueous electrolytes. Taking into account that the
electroactivity of the polymer matrix was purposely destroyed
during the fabrication process (see the Experimental Section),
the redox waves observed on the cyclic voltammograms are
only due to iridium oxide species. This is confirmed by
comparison with the redox features of pure iridium oxide film
coated onto a naked carbon electrode, using for example
Method B (Figure 1C). According to earlier works on the
electrochemical behavior of iridium oxide films,19,20,22,24,26,49

the peaks observed on the cyclic voltammetry curves recorded
at various pH can be unambiguously assigned to the IrIV/III,
IrV/IV and IrVI/V redox couples (see Figure 1A, for example). In
addition, the large increase in the anodic currents observed at
higher potentials is due to the electrocatalytic oxidation of
water by IrVIOx species

24,26 formed in the nanocomposite film,
as discussed in more detail below.
As observed for thin films of iridium oxide nano-

particles,24,26,47,48 the potential of the different redox couples
decreases linearly with increasing pH values. For example, the
potential of the IrIVOx/Ir

IIIOx wave decreases form 0.6 V at pH
1 (Figure 1, curves a) to −0.3 V at pH 13 (Figure 1, curves e).
This corresponds to a decrease of about 75 mV per pH unit,
suggesting that this wave involves removal of one electron/
exchanged proton from the iridium center.19,49

The loading of the deposited iridium oxide ΓIrOx was
determined from the integration of the IrIII/IrIV oxidation wave
(see for example Figure 1A, and Figure S1C in Supporting
Information) recorded at low scan rate (ν = 20 mV s−1) after
transfer of the modified electrode into clean aqueous
electrolyte.
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The electroprecipitation of iridium oxide into polypyrrole-
alkylammonium films appeared more efficient than the coating
of an oxide film on a naked electrode surface. With Method A,
the electrodeposition of IrOx in a poly1 film is slightly larger
than that onto a naked carbon surface. As an example, the
amount of iridium oxide deposited into a poly1 film after 10
consecutive cyclic voltammetry scans in an Ir2O3 solution (see
Supporting Information, Figure S1B) reached 6 × 10−8 mol
cm−2 (Figure S1C, curve b), while in the same experimental
conditions the amount of the iridium oxide coated onto a naked

carbon electrode (Figure S1A) was only of 4.9 × 10−8 mol
cm−2 (Figure S1C, curve a).
As expected, Method B is much more efficient than Method

A for the electrodeposition of iridium oxide into polypyrrole-
alkylammonium films. In very similar experimental conditions,
the amount of IrOx electrodeposited using Method B, by
oxidation at 1.0 V into a solution of [Ir(OH)6]

2−, is more than
twice as large in a poly1 film (ΓIrOx = 7.3 × 10−8 mol cm−2,
anodic charge passed 4.2 mC; Figure 1B) than onto a bare
carbon surface (ΓIrOx = 3.1 × 10−8 mol cm−2, anodic charge
passed 4.5 mC; Figure 1B). This result is due to the efficient
incorporation and concentration by ion-exchange of the anionic
iridium hydroxide precursor into the cationic poly(pyrrole-
alkylammonium) matrix. Moreover Method B appeared more
reproducible than Method A, probably because the solution of
IrIII2O3·xH2O used with Method A is highly air-sensitive,19

contrary to the solution of [IrIV(OH)6]
2− used with Method B.

3.3. Structural Characterization of Poly(pyrrole-
alkylammonium)−Iridium Oxide Films. Our preliminary
investigations44 have demonstrated that the electrodeposition
of iridium oxide into poly(pyrrole-alkylammonium) results in
the formation of a nanostructured composite. Transmission
electron microscopy (TEM) of a cross-sectional area of a thin
film (100 nm; Figure 2A) of iridium oxide−poly1 composite

synthesized using Method A (see the Experimental Section for
the preparation of the samples) reveals that iridium oxide
particles with size ranging from 1−2 nm are well distributed
throughout the composite film (Figure 2B).
AFM measurements in tapping mode were performed in

order to study and to compare the surface morphologies of
composite films and regular iridium oxide deposits, coated on
ITO surfaces using Method B. Figure 3 shows topography
images of the various surfaces. AFM imaging of the surface of
bare ITO presented a homogeneous granular topology (Figure
3A) with a root-mean square roughness (r.m.s.) of 9 nm.
The electrodeposition of iridium oxide onto this naked ITO

gave rise to a clear change in topology (Figure 3B), due to the
formation on the surface of large aggregates of IrOx particles
with an average diameter from 100 to 200 nm (Figure 3E).
This change was also reflected in the r.m.s. value, which was
found to increase significantly to 53 nm.
After modification of the ITO surface with a poly(pyrrole-

alkylammonium) film, the topography appeared nodular,
typical of an electrodeposited poly1 film,40 and the r.m.s.
roughness value increased significantly to 20 nm (Figure 3C).
The deposition of iridium oxide onto the poly1 film modified
electrode resulted in a slight change in the roughness of the

