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ABSTRACT: Synthesis of mesoporous iridium oxide films via soft templating and evaporation- 1 ul m 1<s0
induced self-assembly is demonstrated employing an amphiphilic triblock-copolymer PEO-PB-PEQ. = sufece * * ‘ |
Films possess nanocrystalline walls and feature locally ordered pores of about 16 nm diameter.

Analysis of the film properties by SEM, TEM, EDX, XPS, SAXS, XRD, and BET along the thermal | evstiite
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treatment that succeeds dipcoating shows that the polymer template is removed by calcination C | RH2505I500RC
between 200 and 300 °C, accompanied by uniaxial shrinkage of film and pore system perpendicular - ﬁd . %
to the substrate. Treating the film in excess of 450 °C leads to further growth of crystallite size and loss N e |

of surface area progressing gradually with increasing calcination temperature. Templated IrO, films ~ *= = i

conditioned at 450 °C show substantially reduced electrocatalytic overpotentials (efficiency W | ﬁ
increases) for the oxygen evolution reaction (OER) compared to those of untemplated coatings. == e JEEOIEE00RC

Pore templating thus enables direct control over surface catalytic properties of iridium oxide.
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B INTRODUCTION

Materials based on iridium oxide are versatile and attractive candi-
dates for numerous applications, such as supercapacitors," electro-
chromic materials,®~ stimulating neural electrodes,” 7 and micro-
electrode for pH sensing.® !> Electrodes containing iridium were
also used as catalyst for the electro-catalytic chlorine evolution
reaction'* and oxygen evolution reaction (“OER”) as anodic part of
the electrosplitting of water into hydrogen and oxygen.'>*' In fact,
iridium oxide is commonly selected as an anode material for the
OER in strong acidic environment, because it is the only suitable
material, in terms of both stability and activity. Its significant cost
demands therefore the synthesis of iridium-based catalysts with the
highest possible activity, which can be greatly facilitated by nanos-
tructuring of the material as demonstrated in this work.

Films composed of IrO, can be synthesized by a variety of
methods like sputtering,"*'®** electrodeposition,”'*'>** spray
deposition,® or atomic layer deposition.* Moreover, chemical
methods starting from precursors such as iridium chloride were
used in combination with dip- and spin-coating to create iridium
oxide coatings on substrates such as ITO-coated glasses and
titanium.>*?

Many applications of oxide films (sensing, catalysis, or electro-
chemistry) benefit from increased surface area of such coatings,
which can be achieved by nanostructuring of the material leading
to increased porosity and thus higher surface area and improved
accessibility of the surface for reactive species. Iridium oxide
coatings with increased surface area yet disordered porosity have
been produced in different chemical or electrochemical ways.
For example, solutions containing an iridium salt and a rare earth
salt were dipcoated onto titanium substrates followed by a heat
treatment. The resulting oxide of the rare earth was subsequently
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removed by exposure to 0.5 M H,SOy, leaving a porous Ir oxide
layer behind. Such layers possessed mesopores with a wide size
distribution ranging from 2 to 10 nm.”**® Nakagawa et al. deposi-
ted a highly porous film consisting of IrO,-nanoparticles onto a
glassy carbon electrode via controlled-potential electro-floccula-
tion starting from ~2 nm nanoparticles prepared by thermal
hydrolysis of K,IrCls at pH 13.'° El Sawy et al. prepared Ir films by
electrodepostion of H,IrCls-xH,O in 0.5 M H,SO,. Films
possessed 50% porosity and featured pore sizes between 5 and
25 nm. The deposited Ir films were subsequently converted
electrochemically into Ir oxide.”’

In general, better control over pore size and pore connectivity of
oxide coatings can be achieved employing hard or soft templates
with narrow size distribution as pore-directing agent. Typically
employed porogens are polymer spheres (macro pores) or micelles
of amphiphilic block-copolymers (mesopores). Due to an increase
in accessible active surface area porous materials show improved
performance as electrochemical device™® as reported, for example,
by Jiang et al. for macroporous Ir oxide films featuring pores of
about 0.5—0.6 um diameter derived from polystyrene microsphere
templates.” In contrast to macroporous materials, the synthesis of
templated mesoporous iridum oxide films with narrow and con-
trollable pore size distribution has not been reported so far.

