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Figure 1. a) TGA curves of the TiN support in the air atmosphere. b) Digital photograph of the samples thermo-treated at serial temperatures. c) XRD
patterns of the samples in contrast with the standard titanium oxides and nitride.

2. Results and Discussion

Titanium oxynitride supports were prepared by one-step oxi-
dization of commercial TiN nanoparticles under air atmosphere
at the serial temperature (250 °C, 350 °C, 450 °C, and 550 °C).
Different phase structure (TiN-X, where X represents the thermal
treatment temperature) could be formed on account of oxi-
dization degree. Thermogravimetric analysis (TGA) in Figure 1a
showed the weight changing behavior that oxidization of
TiN occurred at the temperature of larger than 250 °C and
complete oxidization might be achieved around 550 °C. In the
oxidizing process, the largest weighting rate occurred at 450 °C,
demonstrating the fast gas-solid thermal reaction. That only
23% weighting by oxidization reaction, less than the theory
value of 29% for transforming TiN to TiO2, proved residual N
element in the final product. The digital photos (Figure 1b)
clearly exhibited that the color of TiN particles turned from
black to blue-black, faint yellow, and white along with increasing
treatment temperature. As shown in Figure 1c, X-ray diffraction
(XRD) results demonstrated that the observable phase transfer
generated after treating at a higher temperature than 350 °C,
in which feature anatase TiO2 and TiN peaks existed in the
pattern of TiN-350. For TiN-450 and TiN-550, a hybrid matrix could
be verified with titanium oxides of rutile and anatase phases,
consisting of small quantity of TiN. Therefore, titanium oxynitride
supports can be obtained by the simple oxidization treatment of
titanium nitride.

Nanostructured iridium (Ir) species were immobilized onto
support surface by the solvothermal polyalcohol reduction
method. As shown in Figure 2a, high-angle annular dark-field
imaging-scanning transmission electron microscope (HAADF-
STEM) image of Ir/TiN-450 presented a bright outline on the
nanoparticles, and uniform dispersion of Ir, Ti, O, and N elements.
The Ir/TiN-X samples showed uniform nanoparticles morphology
with size about 50 nm by the scanning electron microscope
(SEM). The XRD Ir/TiN-X samples revealed that the supports
phase could remain in the loading Ir process (Figures S1 and
S2). Samples’ element analysis was listed in Table S1. N and O
elements proportions were analyzed by X-ray energy dispersive
spectrometer (EDS) for Ir/TiN, Ir/TiN-250, Ir/TiN-350, Ir/TiN-450,

and Ir/TiN-550 samples. Successful loading of Ir onto supports
can be achieved by this method. As shown in Figure S3, the
proportion of N/(N + O) reduced from ∼90% (Ir/TiN) to ∼18%
(Ir/TiN-550) because of that partial N would be replaced by O
during thermal procedure of TiN supports.

The magnified image presents that ultrafine Ir nanoparticles
(Ir NPs) are located densely on the TiN-450 supports, and
their particle sizes were about 2 ∼ 3 nm (Figure 2b). The fast
Fourier transform (FFT) image of inset demonstrated the typical
diffraction ring of Ir, diffraction spots of TiO2 (101) and TiO2 (030)
facets, marked with yellow cycles in the picture. High crystallinity
ultrafine Ir NPs loaded on the TiO2 nanocrystal by tight interface
(Figure 2c). Typical diffraction spots of Ir (1–1–1) and Ir (200) are
shown in the magnified box for Ir NPs region. Bright field-STEM
(BF-STEM) image of Ir/TiN-450 in Figure S4 provided the further
evidence that atomic-level interfacial adhesion between Ir NPs
and TiN-450 supports.

X-ray absorption fine structure (XAFS) characterization was
implemented to explore the electronic structure and local
coordination configuration of materials. As shown in Figure 2d,
X-ray absorption near edge spectra (XANES) of Ir L3-edge
exhibited similar white peaks of Ir/TiO2, Ir/TiN, and Ir/TiN-450,
located between ones of Ir foil (Ir0) and IrO2 (Ir4+) references.
Extended X-ray absorption fine structure (EXAFS) showed a
larger Ir─O and shorter Ir─Ir distances in Ir/TiO2, Ir/TiN, and
Ir/TiN-450 compared with that of IrO2. The bond of Ir-O/N could
be formed between Ir nanoparticles and supports, leading to a
strong interaction. A distorted iridium oxides structure could be
affirmed for the supported samples, which may be leaded by
the strong catalyst-support effect. X-ray photoelectron spectra
(XPS) showed that more metallic state Ir could be formed in
titanium oxide and oxynitride supports than that of Ir/TiN (Figure
S5). XPS spectra of Ti 2p were also collected as Figures S6,
and oxidized Ti could be observed for the thermal treating
samples.

