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Abstract: Iridium oxides with high oxidation states have been 
reported to be effective in enhancing the acidic oxygen evolution 
reaction (OER) performance. Herein, we develop ultrasmall IrOx 
nanoparticles over titanium nitride, which undergoes surface oxidation 
under oxidative conditions to form oxygen-modified TiN (oxi-TiN), 
enabling the formation of highly oxidized Irδ+ (δ > 4). This IrOx/oxi-TiN 
catalyst delivers higher Ir mass activity than commercial IrO2, while 
comparable stability is maintained. The superior OER activity of 
IrOx/oxi-TiN is further demonstrated in a proton exchange membrane 
water electrolyzer, requiring only 1.88 V to reach 3 A cm-2, achieving 
the U.S. Department of Energy 2025 target (1.90 V at 3 A cm-2). In 
situ X-ray absorption spectroscopy confirms that the superior OER 
activity of IrOx/oxi-TiN originates from highly oxidized Irδ+ under OER 
conditions. Density functional theory calculations reveal a general 
correlation between the oxidation state of Ir and OER overpotential. 
Specifically, the introduction of interfacial oxygen at the Ir/TiN 
interface increases the oxidation state of deposited Irδ+ from δ < 4 to δ 
> 4, decreasing the OER overpotential. This study highlights the 
critical role of high oxidation states of Irδ+ in enhancing OER activity, 
providing guidance for the development of advanced acidic OER 
catalysts.  

Introduction 

Designing active, stable, and lower-cost electrocatalysts for the 
acidic oxygen evolution reaction (OER) is critical for large-scale 
hydrogen production via proton exchange membrane (PEM) 
water electrolysis. 1-4 Currently, iridium oxide (IrOx) is the only 
anode catalyst that meets the activity and stability requirements 

under the harsh OER environment in an acidic electrolyte. 5, 6 
Recent literature reports suggest that the OER activity is related 
to the oxidation state of Ir, with high oxidation states of Irδ+ (δ > 4), 
such as Ir5+ or Ir6+, being assumed to enhance the OER activity 
as demonstrated in examples like amorphous Li-IrOx (Ir>4+)7, 
Sr2CaIrO6 (Ir6+/5+)8, Ir/NiFe (Ir5.3+)9, and atomically dispersed 
Ir6+ oxide10. However, the understanding of dependence between 
the oxidation state of Ir and the OER activity is rather limited, 
which hinders optimization of Ir-based catalysts for advanced 
acidic OER.  
     Recently, we employed the ethanol reduction method to 
deposit IrOx nanoparticles (NPs) on titanium nitride (TiN), where 
the TiN surface is oxidized under oxidative conditions to form oxi-
TiN (denoted as EtOH-IrOx/oxi-TiN). This approach reduced the 
Ir loading to 30 wt% while maintaining acidic OER performance 
comparable to that of commercial IrO2 (C-IrO2). In this catalyst, 
the IrOx NPs contain Irδ+ (1 < δ < 4).11 In the current study, we 
report a carbon monoxide (CO)-assisted strategy to achieve 
highly oxidized Irδ+ (δ > 4) (denoted as CO-IrOx/oxi-TiN). 
Compared to the ethanol-assisted method, the presence of CO is 
found to effectively reduce the size of Ir NPs from 1.58 nm to less 
than 1 nm and mitigate Ir aggregation. This is due to the fact that 
CO absorbs onto the Ir surface to limit and control particle growth 
due to its size-dependent chemisorption energy and coverage. 12, 

13 The ultrasmall Ir clusters in CO-IrOx/oxi-TiN result in an 
increased total interfacial contact area with the oxi-TiN support, 
enhancing the interfacial oxygen-to-Ir stoichiometry and thereby 
facilitating the formation of highly oxidized Ir species. In situ X-ray 
absorption spectroscopy (XAS) measurements further reveal that 
the oxidation state of Ir in CO-IrOx/oxi-TiN exceeds Ir4+ under OER 
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potentials. The CO-IrOx/oxi-TiN catalyst exhibits a low OER 
overpotential of 277 mV at the current density of 10 mA cm-2 and 
long-term stability in 100 hours continuous operation in an acid 
medium. With an Ir loading of 40 µgIr cm-2, the mass activity of 
CO-IrOx/oxi-TiN reaches 542 A gIr