The present study reports the synthesis as well as structural, com-
positional, and electrocatalytic properties of periodically ordered
mesoporous IrO, coatings. Pores were templated by micelles of
amphiphilic block-copolymers using “evaporation-induced self as-
sembly” (EISA);***° this represents the first successful preparation
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Figure 1. (A) TEM analysis of templated mesoporous IrO, film calcined at 300, 400, and S00 °C. The lower left image show a HRTEM analysis of the
500 °C sample with a corresponding FFT plot (inset). (B) SAED patterns corresponding to the TEM images shown in A. The lower left image represent

the hkl indices of crystalline IrO, (PDF-No.: 150870).

of mesoporous iridium oxide coatings using soft templating. More-
over, special emphasize is placed on understanding the evolution of
crystallinity and pore structure of iridium oxide, because catalyst
stability in the oxygen evolution reaction crucially depends on
forming crystalline walls, whereas pores are essential for obtaining
high surface areas and thus optimal catalytic performance.

Employing a wide range of characterization techniques, the
present study provides fundamental insights into the formation
and crystallization behavior of mesoporous Ir oxide films as well as
the templating properties of PEO-PB-PEO polymer templates. The
evolution of the oxide coatings structure and porosity is elucidated
analyzing materials calcined at different temperatures ranging from
80 to 800 °C. Pore morphology and pore order as well as the
crystallinity of the resulting Ir oxide films were investigated by
transmission and scanning electron microscopy (TEM, SEM),
selected-area electron diffraction (SAED), 2D small-angle X-ray
scattering (2D-SAXS), and X-ray diffraction (XRD). Moreover,
film composition and film porosity were studied by energy-
dispersive X-ray spectroscopy (EDX) and physisorption measure-
ments, respectively, to follow removal of the polymer that served as a
pore template. Activity measurements of the mesoporous IrO, films
for the electrocatalytic splitting of water revealed significantly
reduced overpotentials on the porous surfaces, resulting in im-
proved catalytic energy efficiencies.

B EXPERIMENTAL SECTION

Film Synthesis. Silicon wafers as well as titanium cylinders were
coated with iridium oxide films via dip-coating and subsequent thermal
treatment. Prior to coating, Si wafers were cleaned with ethanol, whereas
titanium cylinders were polished by SiO,-polishing paste, then ultra-
sonicated in water and finally rinsed with ethanol. Dip coating solutions
were prepared adding 450 mg of iridium(I1I) acetate (Heraeus, 48.8% Ir
content) and 90 mg of a polymer template poly(ethylene oxide)-b-
poly(butadiene)-b-poly(ethylene oxide) (containing 18 700 g/mol PEO
and 10 000 g/mol PB, from Polymer Service Merseburg GmbH) to a

volume of 3 mL of ethanol. Dip coating was performed in a controlled
atmosphere at a temperature of 25 °C and a relative humidity of 40%
using a substrates withdrawal rate of 200 mm/min. The as-synthesized
films were then immediately heat treated for 5 min inside a preheated
muffle furnace in an atmosphere of flowing air. Temperatures for the
heat treatment ranged from 80 to 800 °C. For the synthesis of
untemplated IrO, films a dip-coating solution of identical composition
was used, yet without addition of the polymer template. Moreover, the
same conditions were applied for dip-coating and calcination as for
templated films.

Instrumental Techniques. Transmission electron micrographs
(TEM) were recorded on a FEI Tecnai G* 20 S-TWIN instrument
operated at 200 kV on film samples scraped off from the substrates. SEM
imaging was performed using a JEOL 7401F instrument at an accelera-
tion voltage 10 kV and at a working distance of 4 mm. To determine the
film thickness coated silicon wafers were split in two pieces and imaged
in cross section. Image J Version 1.39u (http:// rsbweb.nih.gov/ 1]) was
employed to determine the pore diameter, film thickness and to derive
FFT plots from the SEM images.

Elemental composition of freshly coated silicon wafers was measured
at accelerating voltages of S and also at 10 kV by EDX (Bruker Quantax
400) attached to the SEM. EDX analysis on different positions of each
film did not show significant differences for the elemental composition
of the films, thus indicating homogeneous coatings. XPS spectra were
acquired on a KRATOS AXIS 165 spectrometer with Mg Ka. X-ray
source (225 W). The hydrocarbon Cls signal at 284.6 eV was used as the
energy reference to correct for charging.

2D SAXS patterns (small-angle X-ray scattering) were recorded on a
Bruker Nanostar (three-pinhole collimation system) using a copper
anode as X-ray source (Cu Kot radiation), a 2D detector (2-D HI STAR
1024 x 1024 pixels) with a sample-to-detector distance of 670 mm and
employing a sample holder that enabled rotation of the sample between
90° and 10° relative to the incident beam. Respective oxide films were
coated on thin silicon wafers (S0 um) and analyzed in transmission
mode with a beam incident angle of # = 90° and 3 = 10° with respect to
the film surface. XRD data was measured on a Bruker D8 Advance
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instrument (Cu Kot radiation). The average crystallite size was calcu-
lated applying the Scherrer equation to the (110) peak of IrO,.

