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Abstract: Electrochemical water splitting, a sustainable method for hydrogen production, faces the
challenge of slow oxygen evolution reaction (OER) kinetics. Iridium oxide (IrO2) is widely regarded
as the most effective catalyst for OER due to its excellent properties. Compared to nanoparticles, IrO2

thin films exhibit significant advantages in OER, including a uniform and stable catalytic interface
and excellent mechanical strength. This paper reviews recent advancements in one-step deposition
techniques for the preparation of IrO2 thin films and their application in OER. Additionally, it
analyzes the advantages and disadvantages of various methods and the latest research achievements,
and briefly outlines the future trends and applications.

Keywords: one-step deposition; IrO2 thin films; OER; electrochemical deposition; physical vapor
deposition; chemical vapor deposition

1. Introduction

In the past few decades, with societal development, the demand for energy has in-
creased exponentially, necessitating a more intelligent and extensive approach to acquiring
energy resources. Global warming and the depletion of fossil fuels have gradually raised
awareness about the importance of developing new renewable energy sources, such as solar,
wind, and hydro energy, which are key to sustaining development and minimizing negative
environmental impacts [1–3]. Converting electrical energy into chemical energy in the
form of fuels is an economically and environmentally sustainable solution for storing and
transporting energy obtained from renewable energy systems [4–6]. Due to its high energy
density and carbon-free nature, hydrogen energy is regarded as a promising method for
hydrogen production through electrochemical water splitting [7,8]. Electrochemical water
splitting refers to the process of decomposing water into hydrogen and oxygen through the
hydrogen evolution reaction (HER) at the cathode and the OER at the anode [9,10], driven
by electric power. However, the slow kinetics of the OER are the main factor limiting the
efficiency of water electrolysis [11–13]. Platinum on carbon support (Pt/C) is commonly
used for the HER cathode, while IrO2, known for its high conductivity, corrosion resistance,
and stability, is currently the best catalyst for the OER anode [14–17].

In the water electrolysis catalytic process, the morphology and structural character-
istics of the catalyst play a crucial role in determining its catalytic performance [18,19].
Although materials like IrO2 nanoparticles theoretically exhibit excellent catalytic potential,
their practical application is limited by several challenges, such as the tendency of particles
to spontaneously aggregate, poor dispersion uniformity in the medium, and insufficient
mechanical stability [20]. These bottlenecks directly lead to a significant reduction in the
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effective active sites of the catalyst, thereby shortening its operational lifespan in real-world
conditions and limiting its widespread application. In contrast, the application of IrO2 cata-
lysts in the form of thin films in water electrolysis technology highlights several significant
advantages. Firstly, the thin-film structure creates a uniform and stable catalytic interface,
fundamentally avoiding the common aggregation phenomena seen in nanoparticle or
powder materials, thereby ensuring efficient catalytic reactions. Additionally, the dense
structure and surface uniformity of the thin film not only enhance the catalyst’s durability
under high current density conditions but also ensure stability during long-term operation,
effectively extending the overall lifespan of the catalyst [21]. Most critically, thin-film
catalysts demonstrate excellent mechanical strength and superior substrate adhesion. This
means that in the harsh environment of water electrolysis, the catalyst film can resist peeling
or dissolution, maintaining the integrity and continuity of its structure and function. This
characteristic is vital for ensuring the long-term stability and operational reliability of the
catalyst and is a key factor in advancing water electrolysis technology towards greater
efficiency and stability. With their unique structural advantages, IrO2 thin-film catalysts
provide a more reliable and efficient catalytic solution for the water electrolysis field.

Tables 1 and 2 present the performance data of iridium-based catalyst materials
with different structures in the OER. We analyze these materials based on the following
performance indicators: overpotential, iridium loading amount, Tafel slope, and stability
test duration. According to the comparative analysis of the data from the tables, thin-film
materials generally exhibit lower overpotentials, indicating that they can drive the reaction
at lower voltages, thus demonstrating higher electrocatalytic efficiency. Although the
Tafel slopes of thin-film and nanoparticle materials do not differ significantly, thin-film
materials have notably lower iridium loading amounts. Moreover, in terms of stability,
thin-film materials perform better; for instance, the stability test duration for p-L-IrO2
reaches 2300 h [22]. Therefore, considering all performance indicators, iridium-based thin
films demonstrate higher catalytic activity and long-term stability in the OER process,
showing overall superiority over nanoparticle materials.

Table 1. OER performance parameters of Ir-based catalyst films reported in the literature.

Materials Overpotential
(mV)

Iridium Loading
Amount

(mg cm−2)

Tafel Slope
(mV dec−1)

Stability Test
Duration Ref.

IrO2/Ti - 0.100 53 - [23]
IrTiOx 353 0.007 55 50 h [24]

IrO2/NiO 285–316 0.160–0.270 45–60 - [25]
IrOx/Ir/p+-n-

Si 112 - 51–55 18 h [26]

IrCrOx/FTO 430 - 59 - [27]
Ir/Ti 330 - 30–40 20 h [28]

IrO2/Ni 320 - 45 - [29]
IrO2(100)/NiO 310–320 54–55 - [30]
IrOx/TTLGDL - 0.075–0.340 - 80 h [31]

Au-Ir/CP 418–708 - 90–134 - [32]
IrO2/Ti - 0.4 - 300 h [33]

α-IrO2/YSZ 300 - 250 - [34]
IrHfxOy 370 - 50–66 6 h [35]
p-L-IrO2 270 0.56 42.3 2300 h [22]
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Table 2. OER performance parameters of Ir-based catalyst nanoparticles reported in the literature.

Materials Overpotential
(mV)

Iridium Loading
Amount (mg

cm−2)

Tafel Slope
(mV dec−1)

Stability Test
Duration Ref.

