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ABSTRACT

Here, a support-type composite catalyst TiN/IrO2 with an outstanding catalytic

activity for OER in acid electrolyte was prepared by a colloidal method. It was

found the ultra-fine IrO2 nanoclusters (1.41 ± 0.19 nm) scattered on the TiN

support like strawberry seeds, which not only provided the higher active sur-

face area, but also exposed much more surface unsaturated Ir atoms with the

higher reactive activity compared to saturated iridium atoms. And the meso-

porous structure and high surface area inherited from the TiN carrier were also

maintained in the composite. Benefit from these characteristics, the as-prepared

TiN/IrO2 with IrO2 loading of 31 wt% possessed a mass-normalized OER

activity of 874.0 A g-1(IrO2) at the potential of 1.6 V that was about 5.0 times of

the unsupported IrO2 (176.0 A g-1IrO2).

Introduction

As a key link for renewable and sustainable energy

storage and conversion process, electrochemical

water oxidation has attracted increasing attention

due to its advantages of efficiency and cleanliness [1].

Different to the fast hydrogen evolution reaction

(HER) on cathode, the oxygen evolution reaction

(OER) on anode involving 4-electron transfer is

sluggish and has been recognized as a major bottle-

neck which brings a great anodic overpotential, thus

limiting the overall efficiency of water oxidation [2].

Proton exchange membrane (PEM)-based electro-

chemical water oxidation devices can meet the mar-

ket-oriented demand of adapting to the varying

power inputs of intermittent renewable sources like

wind and solar power because of its higher energy

efficiency and greater power density compared to

alkaline water electrolyzers [3], but they face severe

corrosive problems caused by acidic and anodic

working environment. As a result, the requirement

for efficient, stable, and cost-effective electrocatalysts

toward the slow OER in acidic media has become the

driving force of current researches on PEM water

electrolysis.

Currently, the OER electrocatalysts resistant to

acidic media are mainly the expensive and low-re-

serve Ir- or Ru-based catalysts, in which Ir-based

oxides are preferred because of their relative higher

stability than other precious Ru-based oxide catalysts
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[4–6]. However, the high price and imperfect stability

of IrOx-based catalysts are the main obstacles in the

commercialization of the PEM electrolyzer. Since

almost no non-noble metal-based OER catalysts are

essentially stable in the acid aggressive and strong

corrosive conditions, loading Ir metal or oxide

nanoparticles on the conductive transition metal

oxides has become a feasible strategy for reducing Ir

dosage in composites [7–9]. The supported Ir-based

composite catalysts are of great advantages of

decreasing the overall Ir metal loading and cost of the

catalyst and manipulating/controlling dispersion of

IrOx nanoparticles to improve the catalyst utilization

and durability. But it remains a great challenge of

choosing an appropriate corrosion-resistant support

for the Ir-based oxides.

Some widely used conductive carbon support

materials, such as carbon blacks or carbon nanotubes,

are intrinsically unstable in the anode of PEM elec-

trolyzers because of its highly oxidizing/corrosive

environment [10]. Therefore, various acid-resistant

and conductive or semi-conductive transition metal

oxides or carbides have been applied as alternative

supports, such as the doped titanium oxide (Nb-

TiO2), niobium oxide, or tin oxide (ITO and ATO)

[7, 11, 12], and have been developed as possible

candidates for OER catalyst supports in acidic media.

We have prepared Nb0.05Ti0.95O2-supported IrO2 to

catalyze OER in acid, which obtained a higher mass

activity (471 A gIrO2
-1 ) and the improved stability than

that of the free IrO2 nanoparticles (198 A gIrO2
-1) at

the potential of 1.6 V in our previous works [8].

Strasser et al. have used Sb-doped SnO2 (ATO) as the

support for Ir nanodendrite, and the obtained com-

posite catalyst has exhibited an OER activity (at the

overpotential of 280 mV) of 70 A g Ir-1 [13]. More-

over, several transition metal carbides (MC) includ-

ing TaC, WC, NbC, etc., have also been applied as the

supports for OER in acid. Karimi et al. [14] have

found that Ir/TaC and Ir/WC had an average OER

activity (350–400 mA/mg at 1.48 V) compared to

other supported catalysts such as Ir/NbC and Ir/TiC.

