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electrolysis using a polymer electrolyte 
membrane (PEM) is highly promising.[4,5] 
Disadvantageously, the oxygen evolution 
reaction (OER) occurring at the anode 
shows sluggish kinetics and, thus, ham-
pers an efficient overall electrochemical 
water splitting.[5,6] Large-scale electrolysis 
demands for affordable and active elec-
trocatalysts.[7] Ir-[8–10] and Ru-based[11,12] 
materials were identified to show the 
highest catalytic OER activities in acidic 
electrolytes. Due to their higher stabilities, 
Ir-based catalysts represent the state-of-the-
art anode materials.[8,13,14] To improve the 
utilization of the active noble metal, dif-
ferent approaches have been made, e.g., 
alloying IrOx with earth-abundant metal 
oxides (TiO2,[15] Ta2O5,[16] SnO2

[17]), dis-
persing IrOx in the form of nanocrystals 
on high-surface area support materials 
(Sb-doped SnO2

[18]), or the introduction of 
well-defined nanostructures by templating 
processes.[10,19] Yet, declined electrical 
conductivities were frequently reported 

after the addition of insulating transition metal oxides such as 
TiO2

[20] or Ta2O5.[21] Regarding the stability of the support mate-
rials, doping was shown to enhance corrosion resistance, yet, 
most support materials show low stabilities in acid.[22] The inter-
ested reader is referred to a comprehensive review by Maillard 
and co-workers.[23]

With the increasing production of renewable energy and concomitant deple-
tion of fossil resources, the demand for efficient water splitting electrocatalysts 
continues to grow. Iridium (Ir) and iridium oxides (IrOx) are currently the most 
promising candidates for an efficient oxygen evolution reaction (OER) in acidic 
medium, which remains the bottleneck in water electrolysis. Yet, the extremely 
high costs for Ir hamper a widespread production of hydrogen (H2) on an 
industrial scale. Herein, the authors report a concept for the synthesis of elec-
trode coatings with template-controlled mesoporosity surface-modified with 
highly active Ir species. The improved utilization of noble metal species relies 
on the synthesis of soft-templated metal oxide supports and a subsequent 
shape-conformal deposition of Ir species via atomic layer deposition (ALD) 
at two different reaction temperatures. The study reveals that a minimum Ir 
content in the mesoporous titania-based support is mandatory to provide a 
sufficient electrical bulk conductivity. After ALD, a significantly enhanced OER 
activity results in dependency of the ALD cycle number and temperature. The 
most active developed electrocatalyst film achieves an outstanding mass-spe-
cific activity of 2622 mA mgIr

–1 at 1.60 VRHE in a rotating-disc electrode (RDE) 
setup at 25 °C using 0.5 m H2SO4 as a supporting electrolyte.
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1. Introduction

The generation of H2 by water electrolysis represents an attrac-
tive way to obtain clean energy and reduce the excessive con-
sumption of fossil resources.[1–3] For a combination with 
intermittent power supplies from renewables, PEM water 
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For the design of superior electrocatalysts several key features 
are desirable, such as 1) a large number of active surface sites 
with 2) a good accessibility as well as 3) a sufficient electrical con-
ductivity to promote charge transfer at the electrode interfaces, 
and 4) a sufficient stability of the catalyst against corrosion in 
OER regime.[24,25] As it is highly challenging to reach all of those 
requirements in a single catalyst material, we propose electrically 
conductive porous materials that fulfill requirements 2 and 3, 
surface-modified with thin, shape-conformal layers of a catalyti-
cally active and stable material to address requirements 1 and 4.

Mechanically stable and electrically conductive electrode coat-
ings can be achieved by a method called evaporation-induced 
self-assembly (EISA).[26,27] The general synthesis concept relies 
on the application of a soft template, e.g., an amphiphilic block-
copolymer, as a porogen to produce fully interconnected pore net-
works with adjustable pore diameters.[26–28] The EISA method is 
well-established and has been previously used to synthesize var-
ious mesoporous metal oxides such as SiO2,[26] TiO2,[29] IrOx,[10] 
mixed metal oxides such as IrTiOx

[20,30] or Nb-doped TiOx,[31] and 
composite materials such as Pd/TiO2,[32] among others.

Atomic layer deposition (ALD) represents one of the most 
efficient ways to modify the entire surface of porous materials 
in a shape-conformal way, since ALD can ensure a highly con-
formal deposition of thin surface layers due to a self-limiting 
reaction mechanism.[33–37] The amount and surface layer thick-
ness of the deposited species can be tuned by changing the 
number of ALD cycles.[34,38–40]

We illustrate the proposed concept for the example of mixed 
iridium titania films with template-controlled mesoporosity 
(mp.  IrTiOx) as a support material for IrOx species deposited 
via ALD.

Summing up, we herein present the production of nano-
structured acidic OER catalysts, in which the bulk consists of 
a sufficiently conductive iridium titanium mixed oxide sup-
port with the entire surface uniformly coated with an ultrathin 
layer of IrOx deposited via conformal ALD. Scheme  1 out-
lines the overall concept of the study. Based on our previous 
report,[30] we synthesized templated mesoporous IrTiOx films 
(15 mol%/30 wt% Ir content in the mixed oxide) on different flat 

substrates via dip-coating and EISA using titanium(IV)chloride 
(TiCl4) and iridium(III)acetate (Ir(OAc)3) as metal precursors 
and ethanol as a polar solvent. Subsequently, ALD was used to 
coat the entire internal and external surfaces of the conductive 
support with Ir species via alternating cycles of 1-ethylcyclo-
pentadienyl-1,3-cyclohexadieneiridium(I) [(EtCp)IrICHD] and 
ozone (O3) pulses at two different temperatures (120 °C/160 °C).  
By tuning the temperature during ALD, the nature of the 
deposited Ir species was adjusted.[41,42]

In this work, we systematically investigate also fundamental 
aspects of the synthesis and electrochemical performance of 
IrOx surface-modified electrode coatings. In particular, these are 
(a) the impact of the temperature at which ALD is performed 
(120 °C vs 160 °C), b) the role of the number of respective ALD 
cycles (0, 20, 40 and 60) and (c) the impact of ALD on the elec-
trical properties of the mesoporous support.