-1, which is 6.3 times and 2.1 
times higher than that of C-IrO2 and EtOH-IrOx/oxi-TiN, 
respectively. When integrated into a PEM water electrolyzer, the 
CO-IrOx/oxi-TiN with a low iridium-loading of 0.26 mg cm-2 
achieves a current density of 2.4 A cm-2 at 1.8 V using a Nafion 
membrane N212 at 60 °C, outperforming C-IrO2 (1.2 A cm-2) and 
EtOH-IrOx/oxi-TiN (2.0 A cm-2).   
     Density functional theory (DFT) calculations are further 
employed to understand the promoting effect of CO-IrOx/oxi-TiN 
as compared to EtOH-IrOx/oxi-TiN. A correlation between the 
oxidation state of Ir and the OER overpotential is established 
across a wide range of Ir-based catalysts including EtOH-IrOx/oxi-
TiN, IrOx/Ir and IrO2 in addition to CO-IrOx/oxi-TiN. It is indicated 
that the oxidation state of Ir can serve as a descriptor for OER 
activity, with higher oxidation states generally being associated 
with lower OER overpotentials. The DFT results show that CO-
IrOx/oxi-TiN can enable the formation of higher stoichiometries of 
oxygen/Ir than that of EtOH-IrOx/oxi-TiN and C-IrO2, thus 
facilitating oxidation of Ir and enabling selective bond-tuning to 
reduce the OER overpotential. Overall, this work highlights the 
effective tuning of oxidation state of Ir by a size controllable CO-
mediated synthetic method to enhance catalytic activity, while 
maintaining stability under acidic OER conditions. 

Results and Discussion 

     To determine whether the TiN support was partially oxidized 
during OER, ex situ Ti K-edge X-ray absorption near-edge 
structure (XANES) measurements were conducted on EtOH-
IrOx/oxi-TiN and CO-IrOx/oxi-TiN catalysts before and after a 100-
hour stability test at 10 mA cm-2 in a half-cell and a 2-hour stability 
test at 200 mA cm-2 in a proton exchange membrane water 
electrolyzer (PEMWE). The Ti K-edge XANES spectra of both 

catalysts (Figure 1a) show a slight shift of the absorption edge 
toward higher energy after a 10 mA cm-2 half-cell test. A more 
significant energy shift is observed during the stability test at a 
higher current density of 200 mA cm-2 in the PEMWE (Figure 1b). 
These observations suggest that the TiN surface is partially 
oxidized to oxi-TiN under oxidative conditions. A schematic 
illustration of the pristine IrOx/oxi-TiN structure and its structure 
after the OER stability test is shown in Figure 1c. It is recognized 
that the particle size of metal catalysts affects its interaction with 
the support surface.14 Specifically, smaller Ir clusters should 
enhance the interaction with surface oxygen on oxi-TiN. The CO-
assisted synthetic method is herein employed to reduce the size 
of Ir. The resulting smaller Ir clusters enhance the interfacial 
interaction between oxi-TiN and the supported Ir, aiming to 
increase the O/Ir stoichiometry at the interface under OER 
conditions, thereby achieving a high oxidation state of Irδ+ (δ > 4) 
to enhance the OER activity.  

     The transmission electron microscopy (TEM) images (Figure 
2a and S1) show that the IrOx NPs in EtOH-IrOx/oxi-TiN, from the 
conventional synthesis method of ethanol reduction11, are 
partially aggregated with an average size of 1.58 nm (Figure 2b). 
In contrast, when the catalyst is synthesized under a CO 
atmosphere, the IrOx NPs in CO-IrOx/oxi-TiN are uniformly 
dispersed on the support, with the average size of IrOx being 
reduced to 0.91 nm, indicating that the presence of CO effectively 
confines the Ir particle size. High-angle annular dark-field 
scanning TEM (HAADF-STEM) and the corresponding X-ray 
energy dispersive spectroscopy (EDS) mapping were performed 
to gain insight into the distribution of Ir, Ti, N, and O in the 
catalysts. EDS mapping of Ir in EtOH-IrOx/oxi-TiN (Figure S2) 
shows particle aggregation, and the EDS quantitative 
measurement yields a mass loading of ~30 wt% Ir (Table S1). In 
contrast, EDS mapping of CO-IrOx/oxi-TiN (Figure 2c) reveals a 
uniform dispersion of Ir, with the Ir loading estimated to be ~20 
wt% (Table S1). 