Krypton adsorption isotherms for the porous oxide coatings were
measured at 77 K with a Quantachrome Autosorb-1-C. Prior to adsorp-
tion, the samples were degassed in vacuum at 200 °C. Specific surface
areas were calculated from the Brunauer—Emmett—Teller (BET) meth-
od. To facilitate a direct comparison, the derived absolute surface area was
then related to the geometrical area (planar dimensions) of the coated
substrate.

Electrochemistry. Electro catalytic performance for the oxygen
evolution reaction (OER) was tested on films coated on polished titanium
cylinders with a diameter of 5 mm. All electrochemical experiments were
performed in a three-electrode rotating disk electrode (RDE) cell at room
temperature using a BioLogic Science Instruments BiStat potentiostat at
1600 rpm. A platinum mesh (99.9%) was employed as counter electrode,
whereas a Hg/HgSO, electrode (calibrated versus a reversible hydrogen
electrode, RHE; 717 mV) served as reference electrode. A 0.1 M HCIO,
(Sigma-Aldrich, 99.999%) solution was used as supporting electrolyte.

Prior to the experiments, solutions were deaerated by nitrogen. Then
cyclic voltammograms (CV) for the catalytic OER activity of each film
sample were measured in a potential window between 1.0 and 1.65 Vata
scan rate of 6 mV/s. The uncompensated ohmic solution resistance was
measured by impedance spectroscopy to correct for ohmic potential
drops at higher current densities. Finally, CVs were recorded in a
potential window between 0.4 and 1.4 V at a scan rate of 50 mV/s.

B RESULTS AND DISCUSSION

General Film Properties. Morphology and crystallinity of
mesoporous iridium oxide films were analyzed by TEM and
SAED. Figure 1 shows data recorded on samples coated on Si
wafers and calcined in air for 5 min at 300, 400, and 500 °C,
respectively. The TEM image of the 300 °C sample (Figure 1A,
300 °C) reveals spherical pores with a diameter of about 16 nm.
The pore order can be clearly recognized, with pores penetrating
the complete sample. TEM images of Ir oxide films heat treated at
400 and 500 °C show a slight deformation of the pore shapes. The
deformation can be attributed to the progressing growth of the Ir
oxide nanocrystals that form the mesopore walls. High-resolution
TEM (HRTEM) micrographs of the sample calcined at 500 °C
(Figure 1A lower left) show distinct lattice fringes, indicating that
the pore walls are composed of nanocrystalline iridium oxide.
Moreover, the corresponding Fourier transformed image (inset in
the HRTEM, Figure 1A lower left) reveals diffraction spots that
can be assigned to the (110), (101) and (200) d-spacings of IrO,.
Both, the position of diffraction spots as well as the orientation of
lattice fringes, indicate that the Ir oxide film is composed of
randomly oriented IrO, nanocrystals.

Figure 1B shows SAED data for films calcined at 300, 400, and
500 °C as well the reference data for crystalline IrO, (PDF-No.
150870, Figure 1B lower left). For the 500 °C calcined sample,
the position of the hkl- indices coincides clearly with the lattice
parameters of crystalline IrO,. Moreover, weak diffraction rings
can be already observed in SAED for mesostructured Ir oxide
films heat-treated at 300 °C (Figure 1B, 300 °C), which indicates
beginning crystallization of Ir oxides. The SAED image of the
sample calcined at 400 °C shows similar weak diffraction rings.
The data are in agreement with the literature, where for sputtered
iridium oxide films the amorphous—crystalline transition for
IrO, has been observed already at temperatures as low as 200 to
300 OC.31'32

XPS analysis of the films surface composition further corro-
borates that iridium is present in the films as IrO,. Figure 2 shows
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Figure 2. XPS spectra of the Ir4f region of templated mesoporous IrO,
film calcined at 300 and 500 °C.

XPS spectra of the Ir4f region recorded for mesoporous films that
were calcined at 300 °C and at 500 °C, respectively. Both spectra
show identical characteristics, with maxima that are positioned at
a binding energy of 61.2 eV for the Ir4f;,, peak. The binding
energy agrees with the value of 61.2 eV reported in literature for
IrO,,> confirming that also the surface of mesoporous films is
composed of iridium dioxide.

Evolution of Film Morphology and Chemical Composition
upon Thermal Treatment. Films dip-coated on Si wafers at
constant withdrawal rate were subsequently calcined at different
temperatures between 80 and 800 °C and then analyzed by SEM
and EDX to explored film homogeneity, substrate coverage as
well as the evolution of film porosity as a function of calcination
temperature. Moreover, cross-section SEM images were re-
corded to follow the temperature-induced film shrinkage.