They also summarized that the property importance

of the support was in the following order: OER per-

formance & surface area � conductivity. Though

above-mentioned supports combined with Ir or IrOx

can provide the initially stable catalyst surface area

and also significantly improve the mass activity of the

composite catalysts, several major disadvantages

have not been overcome including the poor

conductivity of metal oxides, the increasing corrosion

rate in acidic condition of the Sb doping metal oxides,

the low surface area of MC, and its partial oxidation

under the high temperature during the preparation

process.

Recently, transition metal (i.e. Ti, Fe, Co, Ni)

nitrides have gradually developed as the promising

carrier materials because of the high conductivity and

the low price [3, 15]. Particularly, TiN exhibits

expected merits of the metal-like conductivity with a

room temperature resistivity of 3.34 9 10-7 (X cm)

which is higher than that of metal Ti (5 9 10-6(X cm))

and the good acidic/alkaline resistance [16, 17], the

excellent oxidation resistance, and the inertia to most

chemicals and can be used as a valid electronic

structure modulator [18], that might meet all the

expectations for a good support. However, most up-

to-date works reported in the studies are focused on

using TiN as the support for Pt-based catalysts

toward the oxygen reduction reaction (ORR), such as

Pt-decorated three-dimensional and porous TiN cat-

alyst which possessed much higher catalytic capa-

bility for ORR than Pt/C benchmark [19], and a

single-atom Pt embellished TiN nanoparticles with

unique selectivity and excellent mass activity [20]. It

is seldom to probe TiN as the support material

toward OER catalysis, except Xing’s work which has

illustrated IrO2@Ir/TiN as an OER electrocatalyst

with high efficiency [21].

Considering the high temperature during synthe-

sizing procedure may affect the performance of the

carrier; herein, we employ a facile and mild colloidal

method rather than a common Adams fusion method

which needs the temperature at least 500 �C [22] to

get the TiN-supported IrO2 composite catalyst and

investigate the OER activity in acidic media. Research

shows that TiN plays a very important role in dis-

persing IrO2 nanoparticles, and then, the highly

scattered IrO2 on TiN has demonstrated an excellent

mass activity for OER. It is also discovered by

retrieving the IrO2 loading-dependent activities of

TiN-supported IrO2 catalysts that the mass activity at

1.6 V on TiN/IrO2 with the IrO2 loading of 31 wt%

has reached the maximum which is much higher than

that of the unsupported IrO2, meaning it might

greatly reduce the precious metal usage via this TiN

support strategy.
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Experimental section

Synthesis of the TiN-supported IrO2

nanoparticles

The TiN-supported IrO2 (TiN/IrO2) composite was

prepared by a protocol modified from Ioroi’s work

[23, 24], using hexachloroiridic (IV) acid hydrate

(H2IrCl6�6H2O, 47.5 wt%Ir, Shaanxi Kaida Chemical

Engineering Co., Ltd.) as the precursor for IrO2, and

the preparation process diagram for TiN/IrO2 com-

posite catalyst is shown in Fig. 1. Ten milligrams of

commercial TiN powders (20 nm, Shanghai Macklin

Biochemical Co., Ltd.) was dispersed in 1 mL iso-

propanol ultrasonically to obtain a black suspension.

Then, an appropriate volume of Ir precursor solution

which contained a certain dose of H2IrCl6�6H2O,

4 mL (0.5 mol L-1) NaOH, and 6 mL of deionized

water, was added into the TiN suspension and held

at 80 �C for 1 h with continuous stirring and N2

bubbling. After the mixture became dark blue and

cool, its pH was reduced to ca. 8 by dropwise addi-

tion of 1 mol L-1 HNO3 under stirring for another

30 min. After centrifugation, the black precipitates

were separated, washed using distilled water, and

dried at 80 �C in vacuum oven for 12 h to obtain

some black powders. Finally, these powders were

heated at 200 �C for 1 h in air to remove the absorbed

water to give TiN/IrO2 composite, denoted as TiN/

IrO2-x. (Here, x refers to the mass percentage of the

loaded IrO2). By regulating the feed amount of H2-

IrCl6�6H2O, TiN/IrO2-25, TiN/IrO2-31, TiN/IrO2-40,

and TiN/IrO2-50 composites were prepared suc-

cessfully. As the benchmark catalyst, the unsup-

ported IrO2 powders were also obtained following

the similar protocol without TiN support.