PbO2-IrO2 471 - 467 - [36]
Pt/IrO2@MWCNT 270 85.1 - [37]
Ti/SMST/IrO2 350 0.857 61 443 h [38]
MW-IrO2/rGO 251 0.25 34.7 - [39]
IrO2@TaOx@TaB 279 0.26 50 1500 h [40]

Ir-IrO2/C-3 264 - 63.3 42 h [41]
IrO2-BN-rGO 300 0.140 65.2 - [42]

IrO2-c-BN 400 0.140 61.0 - [42]
IrO2/TSO 263 0.131 51 200 h [43]

IrO2@Co3O4-
CoMoO4

236 - 46.5 6 h [44]

IrO2/TNTs/Ti 400 0.514 - 550 h [45]

One-step film formation refers to the process of directly forming a thin film through a
single operational step, in which the primary composition and the main structure of the
film are established in a single procedure. One-step film formation methods for preparing
IrO2 films include sol–gel methods [46,47], thermal decomposition [48], electrochemical
oxidation [49], and sputtering [50,51]. Each method has its advantages and disadvantages.
IrO2 films prepared by the sol–gel method are fine and uniform with a high specific surface
area, but the preparation process is complex, often requiring multiple coatings and heat
treatments to form stable films. The thermal decomposition method is simple to operate
with low raw material and equipment costs, but it requires high temperatures, resulting
in high energy consumption, and it is difficult to control film uniformity and thickness,
leading to unstable film performance. Electrochemical oxidation offers good controllability
and high-purity products, but the reaction speed is slow, and although the equipment
is relatively simple, achieving large-area uniform film formation remains challenging.
Sputtering can directly deposit IrO2 films on various substrates, achieving good control
over film morphology and thickness. The IrO2 films obtained by sputtering exhibit high
activity and low overpotential, but the high equipment investment makes it unsuitable
for large-scale batch production. Although chemical vapor deposition (CVD) and self-
assembly methods are not as commonly used as other techniques for the preparation
of IrO2 thin films, primarily due to the complexity and high cost of CVD equipment
and the reproducibility issues associated with self-assembly, each method has unique
advantages. CVD allows for high coverage and region-selective deposition [52], while
self-assembly enables precise structural control at the nanoscale, offering potential value
for future research and innovation. Including these methods in a review provides a more
comprehensive perspective, thereby fostering the development and application of new
preparation techniques. Additionally, when IrO2 catalysts are applied in the field of water
electrolysis, coating techniques (such as spin coating and dip coating) are also commonly
used strategies [53–55]. However, coated catalysts have several issues. The catalysts tend
to aggregate or stack, leading to insufficient exposure of active sites and the formation of
defect structures that are unfavorable for reactions. Moreover, the adhesion between the
coated catalyst and the substrate is unstable, potentially leading to the catalyst detaching
from the substrate surface under temperature changes, vibration, impact, or dynamic
stress. The one-step film forming technology directly deposits IrO2 film on the substrate
surface to obtain a high-quality film structure and avoid the interface problems and defect
accumulation caused by multiple film forming. This method not only simplifies the process
and increases production efficiency but also significantly enhances the long-term stability
and electrochemical performance of iridium-based film catalysts in OER by optimizing the
uniformity and density of the films. Therefore, one-step film formation techniques show
great potential and superiority in the application of IrO2 film catalysts. They are expected
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to play an important role in the energy conversion and hydrogen storage fields, driving
further development of related technologies.

This paper comprehensively reviews the latest research developments in one-step
fabrication techniques for iridium-based thin films in recent years, highlighting the crucial
role of these films in enhancing OER catalytic performance. In light of the previous lack
of systematic reviews focusing on the impact of one-step fabrication of IrO2 thin films
on OER catalytic efficiency, and considering the significant technical advancements in
the preparation of various IrO2 OER catalyst films in recent years, this paper aims to
provide an extensive discussion. By deeply analyzing the meticulous design of material
composition, innovative strategies for structural optimization, and specific measures for
process improvement, this paper summarizes the latest research achievements in improving
the OER performance of IrO2 films. The goal is to offer valuable insights and references for
researchers in related fields.

2. Catalytic Mechanism of Iridium Oxide in OER

Iridium oxide, as an efficient catalyst for the OER, has had its catalytic mechanism
extensively and deeply explored and gradually clarified. Its excellent catalytic performance
is primarily attributed to its unique electronic configuration and flexible multivalent state
conversion characteristics [14,56–59].

In the OER process, the various oxidation states of iridium (such as Ir3+, Ir4+, and Ir5+)
play a crucial role [14,58]. The transitions between these oxidation states not only help
maintain charge balance within the reaction system but also facilitate the stable presence of
reaction intermediates. Specifically, the transition of Ir4+ to Ir5+ during the catalytic process
of IrO2 significantly enhances its ability to adsorb and activate water molecules and reaction
intermediates, effectively lowering the reaction energy barrier, thereby accelerating the
formation of O-O bonds and the evolution of oxygen [58,60]. Simultaneously, the surface
properties of IrO2 are also critical to its catalytic performance. Its surface can robustly
adsorb key intermediates such as OH− and O2−, and through finely tuned electron and
proton transfer processes, it promotes the efficient formation of O-O bonds. In this process,
the active oxygen species formed on the IrOx surface play a central role. These species
react with water molecules to form O-OH intermediates, ultimately leading to the release
of oxygen. The stable capture and efficient conversion of these intermediates are key to
the high catalytic activity of IrO2. Furthermore, the catalytic cycle efficiency of IrO2 is a
testament to its outstanding performance. Its OER catalytic cycle encompasses multiple
pathways, involving the redox cycles of the Ir center, the conversion of surface adsorbed
oxygen species, and the participation of lattice oxygen in complex processes. Among these,
the pathway centered on the Ir5+ intermediate is particularly critical. In this pathway, Ir5+

reacts with water or OH− to form peroxide species (OOH), ultimately achieving efficient
oxygen release. This multi-pathway cycle mechanism ensures the high efficiency of IrO2
catalysts in the OER.