SEM images corresponding to films calcined at 300, 400, 500,
600, and 700 °C, respectively, are shown in Figure 3 at magnifica-
tions of 100 000x (upper row) and 300000x (lower row). For
comparison, images of an untemplated IrO, film synthesized in
absence of the micelle-forming block-copolymer and calcined at
300 °C are shown in the left column of Figure 3.

The SEM images confirm that in general all films are macro-
scopically crack free. Moreover, the direct comparison between
films synthesized in absence (Figure 3, left column) and presence
(Figure 3, all other images) of the template polymer proves that
micelles of the PEO-PB-PEO generate mesopores of narrow size
distribution which are open to the outer film surface. No pores
could be distinguished in SEM images of templated iridium oxide
films heat treated at temperatures at 200 °C (not shown),
indicating that such low temperatures are insufficient for removal
of the polymer template from the coatings.

Templated films calcined at 300 and 400 °C exhibit spherical
pore openings of 16 nm in diameter (Figure 3). The mesopores are
uniform in size and shape. The FFT-transformed images corre-
sponding to the top-view SEM images (insets in Figure 3, 300 and
400 °C, upper row) show clearly a ring that indicates a well-ordered
pore arrangement of differently oriented pore domains, where the
periodic distance between pore centers amounted to about 23 nm.
The thickness of the pore walls ranges from S to 10 nm. SEM images
of templated films calcined at 300 and 400 °C recorded at 300 000 <
magnification (Figure 3, lower row) show that the pore walls exhibit
a secondary porosity with pores being smaller than 2 nm in size.
This microporosity is also observed in the untemplated IrO, film
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Figure 3. SEM images of mesoporous (“templated”) iridium oxide films calcined at 300, 400, 500, 600, and 700 °C (from left to right) imaged at a
magnification of 100000 X (top row) including the respective FFT of the image as inset. Corresponding SEM images at a magnification of 300000 X are
shown in the bottom row. The iridium oxide film prepared without pore template and calcined at 300 °C (“untemplated”) is shown for comparison in the

left column.

calcined at 300 °C (Figure 3, left column). Hence, the formation of
textural microporosity is not related to the presence of the template
polymer. One possible explanation for the textural porosity is the
generation of CO, formed during thermal decomposing of the
iridium acetate precursor.

With increasing calcination temperature the shape of templated
spherical mesopores starts to degrade (Figure 3, S00 °C). More-
over, films treated at 500 °C show slightly changed pore order,
although a distinct ring is still visible in the FFT (Figure 3, 500 °C,
inset). Pore walls look more compact and appear to be composed
of individual nanoparticles of about 4 to S nm in size. Due to
crystallization and sintering of Ir oxide, the secondary microporos-
ity in the pore walls, i.e., voids between the individual nanoparticles,
becomes more apparent. Films calcined at either 600 or 700 °C
show a further increase in the size of the particles that form the pore
walls, accompanied by a reorganization of the templated mesopor-
ous structure (Figure 3, 600 and 700 °C) into a so-called “gridlike”
structure, which has been observed by Grosso et al. for Pluronic
templated TiO, films.** SEM images of samples calcined at 600 and
700 °C reveal parallel strings of particles, which indicate the pre-
ferred gridlike orientation of pores. Moreover, the gridlike mesos-
tructure can be also recognized from the appearance of a pair of
bright spots in the FFT’s corresponding to the SEM images (inset
in Figure 3, 600 and 700 °C). Nevertheless, macroscopic film
quality remains excellent, i.e., the further heating does not induce
cracking of the films.

The chemical composition of templated iridium oxide films
coated onto Si wafers and treated at different calcination tempera-
tures up to 800 °C was analyzed by EDX attached to the SEM at
accelerating voltages of S and 10 kV. For all films only EDX signals

corresponding to carbon, oxygen, iridium and silicon (Si from
the substrate) were observed, i.e. the chemical elements that con-
stitute the ingredients of the coating solutions. To reveal the effect
of calcination temperature on the removal of polymer template
from the film EDX signals were quantified. The derived carbon
content (at %) was then related to the iridium content (at %) and
normalized in a way that the C: Ir ratio corresponds to 100% for a
film before thermal treatment (“25 °C”). Figure 4 illustrates the
effect of thermal treatments on various film properties, where in
particular Figure 4A details the calculated relative carbon content
as a function of calcination temperature. Iridium oxide films heat-
treated up to 200 °C show only a small decrease in carbon content
of about 8%, whereas a rapid decrease in carbon content of about
84% is detected when the temperature is raised from 200 to
300 °C. Further temperature increases ranging from 300 to 800 °C
are not associated with a further significant change in carbon
content. The slight initial decrease in carbon content up to
200 °C can be explained by evaporation of residual volatile organic
compounds such as ethanol that remained in the film after dip-
coating and drying. In contrast, the rapid decrease in carbon
observed between 200 and 300 °C is attributed to the removal of
the polymer template PEO-PB-PEO from the film by combustion.
The fact that the carbon content does not change significantly upon
further heating suggests that all carbon stemming from the template
polymer is removed from the film between 200 and 300 °C. Such
interpretation is in agreement with the fact that templated meso-
pores were observed by SEM only for films calcined at 300 °C or
higher temperatures (Figure 3).