Measurement of physical performance

The crystal structure of the obtained samples was

measured by X-ray diffraction (XRD, Bruker D8

Advance). Morphology was studied by field emission

scanning electron microscopy (FESEM, JEOL, JSM-

6700F) and transmission electron microscopy (TEM,

JEOL JEM-2010). Surface area and pore size distri-

bution of materials were evaluated via N2 adsorp-

tion/desorption measurements (V-Sorb 2800P, Gold

APP Instruments Corporation). Chemical composi-

tion analysis was executed through X-ray energy-

dispersive spectroscopy equipped on the FESEM.

Surface elemental composition and chemical state

analysis were conducted by using X-ray photoelec-

tron spectroscopy (XPS, Kratos Ltd., XSAM800). After

chronoamperometry (CA) testing for 4 h, elemental

analysis of the collected electrolyte (H2SO4) was

implemented by inductively coupled plasma optical

emission spectroscopy (ICP-OES, iCAP 6500 duo,

Thermo Fisher) for determining the concentration of

Ir and Ti dissolved from the electrocatalysts into the

solution.

Test of electrochemical performance

Using a three-electrode system equipped with a

rotating glassy carbon electrode (GC, 5 mm, Pine

Instrument) as the work electrode, Pt foil as the

auxiliary electrode, and a saturated calomel electrode

(SCE) as the reference electrode, electrochemical

performance of catalysts was tested in 0.5 mol/L

H2SO4. Before testing, potential of SCE was stan-

dardized through measuring the hydrogen evolution

and oxidation currents on a Pt disk (Pine) in the H2-

saturated H2SO4 electrolyte and taking the voltage at

which the current was zero as 0 V versus the rever-

sible hydrogen electrode (RHE). The measured SCE

H2O

O2

-4e-

Figure 1 Preparation schematic diagram of the TiN/IrO2 composite catalyst.
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potential versus RHE was 0.27 V, and all the poten-

tials herein were calibrated versus RHE. Electro-

chemical impedance spectra (EIS) were procured

from 100 kHz to 100 mHz at 0.8 V with 10 mV

amplitude.

Using ultrasonic machine, a black ink (5 mg mL-1)

was obtained by dispersing as-prepared catalyst

powders into Nafion-contained isopropanol. Ten

microliters of this ink was pipetted onto a GC elec-

trode which was pre-polished using alumina polish-

ing powders (50 nm) and dried in the isopropanol

vapor to form a uniform catalyst film. Cyclic

voltammograms (CVs) were recorded by scanning

from 0.05 V to 1.20 V with a rate of 50 mV s-1. OER

linear sweep voltammetry (LSV) measurements were

completed in O2-saturated H2SO4 by rotating the GC

electrode at 1600 rpm with a scan rate of 10 mV s-1.

Electrochemical polish of the catalyst film on GC

electrode was conducted before each test which was

completed multiple CV cycles at a 500 mV s-1

potential scanning rate until obtaining the coincident

curves. All electrochemical data on each catalyst were

achieved on a CHI660E potentiostat at room tem-

perature and repeated more than four times to ensure

the accuracy.