In the study of the OER mechanism, the Adsorbate Evolution Mechanism (AEM)
and the Lattice Oxygen Mechanism (LOM) are the two main theories, as illustrated in
Figure 1 [61,62]. Although the traditional AEM is constrained by the linear relationship of
intermediate adsorption energies, facing a limit on the minimum overpotential, the LOM
theoretically further reduces the OER overpotential by involving lattice oxygen. However,
LOM still encounters thermodynamic challenges in practical applications, such as the slow
deprotonation steps and catalyst stability issues due to lattice oxygen release. To address
these problems, a novel theory called the lattice water-assisted oxygen exchange mechanism
has been proposed [63,64]. This mechanism accelerates the OER process and enhances
catalyst stability through the direct involvement of lattice water molecules. During the
reaction, lattice water molecules near the active sites can quickly transfer and dissociate into
*OH intermediates, facilitating subsequent oxygen exchange. This dynamic process not
only accelerates the oxygen generation rate but also maintains the structural stability of the
catalyst through the rapid replenishment and redissociation of external water molecules.
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As a result, IrOx·nH2O demonstrates higher intrinsic activity and excellent electrochemical
stability in the OER.
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3. One-Step Fabrication Techniques for Iridium-Based Thin Films

In the preparation of iridium-based thin films for application in the OER, techniques
such as electrochemical deposition, physical vapor deposition, chemical vapor deposition,
and sol–gel methods have demonstrated exceptional technical advantages. These methods
enable the successful one-step fabrication of thin films, effectively avoiding the defects and
interface issues that may arise from traditional multi-step processes, thereby significantly
enhancing the performance of IrO2 films. Through the application of these advanced
techniques, iridium-based thin films have exhibited superior catalytic activity and long-
term stability in OER, injecting new vitality into the development of fields such as water
electrolysis for hydrogen production and fuel cells.

3.1. Electrochemical Deposition Method

Electrochemical deposition is a method that utilizes electrochemical reactions to de-
posit the desired material on the surface of an electrode [65]. In the preparation of IrO2
thin films, the process generally consists of the following steps. Initially, an electrolyte
solution containing iridium salts is prepared, and the working and reference electrodes
are placed into the electrochemical cell. Electrochemical deposition is then carried out by
controlling the current or voltage, which allows iridium ions to deposit onto the electrode
surface and form the thin film. Once deposition is complete, the electrode is removed
from the electrolyte solution and cleaned with an appropriate solvent to eliminate any
residual electrolyte. Finally, heat treatment or other post-processing techniques are applied
to improve the film’s structure and properties. By precisely controlling electroplating
parameters—such as current density, deposition time, and electrolyte concentration—the
deposition rate and film thickness can be accurately managed, resulting in continuous,
uniform, and strongly adherent IrO2 films directly on the substrate in a single operation.
Due to its advantages of mild preparation conditions, high degree of mechanization, and
simple operation, electrochemical deposition is highly suitable for preparing IrO2 film
electrodes for the OER. Based on the technique of electric field generation, several common
electroplating methods include constant current deposition, constant voltage deposition,
pulse deposition, cyclic voltammetry deposition, and assisted field deposition.
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Electrodeposition usually occurs under mild conditions (room temperature and at-
mospheric pressure), avoiding damage to the substrate material that high temperature
and high pressure can cause. This makes electrodeposition advantageous for substrate
selection, as it is suitable for a broader range of materials, including metals, carbon-based
materials, and porous materials, meeting diverse application needs and providing greater
flexibility in process design and optimization. Common substrate materials for electrode-
positing IrO2 layers include Pt, Au, Ti, glassy carbon (GC), carbon paper (CP), and stainless
steel [33,66–70]. The electrochemical behavior and stability of electrodeposited IrO2 vary
with different substrates. Lee et al. [67] electrodeposited a thin layer of IrOx on carbon-based
CP and studied its OER performance in proton exchange membrane water electrolysis
(PEMWE). Using a Nafion 212 membrane (operating at 90 ◦C), they achieved a high water
splitting current density of 1.92 A/cm2 at 1.8 V with a low iridium loading of 0.1 mgIr/cm2.
However, using carbon paper as the anode PTL resulted in lower PEMWE stability due
to carbon corrosion caused by carbon oxidation. To address this issue, Choe et al. [33]
replaced the CP with a porous titanium substrate, electrodeposited an IrOx layer onto
the Ti porous transport layer (Ti PTL), and compared it with iridium oxide produced
by sputtering. The results showed (Figure 2a) that the IrOx film on the titanium mesh
exhibited excellent electrochemical performance, particularly in stability and durability
under high-temperature and high-current-density conditions, far superior to sputtering
and electrodeposited films on CP. Additionally, the IrOx layer served not only as a catalyst
but also as a corrosion-resistant layer for the Ti PTL (Figure 2b). The PEMWE prepared with
the IrOx-coated Ti PTL and Nafion 212 membrane achieved a current density of 0.97 A/cm2

at 1.6 V and 120 ◦C with a low iridium loading of 0.4 mgIr/cm2. Wu et al. [66] studied the
anodic electrodeposition process of IrOx on different substrates. The study found that the
electrocrystallization process of IrOx exhibited a diffusion-controlled three-dimensional nu-
cleation process on different substrates, and a nucleation model was established to describe
this process. According to the nucleation model parameters, iridium oxide showed excel-
lent nucleation performance on titanium substrates, which had the highest nucleation rate
and active nucleation sites. As shown in Figure 2c,d, the overpotential and Tafel slope for
IrOx deposited on Au substrates were the lowest compared to other substrates. The kOER
value, indicating the oxygen evolution rate constant, was the highest for IrOx electrode-
posited on gold substrates, suggesting that IrOx deposited on gold supports more favorable
OER kinetics. This is consistent with the previous study by Abyaneh et al. [71], which
indicated that the secondary redox process affects the changes in potentiostatic current
transients and that growth is limited by the binding rate of adatoms to three-dimensional
(3D) growth centers.