     The powder X-ray diffraction (XRD) pattern of EtOH-IrOx/oxi-
TiN shows a peak at 2θ=41°, corresponding to metallic Ir with 

 
 
Figure 1. Ex situ Ti K-edge XANES spectra of CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN before and after (a) a stability test at 10 mA 
cm-2 in a half-cell; (b) a stability test at 200 mA cm-2 in a PEMWE. (c) Schematic illustration of pristine IrOx/oxi-TiN structure and its 
structure after stability test. 
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face-centered cubic crystal structure. In comparison, the XRD 
pattern of CO-IrOx/oxi-TiN shows a broad peak at 2θ=33° that 
matches well with the diffraction peak of amorphous C-IrO2 
(Figure S3). This peak shows weak intensity, consistent with the 
sub-nanometer size of the IrOx particles. The X-ray photoelectron 
spectroscopy (XPS) measurements were carried out to 
understand the oxidation state of catalysts (Figure S4 and S5). 
The Ir 4f XPS spectrum of EtOH-IrOx/oxi-TiN can be deconvoluted 
into two sets of peaks at 60.3 and 61.1 eV for 4f 7/2, and at 63.3 
and 64.1 eV for 4f 5/2, attributed to metallic Ir0 and Ir4+, 
respectively, demonstrating a mixed oxidation state of Ir. In 
contrast, the Ir 4f spectrum of CO-IrOx/oxi-TiN can only be 
deconvoluted into two peaks at 61.9 and 64.9 eV, which are 
attributed to Ir4+, indicating that Ir is fully oxidized due to the 

smaller particle size. Ex situ XAS was employed to further 
investigate the oxidation state and local atomic environment of 
IrOx/oxi-TiN catalysts. The energy position of the white line in 
XANES at the 5d transition metals is typically related to their 
oxidation states. 1 As shown in Figure 2d, the position of the white 
line in the Ir L3-edge XANES spectrum for EtOH-IrOx/oxi-TiN is 
situated between those of Ir foil and C-IrO2 references, suggesting 
that the oxidation state of Ir in EtOH-IrOx/oxi-TiN ranges from Ir0 
and Ir4+. The white line position of CO-IrOx/oxi-TiN shifts by 0.9 
eV to a higher energy compared to the Ir foil reference but is 
located at the similar energy position to C-IrO2, indicating the 
average oxidation state of Ir is close to Ir4+. The XANES results of 
EtOH-IrOx/oxi-TiN and CO-IrOx/oxi-TiN are consistent with their 
XPS results. Furthermore, the Ir L3-edge extended X-ray 

 
Figure 2. Morphology and structural characterization. (a) TEM images of CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN and (b) the 
corresponding particle size distribution of Ir. (c) HAADF-STEM image of CO-IrOx/oxi-TiN and the corresponding EDS mappings. (d) 
Ir L3-edge XANES spectra of CO-IrOx/oxi-TiN and other reference materials. (e) Fourier transformation of the EXAFS spectra of CO-
IrOx/oxi-TiN and other reference materials. (f) first-shell fitting curves for CO-IrOx/oxi-TiN. 
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absorption fine structure (EXAFS) of EtOH-IrOx/oxi-TiN (Figure 
2e) shows two peaks, with the first peak attributed to the Ir-O bond 
and a minor second peak corresponding to the metallic Ir-Ir bond. 
For comparison, the EXAFS result of CO-IrOx/oxi-TiN at the Ir L3-
edge exhibits a dominant peak at 1.63 Å corresponding to the Ir-
O bond. Additionally, no metallic Ir peak is observed in the 
spectrum, indicating that Ir species are fully oxidized. The EXAFS 
fitting result of CO-IrOx/oxi-TiN (Figure 2f and Table S4) further 
confirms that the coordination number (CN) of Ir-O is 5.6, similar 
to the C-IrO2 standard, which has a CN of 6. This suggests that 
the oxidation state of Ir in CO-IrOx/oxi-TiN is 4+, with Ir 
coordinates with six O atoms. Overall, the ex situ XPS, XANES, 
and EXAFS results demonstrate that Ir clusters with larger sizes 
in EtOH-IrOx/oxi-TiN exhibit a mixed oxidation state of Ir0 and Ir4+, 
whereas smaller Ir clusters in CO-IrOx/oxi-TiN are oxidized to Ir4+.  