The thickness of coated films was determined from cross-
section SEM images as a function of calcination temperature
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Figure 4. Impact of thermal treatment on properties of templated iridium oxide film: (A) normalized ratio of carbon/iridium derived from EDX analysis
(the ratio of carbon content to iridium content (at %) was computed and normalized to the initial value measured before thermal treatment); (B) total
film thickness derived from cross-section SEM images; (C) in-plane and out-of-plane d spacings derived from 2D-SAXS analysis revealing the film
contraction parallel and perpendicular to the substrate; (D) crystallite size from XRD analysis calculated from the FWHM of the (110) IrO, reflection
using the Scherrer equation; (E) Kr-BET surface area in m* of film per m* of the substrates planar dimensions. All properties shown as a function of
calcination temperature. For better comparison, the values derived for the sample calcined at S00 °C are marked by a circle.

(Figure 4B). The films possess an initial thickness of about 560 nm
right after dip-coating (“25 °C”). Heat treatments up to 200 °C
induce only minimal film shrinkage. In contrast, extensive film
shrinkage from 500 nm to about 150 nm is observed between 200
and 300 °C. A further increase in calcination temperature up to
800 °C does not result in further significant film shrinkage. The
observation that a significant decrease in film thickness occurs only
between 200 and 300 °C supports the interpretation that removal
of the PEO-PB-PEO template from the coated films proceeds in
this temperature interval, and proves that the template removal is
associated with strong contraction of the film perpendicular to the
substrates surface.

In conclusion, dip-coating of substrates in an ethanolic Ir acetate
solution employing a PEO-PB-PEO polymer template followed by
calcination created homogeneous iridium oxide films with locally
ordered mesopore structure. The template stabilizes the mesos-
tructured films up to a temperature of 200 °C, but is completely
removed from the films at 300 °C or higher calcination tempera-
tures. Template removal is associated with strong shrinkage of the
film perpendicular to the substrate, yet SEM images reveal spherical
mesopores openings of 16 nm diameter that are uniform in size
and shape.

Pore Ordering. The evolution of the pore order and pore mor-
phology as a function of the heat treatment temperature was
analyzed based on 2D SAXS data recorded in transmission mode
on films coated on 50 #m thin Si wafers. Figure 5 shows 2D-SAXS

3205

patterns of templated films recorded at 3 = 90° (upper row) and
B = 10° (lower row) between the film surface and the incident
beam right after dip-coating (“25 °C”) as well as after heat treat-
ments at 200, 300, 400, 500, and 600 °C, respectively.

Right after dip-coating (Figure S, 25 °C) the SAXS image
recorded at 3 = 90° features an isotropic ring, which indicates that
the “as-deposited” mesostructured film comprises domains of
PEO-PB-PEO micelles that are locally ordered parallel to the
substrate. The same sample tilted in a way that the angle between
substrate surface and incident beam decreases to 3=10° shows also
a ring pattern, but with slight deformation toward elliptical shape.
Hence, polymer micelles are also ordered perpendicular to the
substrate, yet that the cubic pore-solid architecture shows a higher
degree of lattice distortions.>> The d-spacing of 22 nm in the xy-
direction (in-plane, i.e., parallel to the substrate) and 16 nm in the
z-direction (out-of-plane, i.e., perpendicular to the substrate)
obtained from the § = 10° scattering image suggests that the
drying and solvent evaporation upon film deposition create an
elliptically deformed pore morphology typical for sol—gel derived
micelle templated films, in which the major axis of the ellipsoid is
arranged parallel to substrates surface.** >* Hence, the resulting
pore morphology differs from an ideal spherical shape due to film
shrinkage that occurs preferably perpendicular to the substrate
during the EISA process.