During the electrochemical deposition process of IrO2 catalysts, the content of internal
oxygen elements significantly and profoundly impacts the electrochemical performance
of the catalysts ultimately deposited on the substrates [72,73]. This is dependent on the
interaction between the catalyst and the substrate and can serve as a descriptor of OER
activity. Cho et al. [70] synthesized efficient amorphous IrOx on Ti substrates (TS) using an
electrodeposition process and observed the relationship between the electronic structure
and electrochemical performance of electrodeposited IrOx during the OER in PEMWE.
Through a combined analysis of experiments and first-principles calculations, it was found
that an electronic interaction occurs between the electrocatalyst and the substrate. The
interaction between IrOx and the Ti substrate induced the migration of oxygen sources from
the oxide to the metal, resulting in electrophilic activation of the oxygen sites that were
depleted of oxygen in the IrOx. These activated oxygen sites exhibited lower activation
energy for water adsorption, which is one of the reasons for their high OER activity. As
shown in Figure 3, the interaction between Ir and O atoms distorted the ordered structure
of IrO2, forming mesoporous structures. The electrophilic oxygen defects and mesoporous
Ir oxide structure led to high intrinsic OER activity. Building on this, Oyshi et al. [74]
electrodeposited Au and IrOx on TS and found that the transferred oxygen oxidized the
substrate, forming TiO2, which had a synergistic effect with the electronic state of Au.
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This synergy facilitated the transfer of reaction molecules to the catalytic surface, and the
presence of Ir supported redox reactions, enhancing the overall electrochemical conversion
kinetics of the reaction system. Electrochemical parameters such as turnover frequency
(TOF), Tafel slope, and exchange current density (jk) were superior to those of electrodes
used in other experiments.
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Electrochemical deposition is a low-cost, environmentally friendly, and easily scal-
able method for preparing iridium oxide electrodes, and it is relatively mature in cur-
rent research [75–77]. In the latest studies, Lei Ding and his team [31] prepared amor-
phous IrOx thin film electrodes via electrodeposition, achieving a catalyst loading of only
0.075 mg/cm2, which is significantly more efficient compared to the 2 mg/cm2 loading of
commercial catalyst coatings. This method not only saves over 96% of the catalyst but also
increases utilization by 42 times. This groundbreaking advancement highlights the unique
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advantages of electrochemical deposition in precisely controlling the one-step fabrication of
iridium oxide thin films and indicates its vast potential applications in iridium oxide elec-
trodes and broader electrochemical catalysis fields. As researchers continue to explore and
optimize electrochemical deposition technology, we have reason to believe that this tech-
nique will play an increasingly important role in key renewable energy technologies such
as water electrolysis for hydrogen production and fuel cells. It will provide robust technical
support for achieving global green energy transitions and sustainable development goals.

3.2. Physical Vapor Deposition Method

Among the numerous preparation methods, physical vapor deposition (PVD) has
garnered significant attention due to its unique advantages. The PVD method for preparing
iridium oxide films for OER offers benefits such as high purity, excellent film adhesion,
and good uniformity [78–80]. However, its complex equipment, high costs, and limitations
in large-area preparation are factors that need consideration. PVD encompasses various
methods, mainly including sputter deposition [81], electron beam evaporation [82], and
pulsed laser deposition [30,83,84]. Sputtering provides good film uniformity and high
density but is energy-intensive; electron beam evaporation can achieve high-purity films
but may result in films with many pores and defects; pulsed laser deposition is favored for
its precise control and high-quality films but involves expensive and complex equipment.