     The OER performances of CO-IrOx/oxi-TiN were evaluated in 
0.1 M HClO4 electrolyte using a rotating disk electrode (RDE) set-
up. For comparison, the catalytic activity of EtOH-IrOx/oxi-TiN and 
the benchmark C-IrO2 is also measured with the same Ir loading 
on the electrode. All measured potentials in this work were 

calibrated to the reversible hydrogen electrode (RHE) and the 
current densities were normalized to the geometric area of the 
RDE. Linear sweep voltammetry (LSV) curves (Figure 3a) show 
that CO-IrOx/oxi-TiN with an Ir loading of 40 µgIr cm-2 exhibits an 
overpotential of 277 mV at a current density of 10 mA cm-2, which 
is lower than EtOH-IrOx/oxi-TiN (308 mV) and C-IrO2 (347 mV) 
with the same Ir loading. The effect of Ir loading is also compared 
by increasing the loading to 100 µgIr cm-2. As shown in Figure S6, 
the overpotentials of CO-IrOx/oxi-TiN with 40 and 100 µg of Ir 
correspond to 277 and 256 mV at 10 mA cm-2, respectively, 
demonstrating competitive performance compared to recent 
reports on Ir-based catalysts for acidic OER (Table S2). The 
enhanced OER activity of CO-IrOx/oxi-TiN is also revealed by the 
Tafel slope of 39.2 mV dec-1, suggesting that this catalyst has 
faster kinetics than EtOH-IrOx/oxi-TiN (43.6 mV dec-1) and C-IrO2 
(52.1 mV dec-1) (Figure 3b). The electrochemical active surface 
area (ECSA) was calculated from double-layer capacitance (Cdl) 
measurements, as shown in Figure S7. By normalizing the OER 
current density to ECSA at 1.54 V (Figure S8), CO-IrOx/oxi-TiN 
exhibits the highest specific activity (0.111 mA cm-2

ECSA), 
compared to EtOH-IrOx/oxi-TiN (0.071 mA cm-2

ECSA) and C-IrO2 

 
 

Figure 3. Electrochemical OER performance of CO-IrOx/oxi-TiN, EtOH-IrOx/oxi-TiN, and C-IrO2 at half-cell RDE set-up. (a) OER 
polarization curves; (b) Tafel plots. (c) Comparison of overpotential and mass activity of CO-IrOx/oxi-TiN, EtOH-IrOx/oxi-TiN, and 
C-IrO2 at 10 mA cm-2 and at 1.54 V. (d) Stability test of CO-IrOx/oxi-TiN catalyst at a current density of 10 mA cm-2.  
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(0.013 mA cm-2
ECSA). The mass activity was calculated under the 

same Ir mass loading at the electrode. In Figure 3c and Figure 
S9, CO-IrOx/oxi-TiN exhibits the highest mass activity of 542 A gIr

-

1 at 1.54 V, which is 2.1 and 6.3 times higher than EtOH-IrOx/oxi-
TiN (264.3 A gIr

-1) and C-IrO2 (85.5 A gIr
-1), respectively. In addition 

to activity, long-term stability is another critical criterion to 
evaluate the electrocatalyst performance under acidic OER 
conditions. The stability of the CO-IrOx/oxi-TiN catalyst was 
evaluated using chronopotentiometry (CP) measurements at 10 
mA cm-2. As shown in Figure 3d, CO-IrOx/oxi-TiN shows long-
term stability for 100 hours of continuous operation, with negligible 
potential degradation. While C-IrO2, used as a reference, shows 
rapid degradation after 80 hours (Figure S10), likely due to the 
instability of the carbon paper substrate. In addition, the TEM 
images of CO-IrOx/oxi-TiN after the OER test (Figure S11) show 
that the catalyst still maintains the original morphology and 
structure. Ex situ XAENS analyses were employed to identify the 
oxidation state of Ir after the OER test. As shown in Figure S12, 
the white line peak position shifts toward higher energy compared 
to the pristine catalyst, indicating the formation of highly oxidized 
Ir species (Irδ+, δ > 4). Notably, such a high oxidation state is 
maintained above Ir4+ even after the OER process.  

     Proton exchange membrane water electrolysis 
measurements were conducted using a membrane electrode 
assembly (MEA) (Figure 4a). Commercial Pt/C (1.0 mgPt cm-2) 
was coated on the membrane for the cathode, while IrOx catalysts 

(0.26 mgIr cm-2) were loaded onto the substrate (details provided 
in the Supplemental Information). The rates of electrochemical 
oxygen and hydrogen production, along with the current-voltage 
(I-V) curve (without iR compensation), were measured in a two-
electrode zero-gap configuration at 60 oC using 0.1 M HClO4. CO-
IrOx/oxi-TiN exhibited the highest activity (2.4 A cm-2) at 1.8 V, 
outperforming EtOH-IrOx/oxi-TiN (2.0 A cm-2) and C-IrO2 (1.2 A 
cm-2) (Figure 4b). This is consistent with a two-fold increase in 
the hydrogen production rate for CO-IrOx/oxi-TiN, reaching 6.11 L 
h-1, compared to C-IrO2 (3.05 L h-1), as calculated from the OER 
current. The mass activity of CO-IrOx/oxi-TiN reached 9050 A gIr