Results and discussion

The comparison of crystal structures of TiN, as-pre-

pared IrO2, and TiN/IrO2 nanoparticles is shown in

Fig. 2. The diffraction peaks in XRD pattern (Fig. 2a)

of TiN nanoparticles, centered at 36.7�, 42.6�, 61.8�,
74.1�, and 77.9�, belong to (111), (200), (220), (311),

and (222) planes of TiN (the face-centered cubic

structure, PDF#38-1420) [25]. In addition, the broad

diffraction peak at 24.6�was also observed, indicating

the existence of carbon in the purchased TiN pow-

ders. The pattern of the pure IrO2 prepared following

the similar protocol exhibited several faint and broad

peaks implying its weak crystallinity because of the

low calcination temperature (i.e., 200 �C). It was

clearly seen that the characteristic diffraction peaks of

TiN/IrO2-31 sample were fully consistent with the

features of the TiN support except for the lower peak

intensity which was attributed to the covering or

mingled effect of the lowly crystallized IrO2 on TiN

crystal surface. It displayed that the as-prepared

TiN/IrO2 material was a composite of IrO2 and TiN

with a certain amount of carbon. Raman spectra

(Fig. 2b) further confirm the existence of carbon in the

commercial TiN powders that may be caused by the

preparation process. In addition to the response

peaks of TiN phase distributed in the wavenumber

from 100 to 1000 cm-1, the two characteristic peaks at

about 1356 cm-1 and 1590 cm-1 for D band and G

band, respectively, for carbon were visible in the

enlarged spectra (inset). And the peak intensity ratio

(ID/IG), which was usually applied as a parameter to

evaluate the crystallization degree of carbon materi-

als, was 0.92 indicating the coexistence of the disor-

dered carbon and ordered carbon.

The catalyst support provides a highly dispersed

physical surface for the active component, and thus,

excellent porous structure and high surface area are

the crucial elements which should be considered for

choosing a proper support material, and also the

favorable factors for improving the performance of

supported composite catalysts. N2 adsorption–des-

orption isotherms (Fig. 3a) of TiN, as-prepared TiN/

IrO2-31, and unsupported IrO2 samples were identi-

fied as type IV isotherms with the hysteresis loop

located in the relative pressure region of 0.70–0.95,

suggesting the existence of mesoporous structures
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(b)(a)Figure 2 a XRD patterns of

the TiN, the obtained TiN/

IrO2-31, and unsupported IrO2

nanoparticles. The straight

lines show TiN (PDF#38-

1420) and IrO2 (PDF#15-

0870), respectively. b Raman

spectra of the commercial TiN.
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resulted from the stacked holes between the

nanoparticles. Besides, BJH pore size distribution

analysis based on the desorption branch (Fig. 3b)

presented the quite broad pore diameter distributions

of three samples ranged from 3 to 450 nm, implying

the presence of macropores. Table 1 gives the corre-

sponding physical data comparison for TiN, as-pre-

pared TiN/IrO2-31, and unsupported IrO2 samples.

In comparison with the unsupported IrO2 sample, the

supported IrO2 exhibited a relative higher BET sur-

face area, average pore size, and pore volume, which

could be attributed to dispersion effect from the TiN

carrier.

XPS investigation was conducted to determine the

chemical states and the near surface chemical com-

positions of the Ti, N, and Ir elements in the TiN,

TiN/IrO2-31, and IrO2 samples (Fig. 4). As depicted

in Fig. 4a, Ir 4f (64.3 eV), Ir 4p (495.4 eV), Ti 2p

(459.6 eV), Ti 2s (558.2 eV), N 1s (391.3 eV), O 1s

(532.4 eV), and C 1s (283.8 eV) were exhibited in the

survey spectrum of the obtained TiN/IrO2-31 com-

posite, confirming the successful loading of IrO2 on

the TiN surface [26, 27]. The high-resolution Ti 2p

XPS spectra of TiN with and without IrO2 loading

(Fig. 4b) could be separated into three main peaks

with bonding energies of 455.5, 456.8, and 458.4 eV

for TiN, and 455.1, 457.5, and 458.5 eV for TiN/IrO2-

31, which were attributed to the Ti–N, Ti–O–N, and

Ti–O bonds, respectively [28, 29], meaning that TiN,

TiNxOy, and TiO2 species presented on the surface of

TiN samples. In Fig. 4c, the N 1s spectra of the two

TiN samples were de-convoluted to three peaks at

about 396.1, 397.3, and 401.6 eV for TiN, and 395.4,

396.4 and 400.7 eV for TiN/IrO2-31, which were

associated with N–Ti, Ti–O–N, and N–O bonds

[29, 30]. These results were consistent with the pre-

vious reports which had explained that an oxide

layer had formed when TiN was exposed to air

[31, 32]. Figure 4d compares Ir 4f XPS spectra of IrO2

and TiN/IrO2-31, which were de-convoluted to Ir4?