Sputtering technology is an advanced physical vapor deposition method that utilizes
high-energy particles (such as argon ions, Ar+) to bombard the surface of the target material,
causing the target atoms or molecules to detach and deposit onto the substrate to form
a thin film. Depending on the process and equipment, sputtering can be classified into
reactive sputtering [85,86], magnetron sputtering [87], radio frequency sputtering [88,89],
and direct current sputtering [90,91], among others. One-step film formation using the
sputtering method to prepare IrO2 films shows great potential in OER applications. By
precisely controlling the target composition and sputtering conditions, it is possible to
produce high-purity, compositionally uniform IrO2 films in one step, effectively avoiding
subsequent complex processing steps and potential contamination issues. Due to the high
density and uniformity of the films, iridium oxide films prepared by sputtering exhibit
excellent electrochemical performance. The process parameters for preparing IrO2 films
include target power, voltage, substrate temperature, and the flow ratio of oxygen to argon
gases. By controlling these process parameters, the surface morphology of the films can
be adjusted to expose more active sites, thereby enhancing the catalytic performance of
the OER [92,93]. Slavcheva et al. [94] studied the use of reactive magnetron sputtering
to deposit IrO2 films as water electrolysis catalysts in polymer electrolyte membrane
(PEM) cells. They investigated the mechanical stability, corrosion resistance, and catalytic
activity of IrO2 films with different sputtering thicknesses and loadings under high anode
potentials. The study found that when the IrO2 film thickness was 500 nm and the loading
was 0.2 mg/cm2, the anode current density reached 0.3 A/cm2 at a potential of 1.55 V
(versus RHE), demonstrating optimal OER performance. Figure 4a shows the anode steady-
state polarization curves of sputtered IrO2 films (SIROFs) of different thicknesses at 80 ◦C,
with the 500 nm thick SIROFs exhibiting the lowest overpotential and the best catalytic
activity for the OER. Subsequently, Tachikawa et al. [23] examined the effect of annealing
temperature on the OER activity of IrO2 films prepared by sputtering in 0.5 M H2SO4
solution. As depicted in Figure 4b–d, it can be observed that the OER active area decreases
with the increase in annealing temperature. This phenomenon can be attributed to the
reduction in electrochemical double-layer capacitance (EDLC), indicating a lower density
of active sites. Furthermore, higher annealing temperatures lead to an increase in the
crystallinity of the thin film.
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Electron beam physical vapor deposition (EBPVD) utilizes an electron beam to heat
and evaporate the target material, causing the vapor to deposit on the substrate and form
a thin film [95]. The process of EBPVD involves several key steps: initially, an electron
beam is used to heat and evaporate the target material, converting it into a vapor of atoms
or molecules; subsequently, these vapors diffuse in a vacuum environment and reach the
substrate surface; then, the evaporated atoms or molecules condense on the substrate,
gradually forming a thin film; finally, the thickness and uniformity of the film can be
precisely controlled by adjusting deposition parameters such as electron beam power,
substrate temperature, and deposition time. Compared to sputtering, iridium-based films
prepared by EBPVD may have more pores and defects, resulting in lower film density and
uniformity, fewer surface active sites, and compromised mechanical properties, making the
films more prone to dissolution and deactivation during electrochemical reactions. Geiger
et al. [82] used the electron beam evaporation method to prepare iridium thin-film elec-
trodes and formed hydrated IrO2 film electrodes through electrochemical methods. Both
sets of electrodes underwent heat treatment, and their activity and stability in the OER were
studied. However, as evident from Figure 5a, the iridium films obtained through sputter
deposition exhibit superior electrochemical performance, particularly when subjected to
heat treatment at 400 ◦C and 500 ◦C.
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Pulsed laser deposition (PLD) employs high-energy pulsed laser irradiation on a
target material, causing its surface to instantly vaporize and generate a plasma plume.
Subsequently, this plasma expands within a vacuum or low-pressure environment and
reaches the substrate surface; finally, the atoms or ions within the plasma condense onto
the substrate, gradually forming a thin film. The PLD method allows for precise control of
the film, producing IrO2 films with excellent crystal quality and surface smoothness. This
method is suitable for preparing multilayer films and heterostructure films [96], enabling
good interface bonding between different materials. However, PLD equipment is expensive,
the operation is complex, and it is not suitable for large-area industrial production of thin
films. PLD technology is commonly used for depositing iridium films on precision devices
such as semiconductor devices, and more research and development are needed for its
application in preparing IrO2 films for OER electrode catalyst layers. Hou et al. [97] used
PLD to prepare IrO2 films on TiO2 substrates at 500 ◦C and 100 mTorr O2 pressure. The
study found that grain boundaries limited the conductivity of the films at low temperatures,
and strain relaxation seemed to cause stacking faults at the grain boundaries. Therefore,
finely tuning the grain boundary structure of IrO2 films and effectively reducing internal
defects are key steps to significantly enhancing the catalytic performance of this material
in OER. Additionally, binary IrO2 with non-rutile structures have also shown potential as
efficient and stable OER catalysts, making them promising candidates. In recent research,
Lee et al. [34] used PLD to grow epitaxial films of ilmenite-type IrO2. As depicted in
Figure 5b,c, the thin film can be optimized to achieve a preferred (100) orientation of α-IrO2,
exhibiting a lower overpotential in the oxygen evolution reaction (OER) compared to rutile
IrO2 (100).

Using the PVD method for one-step fabrication of IrO2 films offers multiple advan-
tages when the films are used as OER catalysts. The films grown by PVD have high
purity, effectively eliminating contaminants such as sulfur, chlorine, and other unwanted
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elements or compounds commonly found in precursors used in wet chemical methods.
These contaminants can often reduce the catalyst’s activity and stability. Additionally,
PVD technology offers strong controllability and high production efficiency during the
preparation process, making it favorable for the large-scale production of IrO2 film catalysts.
With continuous advancements in PVD technology, the preparation of IrO2 film catalysts
will become more refined and scalable, promising to play an even greater role in the field
of water electrolysis.

3.3. Chemical Vapor Deposition Method

Chemical vapor deposition (CVD) is a technique in which precursors undergo chemical
reactions on the substrate surface at high temperatures to form thin films [98,99]. CVD
technology achieves one-step film formation by introducing precursor gases into a heated
reaction chamber, where they undergo chemical reactions under high temperatures or other
energy sources, generating and depositing the target material as a thin film while removing
byproducts. The process concludes with cooling and any necessary post-treatment to
enhance the film’s properties. Common CVD techniques include metal–organic chemical
vapor deposition (MOCVD) [100–102] and plasma-enhanced chemical vapor deposition
(PECVD) [103]. MOCVD uses metal–organic compounds as precursors, forming thin films
on the substrate surface through thermal decomposition reactions. It is suitable for high-
temperature deposition and can produce high-purity films. PECVD, on the other hand,
introduces plasma into the CVD process, providing additional energy to reduce deposition
temperature, increase deposition rate, and improve film quality.