2. Results and Discussion

2.1. Impact of ALD-Temperature and Cycle Number  
on the Morphology

As shown by representative top-view SEM images in Figure  1a, 
micelle-templated IrTiOx films were obtained via dip-coating 
and EISA. The corresponding fast Fourier transform (FFT, inset 
in Figure  1a) reveals an isotropic ring, thus indicating a locally-
ordered mesoporous structure and a well-preserved template-
controlled porosity in the films after calcination at 375 °C in air. 
These mp. IrTiOx films were then surface-modified using two 
different ALD processes at two different reaction temperatures. 
Pronounced differences become visible depending on the tem-
perature during ALD. In brief, ALD at 160 °C leads to the for-
mation of finely dispersed nanoparticles on the surface of the 
pore walls, whereas ALD at 120 °C affords dense surface Ir-rich 
layers covering the entire pore wall surface of the IrTiOx support. 
The influence of the ALD temperature and cycle number can be 
examined via SEM analysis. For low cycle numbers, i.e., 20 cycles, 
ALD at 160 °C leads to the presence of small Ir-rich nanoparticles 

Scheme 1.  Developed synthesis route for Ir- and IrOx-coated mixed iridium titania catalysts in the form of mesoporous (mp.) films deposited on dif-
ferent planar substrates (Si, Ti, and glass). As a first step, a solution containing the metal precursors and a micelle-forming block-copolymer is depos-
ited onto a substrate, dried and then calcined for 10 min at 375 °C in air to produce mesoporous iridium titania (mp. Ir0.15Ti0.85O2, further denoted as 
mp. IrTiOx). The obtained porous oxide support is subsequently exposed in alternating cycles to the ALD precursors (EtCp)IrICHD and ozone (O3) 
for the deposition of iridium (Ir) (TIr-ALD = 160 °C) or iridium oxide (IrOx) (TIrOx-ALD = 120 °C) over the entire external and internal surface of the oxides’ 
pore systems. The obtained catalyst films show varying Ir loadings as a consequence of varying numbers of ALD cycles between 20 (low cycle number) 
and 60 (high cycle number).
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of bright contrast, as evidenced by SEM images in Figure 1b. Still, 
the mesoporous structure remains essentially preserved, since 
the corresponding FFT reveals a diffuse ring (inset in Figure 1b).

With a higher cycle number of 60 ALD cycles at 160 °C, the struc-
ture of the pore walls has apparently changed and the mesopores 
appear partially blocked by the ALD deposits, according to SEM 
images depicted in Figure  1c. Nevertheless, the corresponding 
FFT inset provides evidence for a preserved mesoporous 
structure. A lower ALD temperature (120 °C) was applied, 
aiming at more layer-like structures rather than the formation 
of nanoparticulate surface species.[41,42] Apparently, SEM anal-
ysis nicely confirms the preservation of the template-introduced  
mesoporous structures after ALD at 120 °C (Figure 1d,e).

As reference support materials, bare TiO2 films with template-
controlled porosity were simultaneously modified via ALD at both 
120 °C and 160 °C. Similar observations regarding the impact 
of temperature and cycle number of the ALD process on the 
resulting morphologies of the coatings were found (see Section I 
in the Supporting Information). Importantly, lower magnification 
SEM images suggest the formation of homogeneous films and 
the absence of larger, ill-defined aggregates for all investigated 
areas of samples (see Section II in the Supporting Information).

Our investigations clearly point out that the temperature 
during the ALD process is a key parameter to control the mor-
phology of the deposited species. More specifically, ALD at 120 °C  
was found to be most suitable for the deposition of highly con-
formal, layer-like surface deposits. In the following section, the 
impact of the number of ALD cycles at 120 °C will be investi-
gated in order to gain more insights into properties such as the 
layer thickness of the deposited surface layer.

2.2. ALD at 120 °C: Impact of Cycle Number on ALD-Layer 
Thickness and Pore Size

To further investigate the impact of ALD at 120 °C on the 
pore structure, the average pore diameters were analyzed and 
plotted as a function of the corresponding ALD cycle number 
(Figure  2b). IrTiOx films show spherical mesopores with an 
average pore diameter of 18  nm. After 20, 40, and 60 ALD 
cycles at 120 °C, decreasing average pore diameters of approxi-
mately 17, 16, and 15 nm were found, respectively. The observed 
linear correlation between the average pore diameter and the 
ALD cycle number results from an increase in ALD-layer thick-
ness with an increasing number of ALD cycles, as further evi-
denced by‌ results from spectroscopic ellipsometry (Figure  2a) 
with a calculated growth per cycle (GPC) of 0.7 ± 0.006 Å cycle–1 
on flat silicon (Si) substrates. Vice versa, the average pore 
wall thickness rises for increasing cycle numbers, assuming 
a rigid porous framework obtained via calcination at elevated 
temperature.[43] Indeed, such a linear correlation is character-
istic for ALD processes based on self-limiting surface reactions 
affording homogeneous surface coatings with high confor-
mality and has been reported before.[41,44–46]

2.3. Impact of the Different ALD Processes at 120 °C and 160 °C 
on Phase and Crystallinity

To gain more insights into the structural properties such as the 
morphology, crystallinity, and phases prior to and after ALD, 
TEM, SAED, and GI-XRD analyses were performed. Calcination 

Figure 1.  Representative top-view SEM images of mp. IrTiOx prior to a) and after surface-modification using ALD at b,c) 160 °C and at d,e) 120 °C. 
The corresponding ALD cycle number is denoted in the sample description. Insets on the bottom left corner of each image show the corresponding 
FFT. A diffuse ring in the FFT indicates the presence of a mesoporous structure, which is well-preserved after ALD. Distinct structural differences are 
visible depending on the temperature during the ALD process. High temperatures of 160 °C lead to the occurrence of nanoparticle-like deposits with 
bright contrast on the images, whereas lower temperatures of 120 °C lead to the formation of a homogeneous surface layer-type coating on the pore 
walls of the support.
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of the mp. IrTiOx support for 10 min at 375 °C leads to a low 
crystalline oxide (Figure  3a,IV, SAED pattern) with template-
controlled mesoporous structure, as indicated by the TEM 
images shown in Figure  3aI,II. EDX analysis and elemental 
mappings (Section IV in the Supporting Information) reveal a 
homogeneous distribution of Ir throughout the support.