-

1 at 1.8 V, a higher value than EtOH-IrOx/oxi-TiN (7721 A gIr
-1) and 

C-IrO2 (4763 A gIr
-1) (Figure 4c). This result highlights the 

necessity of applying MEA, as it enhances Ir utilization by an order 
of magnitude compared to the mass activity of CO-IrOx/oxi-TiN 
(542 A gIr

-1) observed in half-cell measurements. Overvoltage 
analysis was performed to distinguish contributions of kinetic (ηkin), 
Ohmic (ηΩ), and mass transport (ηmt) losses to the I-V curves 
(Figure 4d). The total overvoltage decreased in CO-IrOx/oxi-TiN 
(0.427 V) compared to C-IrO2 (0.550 V) at 1 A cm-2. The primary 
factors contributing to this reduction were ηkin (CO-IrOx/oxi-TiN: 
0.293 V; C-IrO2: 0.348 V) and ηΩ (CO-IrOx/oxi-TiN: 0.103 V; C-
IrO2: 0.178 V), while ηmt showed negligible changes. This finding 
aligns with high-frequency resistance (HFR) measurements using 
electrochemical impedance spectroscopy, where CO-IrOx/oxi-TiN 
(23.5 mΩ) exhibited a lower Ohmic resistance than C-IrO2 (33.1 
mΩ) at 0.1 A cm-2 (Figure S13). The stability test at 200 mA cm-2 

 
Figure 4. Electrochemical measurements of CO-IrOx/oxi-TiN, EtOH-IrOx/oxi-TiN, and C-IrO2 in PEMWE cell. (a) Schematic 
illustration of PEMWE and MEA structures. (b) I-V curve. (c) Mass activity comparison at 1.7, 1.8, and 1.9 V. (d) Overvoltage 
deconvolution of the I-V curve of different catalysts. (e) Activity comparison at 1.8 V with state-of-the-art reports. (★red/blue: This 
study, ●red: Acid electrolyte with Ir-based catalyst, ○red: DI water with Ir-based catalyst, ●Black: Acid electrolyte with Ru-based catalyst, 
○Black: DI water with Ru-based catalyst) 
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using CP measurement demonstrated a comparable stability of 
the CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN catalysts with C-IrO₂ 
over 100 hours (Figure S14). The outstanding performance of 
CO-IrOx/oxi-TiN (1.88 V at 3 A cm-2) surpasses recent state-of-
the-art PEMWE benchmarks and exceeds the United States 
Department of Energy's 2025 target 15 (1.90 V at 3 A cm-2) (Figure 
4b and 4e). 8, 16-26 

     Additionally, to investigate the effect on the formation of oxi-
TiN in PEMWE, CP measurements (Figure S15) were performed 
at 200 mA cm-2 for 2-hour in 0.1 M HClO4. As shown in Figure 
S16, the HFR of both CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN 
increases by 2 mΩ after a 2-hour stability test, suggesting the 
formation of a less conductive oxide phase. This observation is 
consistent with the Ti K-edge XANES spectra (Figure 1b), which 
indicate that TiN is partially oxidized to oxi-TiN during continuous 
operation. Notably, even though TiN converts to oxi-TiN under 
oxidative conditions, the CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN 
catalysts still exhibit negligible degradation during the operation. 
This suggests that the formation of oxi-TiN during OER has a 
minimal effect on the overall catalytic performance. 
 
     To further understand the excellent OER catalytic performance 
of CO-IrOx/oxi-TiN, the dynamic changes in the Ir oxidation state 
and local coordination environment were probed using in situ XAS 
at potentials of 0.4 V, 1.32 V, 1.54 V, 1.65 V and then back to 0.4 
V. As shown in Figure 5a, the Ir L3-edge XANES spectra of CO-
IrOx/oxi-TiN show a gradually increased white line energy position 
when the applied potential is stepped from 0.4 V to 1.65 V, with 
an energy shift of 1.16 eV, suggesting that Ir is oxidized to a higher 
oxidation state. When the applied potential is reversed to 0.4 V, 
the peak position shifts to a lower energy but it is still higher than 
the initial value at 0.4 V, indicating that the oxidation state change 
in CO-IrOx/oxi-TiN is irreversible. Similarly, EtOH-IrOx/oxi-TiN 
(Figure S17) exhibits the same trend in white line energy shift as 
CO-IrOx/oxi-TiN with increasing applied potential. However, its 
energy shift from 0.4 V to 1.65 V is only 0.86 eV, suggesting a 
smaller increase in the Ir oxidation state compared to CO-IrOx/oxi-
TiN. The white line energy positions for CO-IrOx/oxi-TiN and 
EtOH-IrOx/oxi-TiN at each potential are compared in Figure 5b, 