The acidic OER performance of samples were evaluated in
a dilute sulphuric acid electrolyte (0.5 M H2SO4). As shown
in Figure S7, linear sweep voltammetry (LSV) curves present
the OER catalytic activity of Ir/TiN-X samples, in which Ir/TiN-
450 performed a better activity than the others. The support
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Figure 2. a) HAADF-STEM image of Ir/TiN-450 sample and the corresponding element mappings of Ir, Ti, O, and N. b) HAADF-STEM image of Ir/TiN-450
sample, showing that iridium pieces uniformly disperse at the support surface. The inset of FFT image demonstrates the characteristic diffraction spots of
TiO2 and the diffraction ring of Ir. c) HAADF-STEM image with the atomic level resolution. FFT pattern of Ir NPs is enlarged in the marked box. d) and e)
XAFS spectra of Ir/TiO2, Ir/TiN, Ir/TiN-450, and the control samples.

could play vital role toward the catalytic sites. Based on the
Ir contents in samples, mass activity could be evaluated that
256 A gIr

−1 @1.53 V and 2244 A gIr
−1 @1.58 V for Ir/TiN-450

(Figure S8). Electrochemical active area (ECSA) was estimated by
electrical double-layer capacitance (Cdl) using cyclic voltammetry
(CV) method. As shown in Figures S9 and S10, Ir/TiN-450
performed a larger ECSA and acts as an optimized candidate
electrocatalyst.

The systematic materials were measured to study the
support effect. As shown in Figure 3a, as-prepared materials
performed better OER activity than the commercial Umicore
(Ir/TiO2, 75 wt.%) catalyst. Compared with as-prepared Ir NPs,
Ir/TiN-450, Ir/TiN, and Ir/TiO2 samples exhibit the enhanced
activities, proving that suitable supports and composition
contribute to activity. Their OER activities ranked as Ir/TiN-
450 > Ir/TiN > Ir/TiO2 > Ir NPs > Umicore. That ECSA normalized
LSV of Ir/TiN-450 and Ir NPs further verifies the support effect
for activity enhancement (Figures S11, S12, and Table S2). The
overpotential of Ir/TiN-450 at a current density of 10 mA cm−2

showed as low as 278 mV to achieve the current density
of 10 mA cm−2, dramatically less than that of commercial
Umicore (370 mV) (Figure 3b). Good reproducibility of Ir/TiN-
450 materials were demonstrated by three independent batch
measurements (Figure S13). In comparison with the previous

reports, as-synthesized Ir/TiN-450 exhibits the prominent perfor-
mances (Table S3). Tafel slope and electrochemical impedance
spectroscopy (EIS) had been supplemented to study the electro-
chemical properties of the materials. As shown in Figures 3c,d
and S14, low Tafel slope of 48 mV dec−1 revealed the faster
kinetics for Ir/TiN-450, which might benefit by the small electron
transfer resistance. The fitted circuit parameters are listed in
Table S4.

Ir leaching behaviors were detected by inductively coupled
plasma mass spectrometry (ICP-MS) using Ir/TiN-450, Ir/TiO2, Ir
NPs samples. Under the galvanostatic of 10 mA cm−2 condition,
Ir/TiN-450 occurred less Ir leaching than Ir NPs and Ir/TiO2,
though, fast leaching in the first hour for three samples
(Figure 3e). Metallic Ir nanoparticles may dissolve through Ir(III)
species formed during anodic oxidization procedure. Ir/TiN-450
leached less Ir species after 100 h electrolysis and performed a
better stability. Long-term operation test of Ir/TiN-450 showed
an excellent stability for 1000 h at a current density of 10 mA
cm−2, in which slight potential increasing as low as 8.4 μV
h−1 (Figure 3f). LSV plots were also measured to confirm the
performance change (Figure S15). Structural characterizations of
Ir/TiN-450 after electrolysis could reveal robust anchoring on the
support (Figure S16). In conclusion, Ir/TiN-450 was demonstrated
with good catalytic activity and stability for acidic OER.
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Figure 3. a) LSV curves of prepared samples and commercial contrasts to evaluate OER activity. b) Overpotential at the current density of 10 mA cm−2 and
c) Tafel slope obtained from the corresponding LSV results. d) Nyquist plots of electrochemical impedance spectroscopy (EIS) for Ir/TiN-450, Ir/TiN, Ir/TiO2,
and Ir NPs. e) Ir leaching quantification curves of Ir/TiO2, Ir NPs, and Ir/TiN-450 based on the catalytic time at the current density of 10 mA cm−2. f )
Galvanostatic stability curve of Ir/TiN-450 with a test time of more than 1000 h.