SAXS pattern of iridium oxide films calcined at 200, 300 and
400 °C recorded with the substrate positioned perpendicular

dx.doi.org/10.1021/cm200761f |Chem. Mater. 2011, 23, 3201-3209
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Figure S. 2D SAXS patterns of templated mesoporous IrO, films after thermal treatment at 25, 200, 300, 400, 500, and 600 °C, respectively, recorded in
transmission mode with a beam incident angle of f = 90° and 8 = 10° with respect to the film surface.

to the beam (8 =90°) (Figure S) all display an isotropic ring. The
film treated at 200 °C exhibits d-spacings of 22 nm (in-plane) and
15 nm (out-of-plane), which is very close to the value observed for
the film treated at 25 °C. In contrast, samples treated at 300 and
400 °C film show a strong change in the SAXS patterns, where the
shape of the ring becomes elliptically distorted when recorded out
of plane, suggesting a contraction of the pore system perpendicular
to the substrate. The strong distortion of the pore system observed
between 200 and 300 °C coincides with a significant decrease in
film thickness (Figure 4B) and removal of carbon (Figure 4A),
suggesting that template removal and unidirectional film shrinkage
occur concomitant.

SAXS patterns of Ir oxide films treated at 500 °C feature a ring
(B=90°) as well as a weak ellipsoid ( = 10°) with the same
d-spacings as films treated at 300 and 400 °C, but in addition a diftuse
corona appears at higher scattering angles. The diffuse corona is
observed at both beam incident angles of 8 = 90° as well as § =
10°, which indicates these textural feature being independent of
the film orientation relative to the substrate. SAXS analysis of
materials calcined at 600 °C does not show clear diffraction rings
anymore, whereas the corona prevails (Figure S, 600 °C). The
disappearance of the diffraction pattern is attributed to the loss of
the cubic mesopore structure, which coincides with the forma-
tion of a sintered nanocrystalline surface observed in SEM images
(Figure 3, 600 °C).

Appearance of the corona in the 2D SAXS images for samples
treated at temperatures exceeding 450 °C could be explained by
the formation of increased secondary microporosity, which was
observed in SEM for samples treated at S00 °C (Figure 3), where
micropores of different size grow in between the ordered meso-
pores and thus yield a broad additional diffraction signal. Another
conceivable explanation is the possibility that the weak ring in the
SAXS images originates from X-ray scattering on the individual
IrO, nanoparticles that are formed upon crystallization at tem-
peratures exceeding 400 °C. Thus, the SAXS pattern could also
result from a combination of diffraction (mesopores) and
scattering (IrO, nanoparticles). The present data does not allow
to distinguish between both explanations unambiguously.

To quantify the effect of thermal treatment on the changes of
film mesostructure, we depict in Figure 3C the in-plane and out-of-
plane d-spacings as deduced from the 2D SAXS patterns as a
function of calcination temperature. The dimension parallel to the
substrate (in-plane) does not show any significant change, ie.,
films do not contract parallel to the substrate. In contrast, already
after dip-coating and drying (25 °C), the value for the out-of-plane d
spacing is 30% lower than the in-plane d spacing. Moreover, at a
temperature of 300 °C, the d-spacing in z direction decreases
drastically from 15 to about 6 nm between. Hence, the template
removal at 300 °C is accompanied by a unidirectional contraction of
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Figure 6. XRD pattern of templated iridium oxide films after calcination
at temperatures ranging from 300 to 800 °C, and of the uncoated
substrate (Si wafer). Assigned hkl indices correspond to crystalline IrO,
(PDE-No.: 150870).

the pore system perpendicular to the substrate, which does not
progress any further above 300 °C.

Crystallinity. In addition to electron diffraction (Figure 1B),
crystallization of iridium oxide as well as crystal growth were also
followed via X-ray diffraction as a function of calcination tempera-
ture. Figure 6 shows diffractograms recorded on films coated onto
silicon wafers and then calcined at temperatures ranging from 300
to 800 °C. After heat treatment at 300 and 400 °C only reflections
attributable to the substrate (i.e., silicon wafer) can be observed,
whereas the more sensitive SAED provided evidence for crystal-
linity formation already at 300 °C (Figure 1B). Crystalline IrO, can
be distinguished by XRD starting at temperatures of 450 °C as
suggested by the appearance of broad reflections at angles of 28°
and 35°. With increasing temperature progressively sharper reflec-
tions are observed, suggesting improved crystallinity, and the
(110), (101), (200), (211), and (220) reflections of crystalline
IrO, (PDF-No. 150870) can be clearly distinguished (Figure 6).