Again, the temperature during ALD is found to show a dis-
tinct impact on the morphology, phase, and crystallinity of the 
deposited surface layers. In this context, ALD at 160 °C affords 
small, nanoparticulate Ir surface species, according to the 
HRTEM image depicted in Figure 3b-III.

The lattice fringes in the inset of the HRTEM image, the 
power spectrum (PS) of the selected region in Figure  3b-III as 
well as the SAED pattern in Figure 3b-IV suggest the presence of 
lattice fringes corresponding to metallic Ir0 crystallites introduced 
via ALD. Similarly, XRD analysis in gracing-incidence geometry 
provides further evidence for the deposition of Ir0 species via 
ALD at 160 °C, since additional reflections appear that match 
well with a nanocrystalline, metallic Ir phase (see Section VII in 
the Supporting Information). This observation is corroborated by 
SEM (see Figure 1a,b, right) and XPS analyses. Surface-sensitive 
XPS analysis reveals a significantly increased fraction of metallic 
Ir0 species after ALD at 160 °C (see Section V in the Supporting 
Information for more details). In this context, the relative frac-
tion of Ir0 species (respective to the total amount of surface Ir) 
rises from ≈8 at% in mp. IrTiOx to ≈75 at% after 60 cycles ALD at  
160 °C. For the mp. TiO2 support films, similar results were 
obtained from TEM (Section III in the Supporting Informa-
tion) and XPS (Section V in the Supporting Information) anal-
yses, which underlines the predominance of mainly metallic Ir0 
deposits after ALD at 160 °C independent of the support material.

Contrarily, after ALD at 120 °C, weak signals corresponding 
to the onset of crystallization of rutile-type IrO2 can be identi-
fied in the SAED pattern of ALD-coated IrTiOx (Figure 3c-IV). In 
addition, the low crystallinity of the ALD deposits is confirmed 
by GI-XRD analysis which did not reveal the appearance of addi-
tional reflections (Section VII in the Supporting Information). 
According to XPS results, prior to ALD, the predominant surface 

species can be assigned to Ir3+ (see Ir 4f spectrum of mp. IrTiOx 
in Figure S5a, Supporting Information, top) with a minor con-
tribution of metallic Ir0.[47,48] The latter completely vanishes after 
only 20 cycles ALD due to the observation that the Ir 4f spectrum 
of IrTiOx-20ALDIrOx is dominated by Ir3+ species at its surface 
(see Figure S6b, Supporting Information, top). For 60 cycles of 
ALD at 120 °C, the ratio of surface Ir/Ti increases, as expected for 
higher loadings of IrOx for higher cycle numbers (Table S2, Sup-
porting Information). Hence, for IrTiOx support films modified 
via ALD at 120 °C, a structural model based on a mesoporous 
mixed iridium titanium oxide with low Ir content inside the bulk 
and high Ir concentration at the pore wall surface due to a homo-
geneous coating with predominantly oxidic Ir3+ species can be 
deduced. For TiO2 supports modified via ALD at 120 °C, a sim-
ilar structure with a noble-metal free bulk can be claimed. This 
nanostructure enables a maximized exposure of active Ir sites for 
electrochemical applications with the aim of improving the mass-
specific OER activity. Importantly, the mesoporous structure 
remains well-preserved even after high ALD cycle numbers, thus 
avoiding mass-transfer limitations during catalysis.

2.4. Impact of ALD Temperature and Cycle Number on the  
Electrical Properties and OER Activity

Impedance spectroscopy is a powerful tool to assess the elec-
trical conductivities of thin films deposited on insulating 
substrates.[31,49] In accordance with our previous results[20,30] 
for as-prepared mesoporous films prior to catalytic testing, 
the addition of 15  mol% Ir to TiOx leads to well-conductive 
materials (≈10–2  S  cm–1 for mp. IrTiOx), which enables effi-
cient charge transfer kinetics at the electrode during OER 
catalysis.[20] According to the results given in Figure  4a  and 
Table  1, both ALD processes lead to a rise in conductivity for 
increasing ALD cycle numbers. The impact of the number of 
ALD cycles on the electrical conductivity is significantly more 
pronounced than the influence of the ALD temperature in the 
case of the mp. TiO2 supported films (see Section VIII in the 

Figure 2.  Plot showing the estimated layer thickness on Si substrates based on the results from spectroscopic ellipsometry (SE) versus ALD cycle 
number at a) 120 °C. Vertical bars indicate the respective standard deviations. A linear regression corresponding to a GPC of 0.7 Å cycle–1 was obtained 
after fitting of the data. In b), results from the pore size evaluations of mp. IrTiOx prior to and after ALD at 120 °C based on the SEM images shown in 
Figure 1 are given. Vertical bars indicate the respective error bars. The dashed gray lines were added to show a linear correlation between the average 
pore size and ALD cycle number.
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Supporting Information for further discussion). Notably, after 
60  cycles of ALD at both 120 °C and 160 °C, well-conductive 
coatings were obtained showing similar sheet conductivities 
between ≈101 to ≈103 S cm–1, independent of the support. These 
findings are in good agreement with the high conductivities 
of both metallic and oxidic Ir phases. Due to the fact that the 
evaluated sheet conductivity values for high cycle numbers 

of Ir- and IrOx–ALD lie within a similar range (taking minor 
measurement errors into account), both types of surface modi-
fications clearly improve the electrical properties of the TiO2- 
and IrTiOx-based materials by several orders of magnitude.