In the CVD process, the choice of precursor is crucial because it directly affects the
formation, characteristics, and functionality of the film. The precursor needs to have an
appropriate vapor pressure and a sufficient temperature window to ensure that it does not
decompose prematurely during transport and effectively decomposes on the substrate sur-
face [104]. PECVD precursors need to remain stable under low-temperature and plasma con-
ditions while being able to decompose effectively. Commonly used gaseous or low-boiling-
point liquid precursors include iridium tetrafluoride (IrF4), bis(1,5-cyclooctadiene)iridium
(Ir(COD)2), methylcyclopentadienyl iridium (Ir(MeCp)2), and ethylcyclopentadienyl(1,5-
cyclooctadiene)iridium (Ir(EtCp)(1,5-COD)) [105–107]. In contrast, MOCVD precursors
need to exhibit good volatility and thermal stability at high temperatures. Commonly used
liquid or solid organometallic compounds include Ir(acac)3 (iridium acetylacetonate) and
Ir(thd)3 (iridium 2,2,6,6-tetramethyl-3,5-heptanedionate). Precursors need to decompose at
high temperatures to form metal or metal oxide films, such as Ir(COD)(MeCp) (methylcy-
clopentadienyl 1,5-cyclooctadiene iridium), which is used for iridium film deposition at
573–673 K. Early Ir precursors such as IrCl3, IrCl4, and IrBr3 tended to introduce impurities,
affecting film performance. The new generation of Ir precursors includes Ir (I) and Ir (III)
compounds, and by adjusting neutral ligands and anionic ligands, their volatility, thermal
stability, and reactivity can be precisely tuned to promote the reaction process. The main
differences between PECVD and MOCVD precursors lie in their stability, reactivity, and
decomposition temperatures. These differences directly impact the application range and
quality of the films produced by the two processes.

Maury et al. [108] used Ir(COD)(MeCp) as a precursor to grow iridium coatings at low
temperatures ranging from 573 K to 673 K in a hot-wall CVD reactor through MOCVD
technology. The study found that in the presence of oxygen, the iridium coatings exhibited
higher purity and growth rates. However, high concentrations of oxygen led to the co-
deposition of Ir and IrO2. Using oxygen as a co-reagent prevented carbon incorporation and
significantly increased the growth rate (Figure 6a). Hernández et al. [109] used (Ir(acac)3)
as a precursor to develop phase diagrams for the formation of iridium and IrO2 films using
CVD technology. They studied the formation regions under different temperature and
oxygen partial pressure conditions. Figure 6b shows that metallic iridium primarily formed
at lower oxygen partial pressures (<2 Pa), while iridium oxide was more likely to form at
higher oxygen partial pressures (>2 Pa) and higher temperatures (500–600 ◦C). The optimal
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deposition conditions were moderate temperatures and oxygen partial pressure to achieve
high-quality iridium film deposition. Building on this, Yan et al. [110] introduced a new
solid precursor, Ir(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptanedione), for MOCVD prepa-
ration of iridium films. The experiments showed that this precursor had higher volatility
than Ir(acac)3 and successfully synthesized iridium films on glass substrates at 400 ◦C.
As shown in Figure 6c, the films exhibited an island-like structure, following the Volmer–
Weber growth mode. Jürgensen et al. [105] studied a method for preparing nanostructured
IrOx films using PECVD technology. They successfully deposited amorphous IrOx films on
substrates such as silicon, alumina, FTO, and gold by decomposing a novel heteroleptic
Ir(I) precursor [(CO)2Ir(TFB-TFEA)]. These films were converted into highly catalytically
active IrO2 films during subsequent annealing, demonstrating excellent electrochemical
performance. As illustrated in Figure 7a,b, it is evident that the IrOx@Au@Cu film exhibited
a highly efficient OER activity with an overpotential of approximately 0.35–0.60 V at a
current density of 10 mA/cm2 in 1 M KOH electrolyte.
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Figure 6. (a) Influence of the reactive gas phase composition on the growth rate of Ir coating
deposited at 573 K [108]. (b) Calculation of the Ir-CVD phase diagram for the iridium Ir(acac)3-O2-Ar
gas mixture as a function of O2 partial pressure and deposition temperature [109]. (c) The AFM stereo
images of the iridium films [110].

In CVD, besides MOCVD and PECVD, there are several other methods, such as low-
pressure chemical vapor deposition (LPCVD) [111–113], high-density plasma chemical vapor
deposition (HDPCVD) [114,115], hot-wire chemical vapor deposition (HWCVD) [116,117],
direct liquid injection chemical vapor deposition (DLI-CVD) [118,119], photo-chemical vapor
deposition (Photo-CVD) [120], and electrochemical vapor deposition (ECVD) [121]. Each
method has its unique advantages and specific applicability, which meet the needs of different
materials and applications. However, their use in the preparation of IrO2 films is limited, and
due to insufficient research in this area, they are not discussed in detail here. To understand
the reasons for their limited application in IrO2 film deposition and their impact on oxygen
evolution reaction (OER) performance, the specific limitations of each method are outlined
below: LPCVD, while capable of enhancing film uniformity, requires high deposition tem-
peratures, which may lead to phase transitions or structural defects within the films, thereby
affecting the catalytic activity and stability in OER; HDPCVD utilizes high-density plasma,
which could introduce impurities or result in non-uniform microstructures, diminishing its



Coatings 2024, 14, 1147 13 of 23

electrocatalytic performance in OER; HWCVD relies on high-temperature metal filaments
to decompose precursors, making it challenging to achieve uniform film deposition and
potentially causing uneven electrode surfaces that negatively impact OER activity; DLI-CVD
requires precise control over the injection and vaporization of liquid precursors, making the
process complex and costly; Photo-CVD relies on a light source to initiate reactions, often
resulting in poor film uniformity and potentially leading to non-uniform OER activity re-
gions; moreover, ECVD has a relatively low deposition rate, and its application in IrO2 film
deposition is not well-studied, which limits its potential as an effective OER catalyst. These
limitations restrict the broader application of these methods in the preparation of high-quality
IrO2 films and the enhancement of OER performance.
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3.4. Sol–Gel Method

The sol–gel method is a technique for preparing inorganic thin films or nanomaterials
by dissolving precursors to form a sol, followed by gelation, drying, and heat treatment.
Through solution processing and simple deposition techniques, the sol–gel method allows
for the one-step fabrication of uniform and high-quality IrO2 films on substrate surfaces,
showing potential for application in OER catalysis.