To quantify the impact of calcination temperature, we calculated
the average crystallite size from the (110) reflection via Scherrer
equation. Corresponding values are plotted in Figure 4D. The
crystallite size observed at 450 °C amounts to about 4 nm. With
increasing calcination temperature the crystallite size continuously
increases up to about 11 nm at 800 °C (Figure 4D), suggesting an
ongoing sintering process. This observation agrees well with evi-
dence derived from microscopy (Figure 3) that crystallites progres-
sively grow above 400 °C. In conclusion, film texture and crystallinity
are controlled by the calcination protocol, and ordered mesoporosity
concomitant with crystalline pore walls as desired for application can
be achieved in the temperature window of 300—500 °C.

Surface Area. The surface area of nanostructured oxides is an
important criterion for many applications. Hence, the surface area
of films calcined at different temperatures was analyzed employing
Krypton as adsorbate. Figure 4E depicts the evolution of BET
surface area normalized to the substrate planar dimensions in m*
film per m” substrate for different calcination temperatures. The
BET surface area after thermal treatment of the films at 200 °C and
lower temperatures, i.e., before template removal, was too low to
be measurable. In contrast, the BET value of 140 m” of film per m”
of substrate measured for a film calcined at 300 °C clearly suggests
that at such temperature the polymer template has been removed

from the film creating accessible porosity. When increasing
calcination temperature to temperatures exceeding 300 °C the
surface area continuously decreases, reaching about 20 m?2/m? at
700 °C (Figure 4E). This continuous decrease in surface area with
increasing calcination temperature is attributed to the sintering of
crystallites evidenced by SEM and XRD.

Expressed in units of m”/g the surface area translates into 248
and 83 m”/g for samples calcined at 300 and 550 °C, respectively.
The values are in agreement with specific surface areas typically
observed for other templated inorganic mesoporous oxide films,
which were reported in a review by Sanchez et al. to be in the
range of 100—250 m2/ g.39 Moreover, the surface area achieved
by pore templating is significantly higher than previous for IrO,
catalysts reported values, such as the 31 m®/g deduced by
Siracusano for IrO, made through the sulfite-complex route
and additional calcination at 400 °C.** The increased accessible
surface area translates directly into improved catalytic perfor-
mance in the OER reaction as discussed in the next section.

Electrocatalytic Performance. The electrocatalytic perfor-
mance of mesoporous iridium oxide films for the oxygen evolu-
tion reaction (OER) was tested in a three-electrode rotating disk
electrode set up. The IrO, catalysts were supported on polished
titanium cylinders as homogeneous crack-free films. To demon-
strate the advantage of ordered mesoporosity, the electro-cata-
Iytic behavior of templated mesoporous iridium oxide was
compared to that of an untemplated IrO, film, both being
calcined at 450 °C. Moreover, performance was benchmarked
against literature data recently reported by Nakagawa et al. for a
film that consisted of 2 nm iridium oxide nanoparticles which was
produced by an electro-flocculation method. This benchmark
was reported to show a lower overvoltage for OER than
previously reported catalysts.'

Figure 7 shows the electrochemical response of the prepared
films recorded in two different potential windows. The cyclic
voltammogram (CV) in the lower electrode potential window of
0.4 - 1.4V (Figure 7A) provides information on the active surface
area of the film.*' ~** Sweeping then to more positive potentials
between 1.0 and 1.65 V (Figure 7B, C) the catalytic OER activity
of the films was measured.

Figure 7A reveals that the templated IrO, film (a) exhibits
significantly larger geometric current densities than the untem-
plated IrO, film (b). The current response (normalized to the
electrodes geometric surface area) is composed of two different
contributions, the double-layer capacitance and a faradaic current
according to surface redox couples accompanied by proton
inclusion.* The current response is about 2.1 times higher on
templated IrO, films (a) than on untemplated IrO, films (b). Both
samples show weak faradayic peak characteristics in this potential
range, in line with IrO, films prepared by Fierro et al. via thermal
treatment of iridium metal as well as IrO, prepared by thermal
decomposition of H,IrCly solution at S00 °C and samples pre-
pared by Ardizzone at 400 °C.*""*® The observed differences in the
voltammetric charge between templated and untemplated films
(Figure 7A) can be attributed to differences in the electrochemi-
cally active surface area caused by differences in the coating surface
morphology induced by the pore template.*'~**

The increase in surface area that results from pore templating
amounts to a factor of 2.1 when assessed by cyclic voltammetry,
whereas physisorption analysis provides a slightly higher factor of 3.0
for films calcined at 450 °C (103 vs 34 m*>/m?). This difference of
about 30% can result either from limited experimental accuracy or
the different nature of both techniques. Although physisorption
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Figure 7. Cyclic voltammograms (CV) for the oxygen evolution reaction recorded on (a) templated (solid line) and (b) untemplated (dashed line)
IrO, films calcined at 450 °C. (A) CV’s in a potential window between 0.4 and 1.4 V recorded with a scan rate of S0 mV/s. (B, C) CV in a potential
window between 1.0 and 1.65 V with a scan rate of 6 mV/s. In A and B, the current density j is normalized to the geometric (planar) surface area of the
working electrode. In C, the current density j is normalized to anodic charge derived from scans A. Supporting electrolyte: 0.1 M HCIO,.

measures the complete surface that is accessible to small Kr atoms,
cyclic voltammetry can assess only the crystallites that are electrically
contacted and are accessible to the electrolyte. Hence, the slightly
lower value resulting from the electrochemical analysis appears to be
reasonable. In the following, the surface area obtained from the CV
study is used for normalization of electro-chemical OER rates.