To assess the impact of both temperature and number 
of ALD cycles on the catalytic OER activity, RDE measure-
ments were conducted in N2-purged 0.5  m sulfuric acid at 

Figure 3.  BF-HRTEM images (I–III) and SAED patterns (IV) for a) the mp. IrTiOx support, b) after 60 cycles of ALD at 160 °C (IrTiOx-60ALDIr) and 
c) after 60 cycles ALD at 120 °C (IrTiOx-60ALDIrOx). In b-III) the upper left inset shows the obtained power spectrum (PS) of the area in the HRTEM 
image highlighted by the white frame. The patterns in IV are assigned according to the reference ICDD card numbers 00-006-0598 for Ir0 (cubic) and 
00-015-0870 for IrO2 (tetragonal), respectively.
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room temperature for all films listed in Table  1. From the 
electrochemical testings, values for the Tafel slopes, Ir mass-
normalized activities and the relative numbers of accessible 
active surface Ir sites (determination based on voltammetric 
charge using a previously established method described else-
where[20,50]) of the catalysts were derived. Table  1 provides an 
overview of the electrical properties and the electrochemical 
performance data prior to and after ALD. Figure  4b shows 
the Ir-mass based activity plots of the 50th CVs for IrTiOx and 
ALD-modified IrTiOx films. Both, ALD temperature and cycle 
number affect the calculated Ir mass-normalized catalytic activ-
ities. With respect to the bare mp. IrTiOx support, improved 
mass activities can be achieved after the optimization of the 

ALD temperature and cycle number. In this context, ALD at  
120 °C affords more active catalyst films than those produced 
via ALD at 160 °C.

At a potential of 1.60 VRHE, mp. IrTiOx achieves a mass-nor-
malized OER activity of 962 mA mgIr

–1, which can be explained 
by the presence of highly active Ir domains in a TiO2 matrix 
produced via calcination at benign temperatures.[30] After 
20 cycles of Ir-ALD at 160 °C, a slight drop in mass activity 
to 706  mA  mgIr

–1 can be observed. Importantly, deposition 
via ALD produces different types of Ir species compared to 
thermal treatments. In this context, our previous works[19,20,30,51] 
revealed a strong correlation between activity and calcination 
temperature for mesoporous Ir-based OER catalyst model 

Table 1.  Overview over the electrical properties and electrocatalytic RDE-OER performance in 0.5 m H2SO4 (25 °C) of mp. IrTiOx prior to and after 
ALD at 120 °C and 160 °C. As references, catalysts supported using low conductive mp. TiO2 and the commercial Ir/TiO2 powder (Elyst, Umicore) are 
given.

Catalyst ALD cycle 
number

ALD  
temperature  

[°C]

Ir loadinga)  
[µg cm–2  

geom. area]

Conductivityb)  
[S cm–1]

Charge q(a+c)/2
c) 

[mC]
η (1 mA cm–2,  
CV 50) [mV]

η (10 mA cm–2,  
CV 50) [mV]

Mass activity 
(1.60 V, CV 50) 

[A gIr
–1]

Tafel sloped) 
(CV 50)  

[mV dec–1]

IrTiOx 0 – 3.9 ≈10–2 0.30 323 414 962 69

IrTiOx–20ALDIr 20 160 6.3 ≈101 0.71 323 402 706 64

IrTiOx–60ALDIr 60 160 9.2 ≈103 0.78 302 364 1318 57

IrTiOx–20ALDIrOx 20 120 5.5 ≈102 0.43 308 373 1651 59

IrTiOx-60ALDIrOx 60 120 7.0 ≈103 0.93 296 353 2622 55

TiO2-60ALDIrOx 60 120 5.9 ≈102 0.43 424 * 79 139

Ref. Elyst Ir/TiO2 
(powder)

0 – ≈80 – 0.42 344 421 30 65

a)Average geometric Ir loading determined via quantitative SEM-EDX measurements on Ti substrates, except for the reference catalyst powder Elyst (nominal loading). For 
the unmodified supports, ICP-OES measurements were performed to confirm the EDX-derived geometric Ir loadings (see Experimental Section); b)Electrical conductivity 
investigated via impedance spectroscopy in the dark; c)Voltammetric charge assessed via base voltammetry in a lower potential range between 0.4 to 1.4 VRHE (see Sec-
tion IX in the Supporting Information) as an estimate for the electrochemically active surface Ir species; d)Tafel plots are given in Figure S11 in the Supporting Information. 
An asterisk (*) indicates that the respective current density was not reached within the investigated potential range.

Figure 4.  a) Electrical sheet conductivities assessed via impedance spectroscopy of mp. IrTiOx (black rhomb) as well as IrTiOx supports modified via 
ALD at 160 °C (orange) and at 120 °C (gray). All investigated films were deposited on insulating glass substrates. b) Ir mass-normalized activities of 
the bare mp. IrTiOx support (black) in comparison with the ALD-modified IrTiOx supports. Light and dark green curves represent supports modified 
via IrOx–ALD at 120 °C with 20 and 60 ALD cycles, respectively. Light and dark blue curves represent supports modified via Ir–ALD at 160 °C with  
20 and 60 cycles, respectively. c) Mass activities of the most active catalyst film IrTiOx–60ALDIrOx (dark green) and the bare mp. IrTiOx support (black) 
in comparison with the commercial reference Elyst Ir75 (purple) and TiO2-60ALDIrOx produced via 60 cycles ALD at 120 °C on a mp. TiO2 support 
(orange). All electrochemical testings were conducted in an RDE setup and N2-purged 0.5 m H2SO4 at 25 °C. The 50th CV is plotted for each catalyst 
film deposited on polished Ti substrates. It has to be noted that Nafion binder was added for the measurement of the reference catalyst powder. The 
dashed vertical red lines in (b–c) serve as a guideline to the eye.