The sol–gel method is one of the simplest chemical methods for film preparation.
Sol–gel deposition typically requires heat treatment at 300 ◦C to successfully form IrO2
from its precursor state. Suitable iridium salts, such as IrCl3 or iridium acetate precursors,
are selected and dissolved in an appropriate solvent, then chelating agents and polyols
are added to form a sol. The sol is then applied to the substrate using spin-coating or
dip-coating methods. After drying and high-temperature treatment, IrO2 nanoparticle
films can be obtained [46,122]. The sol–gel method allows for the one-step preparation
of IrO2 films on electrodes. The film thickness can be initially controlled by adjusting
the sol concentration and the number of coatings, but there may still be some issues with
thickness uniformity. High-temperature treatment is necessary to obtain crystalline IrO2
films, but it may damage the electrode material. Common sol–gel routes include the
Pechini method [123], traditional sol–gel method, alkoxide hydrolysis method [124,125],
inorganic–organic hybrid method [126], and supercritical sol–gel method [127], among
others. Guan et al. [128] described a technique for preparing amorphous IrOx films by
spin-casting H2IrCl6/polyvinylpyrrolidone (PVP) on FTO substrates (Figure 8a), followed
by annealing at 300 ◦C and air plasma treatment. In 0.5 M H2SO4 electrolyte, these films
exhibited excellent catalytic performance for the OER process at room temperature (RT),
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with an overpotential of 0.291 V @ 10 mA/cm2, a Tafel slope of 0.0554 V/dec, and an
ultra-high mass activity of 993 A/g at 1.55 V. In recent studies, Reichert et al. [47] prepared
IrO2-TiO2 solid solutions using a modified Pechini sol–gel method. The research showed
that Ir can promote the phase transition of TiO2 from anatase to rutile. The IrO2-TiO2
solid solutions demonstrated significantly enhanced conductivity (Figure 8b,c), even at low
levels of Ir doping.
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Figure 8. (a) Schematic illustration of the preparation of IrOx nanoparticle films on FTO [128].
(b) Phase fractions of the doping series IrxTi1-xO2 synthesized via a modified Pechini sol–gel route
after calcination at T = 400 ◦C. (c) Logarithmic representations of the specific conductivities of powder
samples according to the two-point method of the doping series IrxTi1-xO2 prepared via a modified
Pechini sol–gel route after calcination at T = 400 ◦C [47].

Future research on the sol–gel method should focus on further optimizing the prepara-
tion process to achieve more efficient and stable IrO2 film catalysts. This includes exploring
lower temperature, heat treatment conditions, and developing new precursors and solvent
systems, and may have a greater impact on hydrogen production through water electrolysis
and other energy conversion fields.

3.5. Other Methods

In the one-step fabrication of IrO2 catalysts for OER electrodes, besides electrochemical
deposition, CVD, and PVD, several other common methods include atomic layer deposition
(ALD), self-assembly [129,130], solution dipping [131], and spray pyrolysis [132,133].

ALD is a thin film deposition technique based on surface-limited reactions. This
process involves the alternating introduction of precursors and reactants onto the substrate
surface, enabling stepwise chemical reactions to achieve layer-by-layer deposition of mate-
rials. The “one-step film formation” process for fabricating IrO2 films using ALD comprises
several critical steps: first, precursor molecules are introduced and uniformly adsorbed
onto the substrate surface; next, a first purge is conducted to remove any unreacted precur-
sor molecules; then, an oxidizing agent is introduced to react with the adsorbed precursor,
forming a layer of IrO2 film; finally, a second purge is performed to eliminate any residual
reaction byproducts. This layer-by-layer deposition approach ensures the uniformity of the
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film and precise control over its thickness, while also enhancing the adhesion between the
film and the substrate.

This high-quality deposition film presents significant advantages in catalytic applica-
tions. The strong adhesion ensures the stability of the catalyst under high current density
and long-term operation. Consequently, ALD has garnered considerable attention in the
preparation of catalysts. In terms of specific applications, Matienzo et al. [25] used ALD to
prepare IrO2 and NiO films (thickness < 60 nm) on Ni substrates. These crystalline films
showed good activity for the OER process (Figure 9a), but were only active under high
temperature and high pH conditions. Combining PLD technology with other techniques
for the preparation of iridium-based films is also a good strategy. Park et al. [134] reported
using plasma-enhanced atomic layer deposition (PEALD) to deposit Ir films on three-
dimensional electrodes. As shown in Figure 9b, the deposited electrodes exhibited good
step coverage and electrical performance. Despite the significant advantages of ALD in thin
film deposition, the performance of the films largely depends on the choice of substrate
material and the film growth mode. Extremely thin iridium layers are highly dependent on
the substrate material. Schmitt et al. [78] evaluated the nucleation, film growth, and layer
characteristics of iridium films prepared by ALD on substrates such as SiO2, TiO2, Ta2O5,
Al2O3, Cr, Mo, and graphite. The study found that iridium exhibited an island growth
mode (Volmer–Weber growth) on all substrate materials (Figure 9c). Ideal nucleation and
growth of iridium were observed on TiO2 and Ta2O5 substrates, while good adhesion was
seen on Al2O3, Cr, and carbon substrates. Iridium tended to peel off on other substrates.
Iridium films on TiO2 showed the lowest specific resistivity (7.7 × 10−8 Ω·m), which is
crucial for OER. Based on these results, targeted selection of electrode substrate materials
can achieve the best catalytic performance for the OER.