(61.9 eV) and Ir3? (62.2 eV) for TiN/IrO2, and Ir4?

(61.7 eV) and Ir3? (62.2 eV) for IrO2, respectively,

with an Ir 4f doublet splitting energy of 3 eV,

matching well with the reported XPS results of the

commercial IrO2 and Li-IrO2 [33, 34]. The molar ratio

between Ir4? and Ir3? evaluated from the corre-

sponding peak area was 1.9:1 for TiN/IrO2-31,

slightly higher than that of the pure IrO2 (Ir4?/Ir3?

was 1.4:1), suggesting that the Ir4? species on the

surface of TiN/IrO2-31 were at the majority. This

subtle difference was because the TiN carrier gained

the electrons from the active component which

would improve the adsorption of oxygen-containing

intermediates to accelerate OER, reflecting the strong

metal–support interaction (SMSI effect) between TiN

and IrO2. Because the binding energy of oxygen

species on the metal oxide surface can reflect their

interaction with metal cations, the comparison of O 1s

spectra of IrO2 and TiN/IrO2-31 is further shown in

Fig. 4e, which were decomposed into three peaks, the

lattice oxygen (OIr-O or OTi-O) at 530.0 eV for TiN/

IrO2-31 and 529.9 eV for IrO2, the coordinatively

unsaturated oxygen or oxygen in hydroxyl group

(OOH) at 531.7 eV for TiN/IrO2 and 531.5 eV for IrO2,

and the oxygen in adsorbed water (OH2O) at 533.0 eV

for TiN/IrO2 and 533.1 eV for IrO2, respectively. And

the peak area percentage sum of OH2O and OOH in

IrO2 was 81.7%, while the data in TiN/IrO2 were

93.8%, meaning the surface OOH and OH2O was

dominant. It indicated that oxygen species which

interacted with Ir weakly on the TiN/IrO2 surface

exhibited a relative higher ratio than that of IrO2.

Though underlying reasons were unknown, it had

been observed that hydrated or hydroxylated amor-

phous iridium oxides generally possess higher

activity toward OER than the excellent crystalline

Figure 3 a N2 adsorption–

desorption isotherms and

b pore width distributions

corresponding to the

desorption branch of the TiN,

as-prepared TiN/IrO2-31, and

unsupported IrO2

nanoparticles.
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IrO2 [34, 35]. It can also be used as an explanation for

the high OER activity observed on TiN/IrO2. Both

TiN/IrO2 and IrO2 samples had a big OOH peak

percentage showing that there existed more O species

which relatively weakly bonded with metal cations

(M) than that in the rutile IrO2 prepared under a

higher temperature, and it was similar to the results

observed on the surface of amorphous Li-IrO2 [35].

Here, TiN/IrO2 and IrO2 were heat treated at only

200 �C, significantly lower than most commonly

temperatures used in the literature, which was why

such high proportion of weakly bound oxygen exists.

In addition, chemical composition in TiN/IrO2-31

sample was also investigated by EDX (Fig. 4f)

Table 1 Physical data of the TiN, as-prepared TiN/IrO2-31, and unsupported IrO2 samples

Sample Samples particle size in XRD (nm) BET surface area (m2 g-1) Average pore size (nm) Pore volume (cm3 g-1)

TiN 9.6 68.8 15.5 1.215

IrO2 – 47.2 3.9 0.168

TiN/IrO2-31 8.3 65.5 15.6 0.838

(f)

(e)(d)

(a) (b) (c)

TiN/IrO2-31

Element C O N Ti Ir

Atom% 87.79 6.44 4.10 0.87 0.80

Figure 4 XPS results of the TiN, as-obtained TiN/IrO2-31, and

unsupported IrO2 samples. a XPS survey spectrum of three

samples. b High-resolution Ti 2p spectra of TiN and TiN/IrO2-31.