Adv. Mater. Interfaces 2022, 9, 2102035

 21967350, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202102035 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2102035  (7 of 11) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

systems. Our previous findings indicate a deposition of pre-
dominantly metallic Ir0 species via ALD at 160 °C. Due to the 
fact that the voltammetric charge (see Table 1) is more than two-
fold higher for IrTiOx-20ALDIr than that of the IrTiOx support, 
a lower intrinsic activity of the ALD-deposited Ir0 species can be 
claimed. After 60 ALD cycles at 160 °C, a higher mass activity 
of 1318 mA mgIr

–1  is achieved, which can be explained by the 
larger number of nanoparticulate Ir0 deposits providing more 
active surface Ir sites overall. As suggested from investigations 
of the electrical conductivities, neighboring crystallites are 
in close contact to each other and provide additional electron 
paths at the surface and, thereby, promote OER activity.[44,45,52]

Yet, ALD at 120 °C affords significantly more active cata-
lysts. IrTiOx-60ALDIrOx achieves the highest OER activity of 
2622 mA mgIr

–1 at 1.60 VRHE, which is more than 2.7-fold higher 
than that of the unmodified mp. IrTiOx support (see Figure 4b,c). 
The outstanding Ir mass-specific activities of the ALD-modified 
IrTiOx catalysts can be deduced from the ultra-low loading and 
high accessibility of the well-dispersed IrOx active centers at the 
surface of the porous support. The optimization of the ALD 
process is primordial to achieve a highly conformal and homo-
geneous deposition of oxidic Irx+ species of low crystallinity. 
Notably, XPS analyses of the oxidation states of the surface Ir 
species for the spent catalysts modified via Ir-ALD at 160 °C indi-
cate a significant fraction of unoxidized Ir0 (see Section V in the 
Supporting Information), highlighting the necessity to adjust 

the ALD parameters in order to improve the intrinsic activities 
of the active sites. Moreover, all herein developed catalyst coat-
ings are binder-free films which have been shown to be more 
active than Nafion-containing catalyst films.[53]

Amongst state-of-the-art Ir–Ti-based electrocatalysts, all 
herein developed ALD-modified IrTiOx films achieve a signifi-
cantly improved OER performance with outstanding Ir mass-
specific activities in acidic electrolyte (Table  2). Remarkably, 
despite the ultralow Ir loadings, an exceptionally high mass 
activity of 178 mA mgIr

–1  at 1.53 VRHE can be achieved for the 
most active binder-free coating, i.e., IrTiOx-60ALDIrOx, that is 
even higher than that of the “stellar” IrOx/SrIrO3 catalyst.[9,61,62] 
With respect to mp.  IrOx films calcined for 10  min at 375 °C 
in air,[19] a ≈1.8-fold higher mass activity reflects the superior 
noble metal utilization as a result from our proposed concept 
relying on a combination of EISA and ALD processes for the 
synthesis of a conductive support and post-modification of its 
surface with highly active species, respectively.

Importantly, our results from chronopotentiometric sta-
bility tests (see Section XIII in the Supporting Information) 
in acidic electrolyte indicate a remarkably improved durability 
after IrOx–ALD. Compared to the unmodified IrTiOx support, 
IrTiOx–60ALDIrOx shows a higher stability in acid and better 
protection from undesired dissolution into the surrounding 
electrolyte at moderate potentials and static operation as a 
result of the highly conformal ALD. Post-OER analysis of the 

Table 2.  Comparison of the most active catalysts in this work with RDE-OER activities of literature-reported Ir-based electrocatalysts (acidic electro-
lyte, 25 °C).

Catalyst Ir content Electrolyte Electrode Binder η [V]  
(1 mA cm–2)

η [V]  
(10 mA cm–2)

Mass activitya)  
[A gIr

–1]
Refs.

IrTiOx–60ALDIrOx 25 mol% 0.5 m H2SO4 Ti chip Binder free 0.30 0.35 2622 This work

mp. IrTiOx 15 mol%
(30 wt%)

0.5 m H2SO4 Ti chip Binder free 0.32 0.41 962 This work

mp. IrOx (375 °C air) 100 mol% 0.5 m H2SO4 Ti chip Binder free 0.25 0.29 1410 This work

Thermally decomposed Ir/TiOx 30 mol% 1.0 m HClO4 Ti Binder free n. a. n. a. 39 [54]

ALD–IrO2/NTO 8 wt% 0.5 m H2SO4 Ti foil Binder free 0.25 n. a. 654
(at 1.69 V)

[55]

ALD-Ir/TiO2-NTsb) n. a. 0.1 m H2SO4 TiO2–NTs Binder free n. a. 0.24 200
(at 1.57 V)

[45]

IrO2@TiO2 26 mol% 0.1 m HClO4 GCc) Nafion binder n. a. n. a. 364 [56]

IrO2/Nb-doped TiO2 26 wt% 0.5 m H2SO4 GC Nafion binder 0.27 n. a. ≈ 550 [57]

IrO2–TiO2-245 40 mol% 0.1 m HClO4 GC Nafion binder n. a. n. a. ≈70
(at 1.53 V)

[58]

IrO2/ATO 25 wt% 0.5 m H2SO4 GC Nafion binder 0.22 n. a. ≈1100 [59]

IrNiOx/Meso-ATO 19 wt% 0.05 m H2SO4 GC Nafion binder 0.28 n. a. ≈90
(at 1.51 V)

[60]

6H-SrIrO3 59 mol% 0.5 m H2SO4 GC Nafion binder n. a. 0.25 ≈75
(at 1.53 V)

[61]

β-HxIrO3 79 mol% 1.0 m H2SO4 GC Nafion binder n. a. 0.35 ≈150
(at 1.58 V)

[62]