The self-assembly method relies on non-covalent interactions (such as electrostatic
interactions, hydrogen bonding, van der Waals forces, etc.) between molecules or nanoparti-
cles. Through these interactions, molecules or nanoparticles arrange themselves on surfaces
or interfaces to form ordered structures with high order and consistency. The steps for
achieving one-step film formation via self-assembly include preparing the solution, treating
the substrate, performing self-assembly in the solution, removing excess solution and
cleaning, and drying and curing the film. By adjusting self-assembly conditions (such as
concentration, solution composition, temperature, substrate properties, etc.), the structure
and thickness of the films can be controlled. Yagi et al. [129] formed a monolayer of colloidal
particles on ITO electrodes via the self-assembly of citrate-stabilized IrO2 colloids, signifi-
cantly enhancing electrocatalytic water oxidation performance. This catalyst exhibited the
highest TOF of (2.3–2.5) × 104 h−1 in neutral aqueous solutions. During the self-assembly
process, the carboxyl groups of the citrate formed ester bonds with the hydroxyl groups
on the ITO surface, achieving chemical adsorption. By adjusting the solution pH, the
self-assembly of IrO2 colloids was optimized, endowing the catalyst with high catalytic
activity and excellent stability in electrocatalytic water oxidation reactions. Recently, the
Cloward team [135] proposed a new mechanism for forming nanoscale aggregates through
non-covalent self-assembly. The catalyst preparation involved dissolving monometallic
iridium complexes and bimetallic iridium complexes with long-chain alkyl substituents in a
solvent, then self-assembling into nanoscale aggregates through non-covalent interactions,
significantly enhancing catalytic efficiency. Compared to monometallic catalysts, bimetallic
iridium catalysts exhibited higher hydrogen evolution efficiency and lower overpotential in
neutral aqueous solutions. The nanoscale aggregates formed through self-assembly placed
multiple iridium centers in close proximity, effectively capturing light through the local
high concentration of iridium atoms and promoting the coupling of bimetallic H-H bonds,
thereby accelerating the photodriven electrocatalytic hydrogen evolution reaction in water.
This research provides a new strategy for achieving efficient photodriven water splitting
reactions under lower overpotentials and higher activity, which is of great significance for
the optimization of the OER.
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In addition, several other methods are valuable for the preparation of IrO2 films for
OER but are not discussed in detail here due to space limitations. These methods include
solution dipping, spray pyrolysis, and liquid phase deposition. Each of these techniques
has unique characteristics and advantages that may offer distinct benefits for specific
applications, warranting further research and exploration.

4. Future Prospects

One-step film fabrication techniques demonstrate promising application prospects in
the field of oxygen evolution reaction (OER) catalysis. Leveraging their unique advantages,
these techniques can construct uniform and dense IrO2 (iridium oxide) films in one step,
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significantly enhancing their electrochemical performance and stability while effectively
avoiding interface defects and structural inconsistencies that may arise from traditional
multi-step preparation processes. Although the application of one-step fabrication for
iridium oxide films in OER has achieved significant progress, there remains substantial
room for optimization and further development. Future research could focus on the
following areas: I. Development of Iridium-Based High-Entropy Alloy Films: Investigate
how the complex compositions of high-entropy alloys influence catalytic performance,
and optimize the activity and stability of iridium-based films by adjusting the elemental
composition, thereby enhancing their OER catalytic efficiency. II. Iridium-Doped Metal
Oxide Films: Utilize iridium doping techniques to modulate the electronic structure and
surface activity of metal oxide films, further optimizing OER performance. This approach
is particularly significant for improving catalyst durability and reducing costs. III. Films
with Iridium Supported on High-Porosity Materials: By loading iridium onto high-porosity
materials (such as porous carbon or metal–organic frameworks, MOFs), the specific surface
area and electrical conductivity of the films can be increased, significantly improving OER
catalytic efficiency and material utilization. IV. Application of Iridium in Nanotube and
Nanocage Structures: Explore the application of iridium-based films in nanotube and
nanocage structures, which can provide a larger specific surface area and more active sites,
thereby further enhancing catalytic performance. V. Fabrication and Application of Iridium-
Based Two-Dimensional Materials: Develop films of iridium-loaded two-dimensional
materials (such as graphene and other two-dimensional transition metal dichalcogenides)
to exploit their excellent conductivity and surface properties, further enhancing OER
performance. VI. Design of Catalysts with Self-Repair Mechanisms: Research IrO2 catalysts
with self-repair capabilities that can reconstruct or migrate during prolonged electrolysis
to repair active site loss or surface damage caused by redox reactions, thereby extending
the catalyst’s lifespan and improving stability. VII. Integrated Multiscale Theoretical and
Experimental Studies: Combine theoretical simulations with experimental research to
deepen the understanding of the catalytic mechanisms of iridium oxide films, providing
guidance for the design and synthesis of novel catalytic materials.

5. Summary

By exploring these directions in greater depth, the design and fabrication techniques
for iridium oxide film catalysts will continue to improve in the future. These advancements
will not only significantly enhance the efficiency and stability of the OER but also promote
their key roles in a broader range of applications. Such research will help address global
energy challenges, foster further development of clean energy technologies, and provide
a rich theoretical basis and technical support for the development and innovation of new
materials. In the future, with continuous technological breakthroughs and the advancement
of materials science, we anticipate that these advanced IrO2 catalysts will demonstrate even
stronger performance and longer service life in practical applications, contributing more
significantly to the realization of sustainable energy.
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