showing that the energy position of EtOH-IrOx/oxi-TiN remains 
lower than CO-IrOx/oxi-TiN at all applied potentials. Notably, the 
white line energy of CO-IrOx/oxi-TiN increases rapidly at high 
OER potentials (i.e., 1.54 V and 1.65 V), significantly higher than 
that of EtOH-IrOx/oxi-TiN and the C-IrO2 standard (gray dotted 
line), confirming a transition of Ir from Ir4+ to a more catalytically 
active Irδ+ (δ>4).  

     The in situ Ir L3-edge EXAFS fitting results of EtOH-IrOx/oxi-
TiN (Figure S18, S19 and Table S3) show two peaks associated 
with the Ir-O bond and Ir-Ir bond at 0.4 V. The Ir-Ti bonds are 
observed between IrOx and TiN when the potential increases to 
1.32 V and above (Table S3). By comparison, the EXAFS fitting 
results of CO-IrOx/oxi-TiN (Figure 5c, Figure S20, S21 and Table 
S4) show a peak corresponding to the Ir-O bond, with a bond 
length of 2.02 Å and a CN of 5.5±0.8 at the applied potential of 
0.4 V. As the potential increases from 0.4 V to 1.65 V, the CN 
remains unchanged, while the bond length of Ir-O decreases by 
0.08 Å. Combined with the increase in white line energy in XANES, 
this indicates the formation of stronger Ir-O bonds between Ir and 
the oxi-TiN surface, consistent with an increase in the Ir oxidation 
state. Notably, Ir-Ti bonds are not detected in CO-IrOx/oxi-TiN 
under OER potentials. This implies the formation of an oxygen 
layer between Ir and TiN, which prevents the Ir-Ti bond formation. 
Overall, the in situ XAS results reveal that EtOH-IrOx/oxi-TiN with 
larger Ir cluster size exhibits a lower oxidation state of Ir, along 
with the presence of Ir-O, Ir-Ir, and Ir-Ti bonds. While CO-IrOx/oxi-
TiN with smaller Ir clusters increases the Ir-O bond strength 
between interfacial oxygen and Ir at the interface, thereby 
facilitating the formation of a high oxidation state of Irδ+ (δ>4) 
under OER conditions, corresponding to an enhanced OER 
activity. 

     DFT calculations were performed to gain insight into the 
enhanced OER activity of CO-IrOx/oxi-TiN over EtOH-IrOx/oxi-TiN 
and C-IrO2 observed experimentally. To describe CO-IrOx/oxi-TiN, 
one to three monolayers (ML) of rutile IrO2(110)-like conformation 
were placed on oxygen-covered TiN(100) (denoted as 1ML-
IrOx(x>2)/oxi-TiN, 2ML-IrOx(x>2)/oxi-TiN, and 3ML-IrOx(x>2)/oxi-TiN, 
Figures 6a-c, S22 and S23). These models not only describe the 

 
Figure 5. In situ XAS characterization. (a) In situ Ir L3-edge XANES spectra of CO-IrOx/oxi-TiN under various applied potentials. 
(b) The white line position of CO-IrOx/oxi-TiN and EtOH-IrOx/oxi-TiN at various potentials. (c) First-shell fitting of Ir L3-edge EXAFS 
spectra for CO-IrOx/oxi-TiN.  
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highly oxidized IrOx(x>2) under acidic OER reaction conditions (> 
1.5 V vs. RHE), 24, 27, 28 but also capture the absence of Ir-Ir and 
Ir-Ti bonds as observed by in situ XAS (Figure 5). Wherein, the 
strain in the supported IrOx layer was limited to 0.3%. Notably, 
IrOx overlayers were employed to represent the terrace active 
sites of the IrOx nanoparticles observed experimentally (Figure 
2a), since the edge and corner sites were found to be less active 
for the OER (Table S5). 11 The EtOH-IrOx/oxi-TiN catalysts were 
considered for comparison, featuring the partially oxidized IrOx(x<2) 
over TiN(100) with the Ir-Ir and Ir-Ti bonds at the interface as 
reported previously (denoted as IrOx(x<2)/TiN, Figure S24). 11 The 
IrO2(110) surface (IrO2, Figure S25) was also included to model 
C-IrO2 as a benchmark.  