Ir-nano 99.8-P 100 mol% 0.5 m H2SO4 GC Nafion binder n. a. n. a. ≈580
(at 1.56 V)

[63]

a)Mass activities calculated based on the loading amounts of active species in the catalysts at a potential of 1.60 VRHE (unless otherwise stated). For the herein developed 
catalysts, geometric Ir loadings were analyzed via quantitative SEM-EDX measurements. Moreover, the Ir-normalized mass activities were derived from the current densi-
ties of the 50th CV in an RDE setup at 1.60 VRHE; b)NTs, nanotubes; c)GC, glassy carbon.
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spent catalysts via SEM-EDX revealed a significant loss (≈90%) 
of Ir species for bare mp. IrTiOx, whereas the geometric Ir 
loading was essentially unaltered for IrTiOx–60ALDIrOx. It has 
to be noted that further investigations will be necessary in order 
to assess the electrode durability at fluctuating potentials over a 
broad current range and dynamic operation (see Section XIII in 
the Supporting Information for discussion).

2.5. Impact of Support Material on OER Activity

According to the results from the electrochemical studies, not only 
the temperature and cycle number of the ALD process emerge as 
decisive parameters for high catalytic activities but also the pres-
ence of a minimum of Ir in the bulk phase of the mesoporous 
support is required to promote fast charge transfer kinetics at 
the electrode. ALD-modified TiO2-supported catalysts show sig-
nificantly lower OER activities than their IrTiOx-supported coun-
terparts, despite the formation of conductive surface electron 
pathways, indicated by steeply rising sheet conductivities after  
60 cycles ALD (cf. Section VIII in the Supporting Information).

Evidently, a high electrical conductivity in the bulk of the cat-
alyst is essential to promote charge carrier kinetics and, beyond 
that, balance the overall charge of the material during OER 
by reversible proton insertion.[62] Our results suggest that the 
incorporation of 15  mol% of Ir into the titania-based support 
improves both the bulk electrical conductivity and the proton 
diffusivity and, thus, boosts catalytic activity after surface-
modification with IrOx via ALD at 120 °C. Analyses of the Tafel 
slopes summarized in Table  1 further corroborate the impact 
of the support on the catalytic activities. For TiO2-supported 
catalysts, large values of more than 100  mV  dec–1 were found 
(see also Section XI in the Supporting Information). Contrarily, 
IrTiOx-supported catalysts show smaller values between 69 and 
55 mV dec–1 with decreasing slopes for higher ALD cycle num-
bers, indicating faster reaction kinetics. Accordingly, a high 
electrical conductivity of the support material for ALD-depos-
ited active sites plays an essential role in the design of active 
electrocatalysts with strong interactions between the surface 
metal (oxide) species and the support.

3. Conclusion

A sophisticated concept for the design of highly efficient OER 
catalyst coatings based on electrically conductive porous sup-
ports surface-modified with thin, shape-conformal layers of a 
catalytically active species was successfully developed. Therein, 
an optimized ALD process was used to ensure the deposition 
of layer-like oxidic Irx+ surface species on a well-conductive 
mixed iridium-titanium oxide support with template-controlled 
mesoporosity (mp. IrTiOx). A sufficient electrical bulk conduc-
tivity of the mesoporous support is a key prerequisite to reach 
high OER activities. The most active system, IrTiOx–60ALDIrOx,  
achieves an outstanding mass-specific OER activity of 
2622 A gIr

–1 at 1.60 VRHE in a typical RDE setup at 25 °C and 
0.5 m H2SO4 as a supporting electrolyte, which can be explained 
by the predominance of well-accessible, active oxidic Irx+ 
sites. Highly conformal ALD at 120 °C paves the way toward 

a maximized utilization of these homogeneously distributed 
Ir species, culminating in a 2.7-fold higher Ir mass-specific 
activity than that of the unmodified mp. IrTiOx support.

As an outlook, our proposed concept can be principally trans-
ferred to other support materials and surface-exposed active 
species introduced via conformal ALD. As such, we expect the 
concept as highly promising for the future development of 
highly efficient (electro-)catalysts with an improved utilization 
of active sites.

4. Experimental Section
Material Synthesis: Substrate Pretreatments: For the deposition of 

the soft-templated mesoporous support films, different substrates 
were used. Single-side polished silicon (Si) wafers were obtained from 
University Wafers with (100) orientation and cleaned with EtOH after 
a thermal treatment for 2 h at 600 °C in air prior to the deposition of 
the support films. For the electrical sheet conductivity measurements, 
quartz glass (SiO2) substrates bought from Science Services GmbH 
were used and etched prior to film deposition using a mixture of KOH 
and iPrOH in an ultrasonic bath. Electrochemical measurements were 
conducted on films deposited on electrically conductive titanium (Ti) 
substrates, polished with a colloidal silica suspension (amorphous, 
0.02  µm, Buehler, MasterMet 2) and subsequently cleaned using a 
mixture of EtOH and iPrOH (1:1).

Material Synthesis: Synthesis of Soft-Templated Mesoporous TiO2 Films: 
For the synthesis of mesoporous TiO2 films, titanium(IV)chloride (TiCl4, 
>  99.9%) was purchased from Sigma–Aldrich. Ethanol p.  a. (EtOH, 
≥99.8%) was purchased from VWR Chemicals. As structure-directing 
agent, a triblock copolymer PEO-PB-PEO, comprised of 20 400 g mol–1 
polyethylene oxide (PEO) and 10 000  g  mol–1 polybutadiene (PB), was 
purchased from Polymer Service Merseburg GmbH.[10] All chemicals 
were used as received without any further purification.