Figure 4. a) and b) XAFS spectra of Ir/TiO2, Ir/TiN, and Ir/TiN-450 samples post-electrocatalysis process. c) In situ SRIR spectra of Ir/TiN-450 measured at the
different applied potentials.

To understand the interaction of supports to the iridium
species, local structure evolution was investigated by XAFS
for Ir/TiO2, Ir/TiN, and Ir/TiN-450 samples suffering the OER
procedure, 100 h at a current density of 10 mA cm−2. As
shown in Figure 4a, white peaks of samples shifted toward
high energy region and the intensities exceeded that of IrO2,
demonstrating that iridium can be oxidized with oxidized
polarizing potential. Energy at white line of Ir/TiN-450-post was
larger than Ir/TiN-post and Ir/TiO2-post samples, indicating its
higher oxidation state. In the second derivative curves (Figure
S17), minimal point locating energy value could further illustrate

this phenomenon. Referring the XANES of IrO2 (Ir4+), Ir(VI)
active sites could be verified in Ir/TiN-450-post.[15] Abundant
Ir(VI) central motifs endowed the highly active and stable OER
sites for Ir/TiN-450-post.[16] EXAFS of Ir/TiN-450-post displayed
a compressive Ir-O/N bond compared with that of Ir/TiN-
post and Ir/TiO2-post, which might be caused by the large
electric charge interaction of Ir(VI) sites.[17] According to XPS
spectra before and post catalysis, Ti 2p peaks shift toward the
lower binding energy for Ir/TiN-450 (Figure S18), demonstrating
that TiN-450 could become electron acceptor in the catalytic
procedure.[18] This property of TiN-450 could facilitate the gen-
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eration of Ir(VI) sites, and enhance the OER performance in
contrast to TiO2 support. In situ synchrotron radiation infrared
(SRIR) characterization probed the reaction intermediate in OER
progress. Signal of OOH* located at ∼1030 cm−1 provided crucial
evidence of the adsorption oxygen evolution mechanism on
Ir/TiN-450.[19] Therefore, Ir/TiN-450 performed outstanding acidic
OER performances due to its titanium oxynitride supported
structure.

3. Conclusion

In summary, this work has reported an efficient titanium oxyni-
tride supported iridium electrocatalyst by thermal treatment
of the conductive titanium nitride precursor and followed
uniform loading. Through characterization methods such as XRD,
TEM, XPS, XAFS, and in situ electrochemical SRIR, the surface
microstructure and electronic structure of the catalyst are sys-
tematically analyzed. The TiN-450 support is demonstrated as
an electron acceptor during the OER process, accelerating the
formation of high-valent and highly active centers of Ir(VI) in
Ir/TiN-450 materials. The adsorption oxygen evolution mecha-
nism has been verified based on the in situ SRIR result. Low
overpotential of 278 mV at a current density of 10 mA cm−2 has
been realized, maintaining this activity more than 1000 h. The
study highlights a synthesis and modification method for low-
Ir electrocatalysts, to further construct a low-Ir PEM electrolyzer
with the reduced consumption.

4. Experimental Section

4.1. Materials

All the chemicals were used without further purification provided
by the suppliers. Titanium nitride (TiN) and titanium oxide (TiO2)
nanoparticles were purchased from Macklin Inc. Hexachloroiridium
acid hydrate (H2IrCl6·xH2O, 99.9%) was purchased from Alfa Aesar
(China) Chemical Co., Ltd. Ethylene glycol (HOCH2CH2OH, AR),
P123 and Nafion solution (5 wt.%) were provided by the Sigma-
Aldrich (Shanghai) Trading Co.,Ltd. Sulfuric acid (95.0–98.0%) was
purchased from Sinopharm Chemical Reagent Co., Ltd. Isopropanol
((CH3)2CHOH, AR) was purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Ultrapure water was produced in the laboratory
with an electrical resistivity larger than 18.2 M� cm.