Figure 1. Cyclic voltammetry curves for different iridium oxide-based
modified carbon disc electrodes (3 mm diameter) recorded at pH 13
(0.1 M NaOH; curves a), pH 10 (phosphate buffer; curves b), pH 7
(phosphate buffer and citric acid; curves c), pH 4 (phosphate buffer;
curves d), and pH 1 (0.1 M HNO3; curves e); scan rate 20 mV s−1.
(A) C|poly1-IrOx electrode synthesized with Method A (ΓN+ = 4.3 ×
10−8 mol cm−2, ΓIrOx = 3.6 × 10−8 mol cm−2). (B) C|poly1-IrOx
electrode synthesized with Method B (ΓN+ = 8.3 × 10−8 mol cm−2,
ΓIrOx = 7.3 × 10−8 mol cm−2). (C) C|IrOx electrode synthesized with
Method B (ΓIrOx = 3.1 × 10−8 mol cm−2).

Figure 2. (A) TEM image of a cross-sectional view of a poly1-iridium
oxide composite thin film; (B) enlargement of (A).
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surface, the r.m.s. value increasing from 20 (Figure 3C) to 28
nm (Figure 3D). The very small increase in the r.m.s roughness
value for the composite film is in agreement with the
electrodeposition of iridium oxide into the poly1 matrix, and
not only on the polymer surface. A section analysis of the
surface of the composite (Figure 3F) revealed the formation of
smaller aggregates of IrOx particles (average diameter from 25
to 50 nm) on the surface of the composite film, as compared to
the larger aggregates obtained by electrodeposition of iridium
oxide onto naked ITO (average diameter from 100 to 200 nm;
see Figure 3E). Contrary to TEM analysis, AFM experiments
does not allow to determine the size of the iridium oxide
nanoparticles deposited into the polymer matrix. However,
these results demonstrate that the electrodeposition of IrOx
into a poly(pyrrole-alkylammonium) film resulted in the
formation of a more nanostructured composite, especially
characterized by a homogeneous distribution of much smaller
aggregates of IrOx particles on its surface.
3.4. Electrocatalytic Water Oxidation at C|poly1-IrOx

Modified Electrodes. All the electrocatalytic experiments
have been conducted with electrode materials synthesized using
Method B, which was found much more efficient and
reproducible for the electrosynthesis of nanocomposite films.
Cyclic voltammetry curves recorded with a rotating disc
modified electrode (RDE) at varied pHs clearly show sharply
rising anodic currents at high potentials (Figure 4A),
corresponding to almost quantitative water oxidation and

dioxygen evolution, as confirmed below by preparative scale
electrolysis at large surface modified electrodes.

This behavior is similar to that obtained at carbon electrode
modified with films of iridium oxide nanoparticles.24,26,47 For
example, the current density for water oxidation at 1.2 V (pH
7) is about 100 mA cm−2 at a C|poly1-IrOx RDE modified
electrode (ΓIrOx = 4 × 10−8 mol cm−2; 1000 rpm), which
compares well with the result obtained by Murray and co-
workers using a mesoporous IrOx nanoparticles film under
similar experimental conditions (91 mA cm−2 at 1.3 V, pH 7).24

Potentials for water oxidation at different pH values,
measured at a current density of 25 mA cm−2 from the curves
shown in Figure 4A, are depicted in Figure 4B (red dots, curve
a) and compared to the thermodynamic potentials for the OER
(Figure 4B, black curve b). In these experimental conditions,
the poly1-IrOx composite film modified electrode exhibited an
overpotential for water oxidation varying from 0.4 to 0.5 V in 1
to 13 pH range.
Tafel plots for water oxidation (Figure 5) have been recorded

in acidic (pH 1), neutral (pH 7) and basic (pH 13) electrolytes
at C|poly1-IrOx (Figure 5, red curves) and C|IrOx (Figure 5,
black curves) anodes. Tafel slopes for the OER at various pH