In a typical synthesis, the PEO-PB-PEO polymer template (75  mg) 
was dissolved in EtOH (2.00 mL) under stirring at 40 °C in air (I). TiCl4 
(232 µL) was dissolved in a closed vial in EtOH (2.00 mL) in an Ar-filled 
glovebox and added to solution (I). The obtained clear solution (II) 
was stirred for a further 30  min at 40 °C. Dip-coating was performed 
in air at 25 °C ambient temperature, 40% relative humidity (RH) and 
300  mm  min–1 withdrawal rate. The cuvette (PTFE) containing the 
clear precursor solution (II) was constantly heated to Tcuvette  = 45 °C. 
After drying for at least 10  min in a controlled atmosphere inside the 
dip-coating setup, crack-free colored films were obtained on different 
substrates. After drying for at least 1 h at 80 °C in air, all samples were 
calcined for 20 min at 475 °C in air with a heating ramp of 2 K min–1 in 
a muffle furnace.

Material Synthesis: Synthesis of Soft-Templated Mesoporous IrTiOx 
Films: The PEO-PB-PEO polymer template (60  mg) was dissolved in 
EtOH (1.50  mL) under stirring at 40 °C in air (III). TiCl4 (114  µL) was 
dissolved in a closed vial in EtOH (1.50 mL) in an Ar-filled glovebox and 
added to solution (III). The obtained clear solution (IV) was stirred 
for a further 20  min at 40 °C. Then, iridium acetate (68  mg, Ir(OAc)3, 
Heraeus, 48.76% Ir content) was added under stirring to (IV). A dark 
green, clear solution (V) was obtained after stirring for a further 30 min 
at 40 °C. Dip-coating was performed in air at 25 °C ambient temperature, 
40% RH and 250 mm min–1 withdrawal rate. The cuvette was constantly 
heated to Tcuvette = 45 °C. After drying for at least 10 min in a controlled 
atmosphere inside the dip-coating setup, crack-free colored films were 
obtained on different substrates. Calcination was conducted for 10 min 
at 375 °C in air in a preheated muffle furnace.

Material Synthesis: ALD on Different Mesoporous Supports: 
1-Ethylcyclopentadienyl-1,3-cyclohexadieneiridium(I) [(EtCp)IrICHD, 
99%] was purchased from abcr GmbH. Ozone (O3) was produced from 
oxygen (O2, 99%) in an AC-2025 ozone generator-2000, Teledyne API. 
Nitrogen (N2), argon (Ar), and O2 were supplied by Air Liquide (99.9%).
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Ir/IrOx species were deposited on mesoporous films, i.e., mp. TiO2, 
mp.  IrTiOx on flat Ti, Si or quartz substrates. Additionally, pre-cleaned 
single-side polished Si-wafers (Siegert Wafer B014002) with a native 
SiO2 layer (≈  1.2–1.8  nm) were also added into the ALD chamber for 
calibration of the Ir/IrOx layer thicknesses via spectroscopic ellipsometry 
(SE). ALD was performed in a thermal ALD system by ARRADIANCE 
(GEMStar-XT).

[(EtCp)IrICHD] (at 90 °C) and O3 (as-generated at rt.) were used as 
metal precursor and oxygen source, respectively. The Ir precursor and 
the O2 source were supplied to the reaction chamber using two separate 
manifolds that were maintained at 110 °C and 100 °C, respectively. N2 was 
used as a carrier gas (at 50 sccm) for the precursors into the reaction 
chamber, and also as a purging gas (at 100 sccm) for excess of reactants 
and by-products. The ALD system was evacuated (≈7  mTorr) and the 
temperature of the ALD reaction chamber was stabilized at 160 °C or 
120 °C before starting the deposition. Prior to ALD, all samples were 
in situ treated with O3 (10 cycles of 0.2  s O3 pulse/30 s exposure/15 s 
purge, total exposure time of  300  s) to remove any residual organic 
surface impurities and to functionalize the surface. The pulse/exposure/
purge time for one ALD cycle was set to 0.8 s/40 s/20 s and 0.25 s/45 s 
/30 s for Ir precursor and O3, respectively. For the Ir precursor, the pulse/
exposure/purge time was repeated two times within one ALD cycle. The 
loading of the deposited Ir/IrOx species on the mesoporous films was 
controlled by varying the number of ALD cycles from 20 to 60.

Physicochemical Characterization: SEM and EDX: SEM images were 
recorded at 10 kV on a JEOL JSM-7401F instrument. The acquired images 
were then evaluated using ImageJ freeware (v. 1.48; www.imagej.nih.gov/
ij/), which was also applied for the generation of the corresponding FFT 
images. For the estimation of the Ir mass loadings per cm2 geometric 
area, SEM-EDX measurements were conducted using a Quantax 
400 (Bruker) energy-dispersive X-ray spectrometer coupled with an 
electrometer model 6517B (Keithley) to determine the probe currents. 
For the latter, a Faraday cup was used to catch back-scattered, secondary 
and Auger electrons. An average value for the probe current was 
calculated based on the acquired values prior to and after the acquisition 
of an EDX spectrum of a material. For each sample, at least three 
different areas were analyzed via EDX analysis at a magnification of 1 kx. 
The measurement duration was set to at least 120 s. For the evaluation 
of the acquired EDX spectra, the software Esprit (Bruker) was used. A 
charge-and time-normalized signal intensity was obtained by dividing the 
average value of the Ir-Mα1 and -Mβ lines by the average probe current 
and measurement duration. Quantitative Ir mass loadings were finally 
calculated by using a previously determined calibration factor evaluated 
from reference measurements of samples with Ir loadings validated via 
StrataGem analysis.[64,65] K-values were estimated from measurements 
of Ir metal (99.8%). Measurement errors were found negligible with only 
between 1% to 2% relative error.