c High-resolution N 1s spectra of TiN and TiN/IrO2-31. d High-

resolution Ir 4f spectra of the free and loaded IrO2. e High-

resolution O 1s spectra of IrO2 and TiN/IrO2-31. f EDX chemical

composition of TiN/IrO2-31.
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showing the molar ratio of Ti/N/Ir was 1:4.7:0.92,

which was different from the XPS result (1:5.8:2.3),

proving Ir preferentially distributed on the surface of

the composite.

FESEM images revealed (Fig. 5a, b) that TiN/IrO2-

31 sample exhibited the similar spherical morphology

with TiN, but a slightly larger particle size

(50.9 ± 7.8 nm) than the TiN nanoparticles

(47.6 ± 5.2 nm). TEM was applied for the further

observation of the differences between two samples.

Before loading the IrO2, TiN was composed of ran-

dom-shaped nanospheres (Fig. 6a), consistent with

its SEM results. And the high-resolution TEM

(HRTEM) image of the nanocrystals (Fig. 6b) showed

a clear crystal face structure with a lattice spacing of

ca. 0.21 nm, belonging to the TiN (200) plane

(PDF#38-1420) with the diffraction rings and spots

seen from its selected area electron diffraction

(SAED) image (Fig. 6c). However, after loading with

IrO2, TiN was decorated by plenty of scattered IrO2

dots with the size of 1.41 ± 0.19 nm (Fig. 6d).

HRTEM images displayed strawberry-shaped balls

(see Fig. 6e) with diffuse rings (Fig. 6f) because of the

influence from the weak crystallinity of IrO2, consis-

tent with the XRD results. The TEM results were

significantly different from the reported wrapped

topography of the Nb0.05Ti0.95O2/IrO2 [8] and meso-

Sb-SnO2/IrO2 [9], which would be one of the reasons

for the surpassing performance on TiN/IrO2 for OER.

IrO2 loading-dependent electrochemical activities

for TiN-supported IrO2 catalysts were analyzed in

details. For investigating the change in surface Ir

oxide, the CVs from the first to the third cycle are

recorded and shown in Fig. 7 by taking TiN/IrO2-31,

TiN/IrO2-40, and unsupported IrO2 as examples.

Unlike IrO2@Ir/TiN catalysts reported by Xing [21],

almost no obvious H underpotential deposition peak

(located at 0–0.4 V), which was the confirmation of Ir

metal existence, appeared in the first cycle in CVs,

and no significant changes arose in CVs for the initial

reactive surface and the surface after several potential

cycles. It meant that Ir in these composites presented

mainly in its oxidation state, consistent with the

previous XPS results. While compared with the CVs

of the unsupported IrO2, the weak peaks located at

0.05–0.3 V in CVs for TiN/IrO2 still could be

observed, due to the influence of the TiN carrier. To

further analyze the interaction between the carrier

200 nm

(a) TiN

30 35 40 45 50 55 60 65

Particle Size / nm

47.6±5.2 nm

200 nm

TiN/IrO2(31wt%)(b)

30 35 40 45 50 55 60 65 70 75 80

50.9±7.8 nm

Particle Size / nm

Figure 5 FESEM images of

TiN (a) and TiN/IrO2-31 (b).

Insets were the corresponding

particle size distribution.

(a) (b)

(c)

d=0.21nm
(200)

(d) (e)

(f)

1.0 1.2 1.4 1.6 1.8 2.0

1.41±0.19 nm

Particle Size / nm

Figure 6 TEM images of TiN and TiN/IrO2-31 samples. TEM

(a), HRTEM (b), and SAED (c) images of TiN support. TEM (d),

HRTEM (e) and SAED (f) images of TiN/IrO2-31 composite.