     According to the DFT-calculated potential free energy diagram 
at zero potential (0 V, Figures 6d-f, S26 and S27), three 

IrOx(x>2)/oxi-TiN systems prefer the adsorbate evolution 
mechanism (AEM) mechanism as reported for IrO2(110) (Figure 
S27). 11, 24, 29 The coordinatively unsaturated Ir site (IrCUS) and 
bridging O (OBR) site participate in the reaction directly. 
Specifically, the reaction is initiated by a vacant CUS to allow the 
adsorption and dissociation of H2O into *OHCUS, which is followed 
by the deprotonation of *OHCUS to *OCUS. The *OCUS then forms 
*OOHCUS via the nucleophilic attack of H2O. The deprotonation of 
*OOHCUS produces *OOCUS, which spontaneously desorbs to form 
an O2 molecule. The potential determining step (PDS) that 
corresponds to the maximum free energy change (∆Gmax) among 
the elementary steps is identified as the nucleophilic attack of H2O 
to form *OOHCUS. 27 The surface oxygen-participating mechanism 
(SOM) is favored for IrOx(x<2)/TiN systems due to the weak binding 
of *OOH (Table S5) 11, where the PDS changes from the HO-O 

 
Figure 6. Top (left) and side (right) view of (a) 1ML-IrOx(x>2)/oxi-TiN, (b) 2ML-IrOx(x>2)/oxi-TiN, and (c) 3ML-IrOx(x>2)/oxi-TiN interface 
models optimized using DFT. For detailed structures see Figure S22. DFT-calculated free energy diagrams for acidic OER on (d) 
1ML-IrOx(x>2)/oxi-TiN, (e) 2ML-IrOx(x>2)/oxi-TiN, and (f) 3ML-IrOx(x>2)/oxi-TiN. (g) Volcano plot of the negative value of overpotential 
(-η) versus the Gibbs free adsorption energy difference of *O and *OH (∆G*O - ∆G*OH). Three IrOx(x>2)/oxi-TiN systems were included, 
and with IrO2 plotted as a green star. For comparison, 2ML-IrOx(x<2)/TiN systems, which prefer the SOM and are not suitable for 
using ∆G*O - ∆G*OH as the descriptor, were shown as blue lines for reference. (h) Overpotential (η) versus the oxidation state 
calibrated with IrO2. Twelve model systems were included. (i) Comparison between the overpotential for 2ML-IrOx(x>2)/oxi-TiN and 
IrO2(110) systems using grand-canonical DFT with acidified solvation (GC-acid-sol) and vacuum methods.31 See SI for details of 
different methods.  
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coupling to H2O dissociation with the increasing of IrOx layer from 
1ML to 3ML (Figure S28 and S29). 

     The OER overpotential (η) was estimated based on the DFT-
predicted ∆Gmax. The 2ML-IrOx(x>2)/oxi-TiN (η = 0.40 eV) system 
displays the lowest overpotential, followed by 3ML-IrOx(x>2)/oxi-
TiN (η = 0.44 eV) < 3ML-IrOx(x<2)/TiN (η = 0.48 eV) < 2ML-
IrOx(x<2)/TiN (η = 0.50 eV) < 1ML-IrOx(x>2)/oxi-TiN (η = 0.55 eV) < 
IrO2 (η = 0.60 eV) < 1ML-IrOx(x<2)/TiN (η  = 0.78 eV) (Figures 6d-
f and S28). Considering the results for 2ML- and 3ML-IrOx(x<2)/TiN, 
DFT calculations confirm the decreasing trend in OER activity 
going from IrOx(x>2)/oxi-TiN, IrOx(x<2)/TiN, to IrO2, consistent with 
the trend observed experimentally (Figure 3a). The 1ML-
IrOx(x<2)/TiN and 1ML-IrOx(x>2)/oxi-TiN systems show lower stability 
than the counterparts with 2ML and 3ML due to higher formation 
energy (Table S6) and thus are less representative for the 
synthesized catalysts.  