4.2. Synthesis of the Samples

Synthesis of titanium oxynitride (TiN-X). The commercial TiN
nanoparticles were calcined at serial temperature of 250 °C, 350 °C,
450 °C, and 550 °C in a muffle furnace. In the calcining process,
the samples were treated for 2 h at the object temperature with
a heating rate of 5 °C min−1. and collected after natural cooling.
TiN-X presents the sample obtained with corresponding parameter
(X = temperature value).

Synthesis of Ir/TiN-X: Solvothermal polyalcohol reduction
method was implemented to load iridium onto TiN-X supports
surface. Typically, 40 mg TiN-X materials and 80 mg P123 were
dispersed in 20 mL ethylene glycol by ultrasonic dispersing for
30 min in a three-neck flask. Hexachloroiridium acid hydrate

(81.4 mg) was introduced into solution with continue dispersing
for another 30 min. Heating the flask at 120 °C for 3 h in the oil
bath under magnetic stirring, equipped with a reflux condensation
during reaction. The samples were collected by the centrifugal
washing with water and absolute ethyl alcohol, and were dried in a
vacuum oven at 60 °C.

Synthesis of Ir/TiN: The similar procedure was carried out to
prepare Ir/TiN like that of Ir/TiN-X, in which support materials were
replaced by untreated TiN.

Synthesis of Ir/TiO2: The similar procedure was carried out to
prepare Ir/TiO2 like that of Ir/TiN-X, in which support materials were
replaced by commercial TiO2.

Synthesis of Ir NPs: The Ir NPs sample was prepared by the same
method, with the absence of support materials.

4.3. Characterizations

Thermogravimetric analysis was implemented using a PerkinElmer
TGA 8000 analyzer heating from room temperature to 800 °C with
rate of 10 °C min−1 under air atmosphere. The crystal structure of the
samples was characterized by X-ray diffraction (XRD, D/max2550V)
equipped with a monochromatic Cu Kα radiation source and a D8
Advanced diffractometer. Thermo Fisher Talos F200X and Thermo
Fisher Themis Z electron microscope equipped with two aberration
correctors were applied to measure the morphology structure of
samples. XPS characterization was performed on a Thermo ESCALAB
250Xi equipped with monochromatic X-rays generated by Al Kα

(1486.6 eV), in which the binding energy of the C 1s main peak was
calibrated to 284.8 eV. X-ray absorption fine structure (XAFS) mea-
surements were conducted at the BL14W1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) under operating conditions of
210 mA and 3.5 GeV. In situ electrochemical synchrotron radiation
infrared spectroscopy (SRIR) tests were performed using a custom-
built top-plate reflection infrared setup at the infrared beamline
BL01B of the National Synchrotron Radiation Laboratory (NSRL)
in China. The SRIR setup consisted of an infrared spectrometer
(Bruker 66 V s−1) with a KBr beam splitter, a liquid nitrogen-cooled
MCT detector, and an infrared microscope (Bruker Hyperion 3000)
equipped with a ×16 objective lens. This system provided a high
resolution of 0.25 cm−1 in the range of 15–4000 cm−1.

4.4. Electrochemical Measurements

Glassy carbon electrode (GCE, with a diameter of 3 mm) was drop-
coating catalysts for performance test. 5 mg of catalyst powder
was dispersed in 0.25 mL of isopropanol and 0.75 mL of deionized
water, and then 40 μL of 5 wt.% Nafion solution was added. The
suspension was dispersed in an ultrasonic machine for at least
60 min to obtain a uniformly dispersed catalyst ink. Then, 5 μL of the
catalyst ink was carefully dripped onto the glassy carbon electrode
using a micropipette (with a catalyst loading of 0.3538 mg cm−2),
and left to dry naturally. Three-electrode system was used with
Pt counter electrode and Hg/Hg2SO4 reference electrode, equipped
with electrolyte of 0.5 M H2SO4 solution. All electrochemical tests
were implemented on a CHI660E workstation.
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