Figure 3. AFM images in tapping mode of (A) ITO naked surface; (B)
ITO coated with IrOx (ΓIrOx = 4.7 × 10−8 mol cm−2); (C) ITO coated
with a poly1 film (ΓN+ = 6.1 × 10−8 mol cm−2); (D) ITO covered with
poly1-IrOx nanocomposite (ΓN+ = 6.1 × 10−8 mol cm−2, ΓIrOx = 3.6 ×
10−8 mol cm−2; (E) and (F) present section analysis of IrOx film and
poly1-IrOx nanocomposite film coated onto ITO surfaces shown in
(B) and (D), respectively; electrodeposition of iridium oxide was
performed using Method B.

Figure 4. (A) Cyclic voltammetry curves for a rotating carbon disc
electrode modified with a poly1-IrOx film (synthesized with Method
A: ΓN+ = 4.3 × 10−8 mol cm−2, ΓIrOx = 3.6 × 10−8 mol cm−2) recorded
at pH 13 (curve a), pH 7 (curve b), and pH 1 (curve c); ω = 1000
rpm, ν = 20 mV s−1. (B) Overpotentials measured at 25 mA cm−2 at
various pH (curve a, data from (A)) compared to the pH-dependent
equilibrium potential of the OER (curve b).
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are very similar for both types of modified electrode (Table 1).
Tafel slopes are in the 30−60 mV dec−1 range, in agreement

with that reported in the literature for regular iridium oxide thin
films.26,47 The average of the Tafel coefficients for these
electrodes is also consistent with typical values calculated in the
course of mechanistic studies for OER at various IrOx-based
electrodes.30,50,51 These observations clearly point out that the
catalytic activity of IrOx nanoparticles toward water oxidation
and dioxygen evolution is fully maintained when they are
incorporated in the poly1 matrix.
3.5. Electrocatalytic Water Oxidation at the Prepara-

tive Scale. The efficiency of the iridium oxide-based
nanocomposite material for bulk oxidation of water at a
macroscopic electrodes was evaluated using poly1-IrOx
modified carbon foam electrodes, and compared with the

electrocatalytic activity of carbon foam modified with regular
IrOx films. For both types of anode, the electrodeposition of
IrOx onto naked or poly1 modified carbon foam electrode was
performed using Method B. Large-scale oxidation of water was
conducted in a three-compartment cell, at 1.3 V (pH 7) or 1.8
V (pH 1) versus the Ag|AgCl reference electrode. Oxygen was
analyzed during the course of the electrolyses in the gas phase
by gas chromatography and in the solution phase using a Clark
electrode (see Experimental Section). Electrolyses were
arbitrarily stopped after the passage of a fixed charge of 50 C,
and the solutions analyzed for hydrogen peroxide by square
wave voltammetry recorded at a Pt electrode (see Experimental
Section). The main results of a series of electrolysis performed
at pH 7 and at pH 1 are listed in Table 2.
Under these experimental conditions, the composite films

presented a better catalytic activity and a higher operational
stability than regular oxide films. For example, at pH 7 the
initial catalytic current recorded with a pure oxide film (16 mA;
Table 2, entry 1) was significantly lower than that obtained at
C|poly1-IrOx anodes (26 mA) containing the same (0.1 μmol;
entry 3), or even lower catalyst loading (0.04 mmol; entry 2).
These results were confirmed by experiments conducted at pH
1, where a higher initial current was obtained at a C|poly1-IrOx
modified electrode (62 mA; entry 5), as compared to a C|IrOx
anode (45 mA; entry 4) containing a higher amount of catalytic
oxide. The higher efficiency of the composite material
synthesized with a lower amount of iridium oxide (Table 2,
entry 5) can be explained by higher catalytic surface area-to-
volume ratio, due to the nanostructuration of the composite as
suggested by the TEM and AFM characterizations.
In all experiments, we observed a significant drop in the

initial current of each electrolysis. After the consumption of a
few coulombs, the catalytic current remained almost stable.
However, an important feature of the poly1-IrOx composite
film is an improved operational stability. For example, under
comparable conditions (pH 7) after the consumption of 50 C,
we observed a decrease in the catalytic current of 20% (entry
3), while with a C|IrOx modified electrode containing the same
amount of catalyst the best result was a decrease of 25% in the
electrolysis current (Table 2, entry 5). Moreover, in acidic
electrolyte (pH 1). the composite material appeared much
more stable (decrease in the catalytic current: 15%, entry 5)
than a pure oxide film (decrease in the catalytic current: 55%,
entry 4).
An interesting point is that the amount of hydrogen

peroxide, formed by a noncatalytic 2-electron process, is
significantly lower at the C|poly1-IrOx modified electrodes (2%;
entries 2 and 3) than on a regular oxide film (5%; entry 1)
when the electrolysis are performed at pH 7. This result could
be explained by the fact that the polymer film partially blocks