Inset in (d) was particle size distribution of the loaded IrO2

nanoparticles.
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and the active ingredient, Fig. 8a gives the represen-

tative CVs of TiN/IrO2-25, TiN/IrO2-31, TiN/IrO2-

40, TiN/IrO2-50 composite catalysts, the unsup-

ported IrO2, and the TiN support. All the TiN-sup-

ported IrO2 catalysts presented the typical

pseudocapacitor features similar to the pure IrO2

with the redox peaks at about 0.8–1.0 V correspond-

ing to the conversion between different Ir valence

states (III?/IV?) [5, 36, 37], which were analogous to

the surface electroadsorption/desorption. Based on

the CV charge (q) via integrating the voltammograms

from 0.3 to 1.25 V which were recorded at a potential

scanning rate of 50 mV s -1, the electrochemical

active surface areas (ECSAs) can be estimated by

using an ECSA-charge constant of 1681 cm2 C-1 [38]

and are given in Fig. 8b. It was displayed that the

TiN/IrO2-31 and -40 composites had relative higher

ECSA (6.3 cm2 and 6.7 cm2, respectively) than other

TiN/IrO2 catalysts, but it was still less than the value

recorded on the pure IrO2 (11.8 cm2). A distinct

enhancement in ECSA signified the increase in the

accessible of active surface of Ir content, meaning that

ECSA was related to the accessible active site num-

bers, rather than the Ir content alone [39]. So, in the

cases with too high IrO2 loading (i.e., TiN/IrO2-50),

some inner surfaces of IrO2 cannot be fully utilized

because they cannot be accessed by the electrolyte

easily, and thus, its ECSA value was less than that of

the TiN/IrO2-31 and -40 samples, which possessed

the relative lower Ir dosage. Furthermore, the TiN/

IrO2 composites showed different IrO2 mass-nor-

malized ECSAs, and the TiN/IrO2-31 catalyst marked

the maximum (406.1 cm2 mgIrO2
-1 or 281.8 C gIr

-1 with

respect to the metal mass), which was almost 1.7

times of the unsupported IrO2 (236.0 cm2 mgIrO2
-1 ) and

much higher than the results reported on the porous

Ir-ND (108.2 C g-1Ir), Ir black (63.7 C g-1Ir) [13], and

Nb-TiO2-supported IrO2 (40%) (142.0 C gIr
-1) [40].

Above results clearly demonstrated that TiN exhib-

ited a wonderful dispersion effect as the support for

IrO2, where small particle sizes (1.41 ± 0.19 nm) and

Figure 7 Cyclic voltammetry curves of a TiN/IrO2-31, b TiN/IrO2-40, and c unsupported IrO2 recorded between 0.05–1.2 V potential

window at 50 mV s-1 in Ar-saturated 0.5 mol L-1 H2SO4 with the catalyst loading of 0.255 mg cm-2.

Figure 8 Typical CVs of TiN/IrO2 composites with different IrO2

dosages (a), and the IrO2 loading-dependent ECSAs of the

supported and pure IrO2, the relationship between the IrO2 wt% in

the composites and the mass-normalized ECSAs (b). The coated

catalyst on the glass carbon electrode was 0.255 mg cm-2. The

current density (j) in (a) was normalized to the geometric area of

GC RDE (0.196 cm2), while ECSA (right) in (b) was normalized

to the IrO2 mass.
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highly dispersed IrO2 leaded to higher Ir atomic

utilization efficiency.