     The decrease in OER overpotential from IrO2 to IrOx(x>2)/oxi-
TiN is captured by the binding energy difference between *O and 
*OH (∆G*O-∆G*OH) via a volcano-like relationship, which has been 
used to describe the AEM-dominated OER activity over metal 
oxide catalysts (Figure 6g). 30 The formation of IrOx(x>2)/oxi-TiN 
provides more oxidized IrCUS sites, enabling selective stabilization 
of *OH and thus *OOH species over *O to facilitate the PDS 
(Figure 6g, h and Table S8). This promoting effect increases 
from 1ML-IrOx(x>2)/oxi-TiN to 2ML-IrOx(x>2)/oxi-TiN and 3ML-
IrOx(x>2)/oxi-TiN. With the higher oxidation state of the IrCUS site, 
IrOx(x>2)/oxi-TiN systems are also more active than the counterpart 
IrOx(x<2)/TiN (Figure 6h). This is attributed to the selective tuning 
of the binding energy, where *OH binding on IrOx(x>2)/oxi-TiN is 
selectively stabilized compared to IrOx(x<2)/TiN, leading to a shift 
in the reaction mechanism from SOM to AEM. 

     A clear dependence of OER overpotential on the oxidation 
state of surface Irδ+ is established based on the results for 
IrOx(x>2)/oxi-TiN in this study as well as other referenced models, 
including IrOx(x<2)/TiN, IrOx/Ir and IrO2 (See SI for detailed 
structures and energetics, Figure S30 and S31). In general, to 
achieve a higher OER activity than IrO2, a higher oxidation state 
of Irδ+ (δ > 4) is essential, as seen for the IrOx(x>2)/oxi-TiN, and the 
3ML-, 2ML-IrO2/TiN (Figure 6h and Table S8). Saturation of 
oxygen over TiN(100) offers a high stoichiometry of surface O 
relative to Ir, leading to the highest oxidation state and therefore 
the lowest OER overpotential. Exceptions are seen for 2ML-, 
3ML-IrOx(x<2)/TiN. Although the oxidation state of Irδ+ is slightly 
lower than 4+, the activity is still higher than IrO2. This is likely 
associated with structural flexibility of these nanostructures, which 
distort upon interaction with strong reaction intermediates, e.g. *O 
and *OH. As a result, the oxidation states estimated based on the 
bare surfaces may not fully reflect those under reaction conditions.  

      According to the oxidation state-overpotential relationship 
(Figure 6h), oxidation of oxygen-covered TiN(100) to TiOyN1-

y(100) by replacing the first layer of N into O (denoted as oxi-
TiOyN1-y, Figure S32) was considered, seeking the possibility to 
further increase the oxidation state of Irδ+ on the surface. However, 
according to DFT calculations, the oxidation state is barely 
affected. In addition, the structure and reaction mechanism of 

IrOx(x>2)/oxi-TiOyN1-y remain similar with the pristine IrOx(x>2)/oxi-
TiN, while a slight increase in the overpotential is observed for all 
1 to 3 ML model systems (Figure S33). In addition, the effect of 
solvation and surface charges was also tested for 2ML-
IrOx(x>2)/oxi-TiN.31 The results showed that the explicit inclusion of 
acid environments did not affect the preference to AEM 
mechanism (Figure 6i and S34). Furthermore, the overpotential 
of 2ML-IrOx(x>2)/oxi-TiN remained lower than that of IrO2 (Figure 
6i), consistent with experimental observations.  

Conclusion 

     In summary, we developed a CO-assisted synthesized CO-
IrOx/oxi-TiN catalyst to increase the oxidation state of Ir, leading 
to an outstanding OER performance in acidic media with a low 
overpotential of 277 mV at 10 mA cm-2 and a high mass activity 
of 542 A gIr

-1. When the CO-IrOx/oxi-TiN catalyst is integrated into 
a PEM water electrolyzer with a low Ir-loading of 0.26 mg cm-2, it 
achieves a current density of 2.4 A cm-2 at 1.8 V, outperforming 
EtOH-IrOx/oxi-TiN (2.0 A cm-2) and C-IrO2 (1.2 A cm-2). Based on 
in situ XAS analysis and DFT calculations, we conclude that 
enhanced activity originates from the high oxidation state of Irδ+ (δ 
> 4) under OER conditions. DFT calculations further confirm that 
when using the oxygen-modified TiN as the support, the interfacial 
stoichiometry of O relative to Ir is increased, and therefore the 
IrOx(x>2)/oxi-TiN model shows the highest oxidation state and the 
lowest OER overpotential. DFT calculations reveal that the 
oxidation state of Ir is shown to be an activity descriptor, with 
higher oxidation states being associated with smaller OER 
overpotentials. This study emphasizes the correlation between 
the high oxidation state of Irδ+ and high OER activity, providing 
guidance for designing more active acidic OER catalysts.  
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