Figure 5. Tafel plots for the OER at C|poly1-IrOx (red curves; 3 mm
diameter, ΓN+ = 5.5 × 10−8 mol cm−2, ΓIrOx = 3.1 × 0−8 mol cm−2) and
at C|IrOx (black curves; 3 mm diameter, ΓIrOx = 4.2 × 10−9 mol cm−2)
electrodes, recorded at pH 1 (0.1 M H2SO4; curve a), pH 7
(phosphate buffer; curve b), and pH 13 (0.1 M NaOH; curve c); ω =
1000 rpm, ν = 20 mV s−1.

Table 1. Tafel Slopes for the OER Recorded at IrOx and
Poly1-IrOx Film Modified Carbon Electrodesa, at Various
pH

electrode pH Tafel slope/mV dec−1

C|poly1-IrOx
b 1d 31

C|IrOx
c 1 33

C|poly1-IrOx
b 7e 43

C|IrOc 7e 41
C|poly1-IrOx

b 13f 52
C|IrOx

c 13f 58
aSynthesized with Method B. bΓN+ = 5.5 × 10−8 mol cm−2, ΓIrOx = 3.1
× 10−8 mol cm−2. cΓIrOx = 4.2 × 10−8 mol cm−2. d0.1 M H2SO4.
ePhosphate buffer. f0.1 M NaOH.

Table 2. Results for the Electrocatalytic Oxidation of H2O at Pure IrOx and poly1-IrOx Film Modified Electrodes

entry pH Eapp/V
a electrodeb poly1/μmol IrOx/μmol Ii/mAc If/mAd O2 yield/%

e H2O2 yield/%
f

1 7g 1.3 C|IrOx - 0.1 16 12 95 5
2 7g 1.3 C|poly1-IrOx 0.6 0.04 26 6 97 2
3 7g 1.3 C|poly1-IrOx 0.75 0.1 26 21 99 2
4 1h 1.8 C|IrOx - 0.12 45 20 99 trace
5 1h 1.8 C|poly1-IrOx 0.6 0.07 62 53 99 trace

aApplied electrolysis potential, vsAg|AgCl (3 M KCl). b1 cm3 of modified carbon foam (100 ppi); electrodeposition of IrOx was performed using
Method B. cInitial current. dFinal current, measured after the consumption of 50 C. eTotal yield of produced O2, measured in the electrolyte with a
Clark electrode and in the gas phase by GC. fDetermined by SWV at a Pt disc electrode. gPhosphate buffer. h0.1 M H2SO4.
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direct access to the carbon surface, and consequently the 2-
electron oxidation of water. The very low amount of hydrogen
peroxide measured with both kind of electrodes when
electrolysis was performed at pH 1 (entries 4 and 5) is
probably due to the higher oxidation potential (1.8 V) applied
in these experimental conditions, which leads to the oxidative
decomposition of H2O2.

52

4. CONCLUSION
In conclusion, we have demonstrated that iridium oxide-
polymer nanocomposites synthesized using a straightforward
all-electrochemical strategy, by precipitation of iridium oxide
nanoparticles into a poly(pyrrole-alkylammonium) matrix, are
efficient electrode nanomaterials for electrocatalytic water
oxidation in an OER. Electroanalytical investigations have
shown that the electrocatalytic activity of iridium oxide
nanoparticles is fully maintained when they are incorporated
in the polymer matrix. Bulk electrocatalytic oxidation of water
at carbon foam modified macroscopic electrodes has shown
that the composite films display a high catalytic activity and a
reasonable operational stability, exceeding that of regular
iridium oxide films containing a higher loading of catalyst.
The enhanced catalytic performances of the composite
electrode materials can be attributed to their nanostructure,
as shown by TEM and AFM characterization.
Finally, we note that the very simple strategy reported herein

for the assembly of composite films using alkylammonium
functionalized electropolymers might well be extended to
emerging electrocatalyst for water splitting based on earth-
abundant elements.
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