Quasi steady-state voltammetric responses of templated and
untemplated IrO, based films recorded at a scan rate of 6 mV/s in
the oxygen evolution reaction in the higher potential window of 1.0
to 1.65 V were normalized to the electrodes geometric surface area
are shown in Figure 7B. Both, templated and untemplated IrO, films
exhibit significant OER catalytic activity. Moreover, the overpotential
of about 0.21 V measured at low geometric current densities of 0.5
mA cm > is in good agreement with values previously reported for Ir
oxide electrodes in literature, ie. 0.25 V at current density of 0.5
mA cm~ %' The thermodynamic minimum potential in the OER
under standard conditions amounts to 1.23 V. Curves in Figure 7B,
however, clearly indicate that the required overpotential for the
templated mesoporous film is substantially lower than that for the
untemplated film for all current densities in the OER potential
region. Compared at a geometric current density of 100 mA cm ™~
the measured overpotential advantage of templated films amounts to
more than 40 mV. Assuming for the untemplated film that the BET
surface area corresponds approximately to the electrochemically
accessible surface area of the iridium oxide and 100% current
efficiency, a rate of 3 x 10~ '* mol cm™* s~ " can be estimated at
a potential of 1.5 V.

Finally, Figure 7C shows the catalytic OER voltammetric data in a
form that is normalized to the anodic voltammetric charge in the
potential window between 0.4 and 1.4V as depicted in Figure 7A, i.e,,
the catalytic data are essentially normalized to the active surface area
of the coatings and thus represent the intrinsic catalytic activity of the
surface. As Figure 7C illustrates, the CVs of the templated and
untemplated IrO, coatings are almost identical. Thus, the intrinsic
catalytic behavior of IrO, is identical and not affected by the
templating procedure, ie., the electronic structure of the active
centers remains unchanged for templated compared to the untem-
plated coatings. In consequence, the increased catalytic activity of
templated mesoporous IrO, film in Figure 7B originates from an
increase in accessible surface area resulting from pore templating.
Our data evidence that soft-templating of mesopores is very effective
to enhance the electrocatalytic performance of iridium oxide, as
demonstrated for the case of the oxygen evolution reaction. At
constant product yields, ie, specified amounts of oxygen per

3208

electrolysis time, the templated films would afford lower current
densities, and accordingly, reduced overpotentials, which would
make the process more energy efficient.

B CONCLUSIONS

The present study shows for the first time that iridium oxide, one
of the most stable OER catalysts, can be synthesized as crystalline
IrO, films with ordered mesoporosity via evaporation-induced
self-assembly (EISA). The synthesis is enabled by a new triblock-
copolymer template PEO-PB-PEO. The polymer template is re-
moved from dip-coated films between 200 and 300 °C, creating a
film with open mesopores of 16 nm in diameter. Whereas first signs
of the desired crystallinity can be detected already at 300 °C, further
heating induces growth of the iridium oxide crystals from 4 nm
(450 °C) to 11 nm (800 °C), accompanied by a gradual degrada-
tion of pore shape as well as a decrease in surface area from 140
(300 °C) to 20 m*/m? (700 °C).

The present study clearly identifies the synthesis pathways and
conditions that are essential to achieve a stable and active OER
catalyst, which possesses at the same time templated mesopore
structure, crystalline pore walls and a large surface area. Respective
films conditioned at 450 °C show excellent electrocatalytic per-
formance and stability in the oxygen evolution reaction. Since
intrinsic catalytic OER activity remains unaffected by the pore
templating, the increased surface area can be fully used to improve
overall catalyst performance, permitting thus a significant reduction
in the amount of iridium required for an OER catalyst. The
demonstrated catalyst optimization shows for the first time how a
rational design of crystallinity and porosity of electrocatalysts can be
realized synthetically in order to balance active surface area, diffu-
sional access, and catalyst stability. Adapted to other catalysts, pore
and crystallinity tuning as demonstrated here will enable significant
performance improvements also for other electrochemical processes
performed on an industrial scale like the chlorine evolution reaction.
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