ICP-OES: As an alternative method to analyze the geometric 
Ir loadings of the catalyst support films prior to ALD, ICP-OES 
measurements of the uncalcined mesophases deposited on flat 
Ti substrates were performed. Measurements were conducted on 
a Varian ICP-OES 715 ES (radial configuration, CCD detector). For 
calibration, aqueous solutions with different Ir concentrations (Carl 
Roth) were prepared. For the calculation of the geometric Ir loading, 
the geometric area of each film was calculated using ImageJ software 
prior to dissolution of the sample. For the dissolution of the samples 
via acid digestion, a solution of HCl (3.0 mL, Carl Roth, 37%), HNO3 
(1.0 mL, Carl Roth, 69%), H2SO4 (1.0 mL, Carl Roth, 96%) and NaClO3 
(20.0  mg, Alfa Aesar, 99.0%) was prepared. After 2  h at 30 °C in an 
ultrasonic bath, a clear solution was obtained and analyzed via ICP-OES 
to estimate the Ir content. For the TiO2 support, essentially no Ir was 
found (0.0 μgIr cm–2) and for IrTiOx a loading of 3.8 ± 0.3 μgIr cm–2 was 
obtained, which is in good agreement with EDX-derived geometric Ir 
loadings. 

PTEM, EDX, and SAED: TEM images were acquired on a FEI Talos 
transmission electron microscope with 200  kV acceleration voltage on 
scraped-off film fragments which were deposited on carbon-coated 
copper grids. A FEI Talos EDX detector was used for the analysis of the 

elemental distributions via elemental mappings. The TEM data and EDX 
mappings were analyzed using FEI Velox software (v. 2.6).

XPS: X-ray photoelectron spectra (XPS) were obtained on a Thermo 
Fisher Scientific ESCALAB 250Xi with 400  µm spot size, Kα-X-rays. 
The peak position of adventitious carbon species at the surface (at a 
BE of 284.80 eV) was applied for correction of the binding energies of 
the obtained spectra. Data fitting and quantification to calculate the 
elemental composition were done using the software Avantage.

GI-XRD: XRD measurements were conducted using a Bruker D8 
Advance instrument (Cu-K-α) in grazing-incidence geometry applying a 
Goebel mirror.

Electrical Sheet Conductivity: The electrical sheet conductivities were 
analyzed via impedance spectroscopy in a home-built setup in the dark. 
All measurements were carried out applying a 8 × 8 gold pin array as a 
probe head showing an altering polarity sequence. A SP-200 potentiostat 
(Biologic) was used (range from 100  mHz to 1  kHz). The obtained 
spectra (Nyquist impedance) were fitted using EIS Zfit software (EC-
Lab version 11.33, Biologic). All given values were normalized to the 
average film thickness, estimated from cross-sectional SEM images 
of films deposited on Si substrates. For the impedance spectroscopy 
measurements, all films were deposited on planar, insulating quartz 
glass substrates.

Electrochemical Testing Procedure: OER Performance: All catalysts 
were tested in acidic OER via cyclic voltammetry (CV) performed 
using a rotating disc electrode setup (RDE). A reversible hydrogen 
electrode (Gaskatel, HydroFlex) was applied as a reference electrode 
and a Pt-gauze (Chempur, 1024  mesh cm–2, wire diameter 0.06  mm, 
99.9% purity) was used as counter electrode at 25 °C. All potentials 
are referred to the reversible hydrogen electrode (RHE) scale and 
were iR-corrected to account for Ohmic losses. All films were coated 
on a spherical Ti chip of 5  mm diameter and mounted on a rotating 
disc shaft serving as a working electrode. Due to the fact that all 
electrocatalysts were directly synthesized as porous films on polished 
Ti substrates, the addition of Nafion binder was not necessary. A 
rotation of 1600 rpm was set. 0.5 m H2SO4 was used as a supporting 
electrolyte (Fixanal, Fluka Analytical) and a SP-200 (Biologic) was 
used as a potentiostat. The electrolyte solution was purged with N2 
for at least 20  min prior to catalytic testing. The OER activity was 
assessed by cyclic voltammetry (CV) in a potential window ranging 
between 1.20 and 1.65 V versus RHE (VRHE) at a scan rate of 6 mV s–1. 
Chronopotentiometry was performed in an RDE setup in 0.5 m H2SO4 
over 24 h at 25 °C. The potential (vs RHE) was recorded at a current 
density j of 1.0  mA  cm–2, considering the ultra-low Ir loadings in the 
catalyst films.

Base Voltammetry for ECSA Estimation: After 100 CVs in OER regime, 
a base voltammetry measurement was performed in a lower potential 
range between 0.40 to 1.40 VRHE at 25 °C for an estimation of the ECSA 
with a scan rate of 50  mV  s–1, according to a previously published 
method.[20,30] In brief, the calculated average value of the integrated 
anodic and cathodic scan of the recorded iR-corrected CVs (q(a+c)/2) 
can be used to estimate the amount of accessible iridium sites for each 
catalyst film. This method relies on Faradaic currents of different Irx+ 
redox active sites correlating with their abundancy and accessibility to 
the electrolyte.[30,66]

Preparation of a Homogeneous Ink for RDE Measurements of 
a Commercial Reference (Elyst, Umicore): To investigate the OER 
performance of the industrially relevant and commercially available Ir/
TiO2 catalyst powder (74.7 wt.-% Ir in TiO2, Elyst Ir 75 0480, Umicore), 
a dispersion was prepared by suspending the black powder (5.4  mg) 
in a mixture of MilliQ-H2O (2.49  mL), iPrOH (2.49  mL, >  99.5%, Carl 
Roth) and Nafion perfluorinated resin (20 µL, 5 wt-% in lower aliphatic 
alcohols and H2O, Sigma Aldrich, 15–20% H2O). A homogeneous ink 
of dark black color was obtained after the application of ultrasound for 
10  min using an ultrasonic tip (Bandelin, Sonopuls). 5  µL of the ink 
were subsequently drop-casted at room temperature onto an extensively 
polished Ti cylinder with a geometric surface area of 0.1963  cm–2 and 
dried at 65 °C in a preheated drying oven in air for 10  min. This step 
was repeated between one to five times to afford nominal Ir loadings of 
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≈20 to 100 µg cm–2. The assessment of catalytic OER activity in an RDE 
setup revealed a linear dependence of nominal Ir loading and current 
density j at a potential of 1.60 VRHE.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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