OER catalytic performance of these catalysts was

evaluated by polarization test in O2-saturated H2SO4

solution and at the electrode rotation rate of

1600 rpm. For TiN/IrO2-25 and 50, in spite of the

dispersion role coming from the support, relative

lower ECSA made them unable to afford enough

active sites to drive OER, so their performance was

inferior to the unsupported counterpart, the pure

IrO2. By contrast, TiN/IrO2-31 possessed prominent

activity among those mentioned catalysts, even better

than the benchmark IrO2 catalyst (Fig. 9a), which

might be expounded by the electronic modulation of

Ir because of the introduction of TiN carrier and its

highest mass-normalized ECSA. The comparison of

potential (E) at 10 mA cm-2 and 40 mA cm-2 on

these catalysts is shown in Fig. 9b, showing in spite of

the slightly higher overpotential at 10 mA cm-2 than

that of the unsupported counterpart, and the smallest

overpotential at 40 mA cm-2 was recorded on TiN/

IrO2-31 (Fig. 9b). It meant TiN/IrO2-31 had superior

catalytic activity at high potential region. The corre-

sponding IrO2 mass-normalized LSV curves clearly

demonstrated the superiority of TiN/IrO2 composites

relative to the unsupported counterpart and TiN/

IrO2-31, exhibiting the highest IrO2 mass-normalized

current value (Fig. 9c). Excitingly, the mass activity at

1.6 V of TiN/IrO2-31 reached 874.0 A gIrO2
-1 , which

was 5.0 times as high as that of the unsupported IrO2

(176.0 A gIrO2
-1 ) and higher than the results on

Nb0.05Ti0.95O2/IrO2 (471 A gIrO2
-1 ) [8] and meso-Sb-

SnO2/IrO2 (394 A gIrO2
-1 ) [9]. Obviously, the addition

of TiN support enhanced the catalytic efficiency of

the active component in these composite catalysts.

We further compare the OER activity of TiN/IrO2-31

with those of recently reported and representative

iridium-based electrocatalysts (Table 2) by listing

their overpotential at 10 mA cm-2 and mass specific

activity. The comparison indicated that TiN/IrO2-31

was among the most outstanding Ir-based electro-

catalysts for OER under acidic conditions, although

there might be some differences in catalytic testing

methods, catalyst loading, and acidic concentration

adopted by different researchers. The area-normal-

ized activity comparison was implemented on the

ECSAs (Fig. 9d), indicating that TiN/IrO2-31 com-

posite possessed the maximum ECSA specific activity

(2.7 A cm-2), which was 3.5 times of the result on

IrO2 (0.8 A cm-2). The boosted OER activity

Figure 9 Electrocatalytic oxygen evolution reaction (OER)

activities of TiN/IrO2 composite catalysts with different IrO2

loadings and the homemade pure IrO2. a LSV curves after iR

correction at the scanning rate of 10 mV s-1. b The detailed

comparison of potential at current density of 10 mA cm-2 and

40 mA cm-2, respectively. c IrO2mass-basedLSVcurves.d Specific

activity LSV curves based on the ECSA. e Area specific activity

comparison at 1.6 V. f The corresponding Tafel plots.
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corresponded to the electronic structure modulation

of Ir by adding TiN [21]. However, for the supported

catalysts containing high Ir dosages, such as TiN/

IrO2-40 and TiN/IrO2-50, the specific activity was

lower than that of TiN/IrO2-31 and pure IrO2

(Fig. 9e), and the reason was mainly the invalid

application of the inner precious metals. Tafel plots of

all the TiN/IrO2 and IrO2 catalysts were fitted from

their corresponding LSV curves to study the reaction

kinetics (Fig. 9f). It was shown that TiN/IrO2-31 gave

the smallest Tafel slope (65.5 mV dec-1) among all

the investigated samples, revealing the most favor-

able reactive kinetics toward OER.

Based on the above analysis, we thought that the

significantly boosted OER activity of the TiN/IrO2-31

catalyst mainly benefitted from the following factors:

(1) the favorable morphology and size of the IrO2

nanoclusters which homogeneously dispersed on the

conductive TiN surface, (2) the superior conductivity

of TiN carrier compared with other oxides (such as

the nonstoichiometric TiO2, transition metal doped

TiO2, or SnO2), which favored the electrical conduc-

tion efficiency during the OER process [20, 41, 42],

and (3) the electronic modulation of Ir from the TiN

support. Among them, highly scattered nanoclusters

contributed the most to enhance activity. It was

Table 2 Comparison of the OER overpotential and mass specific activity for TiN/IrO2-31 with the Ir-based materials reported to date that

were tested in acidic conditions

Catalysts Loading on GC

(mg cm-2)

Electrolyte Scanning rate

(mV s-1)

Overpotential at 10 mA cm-2

(mV vs. RHE)

Mass specific

activity at 1.6 V

Refs.

TiN/IrO2-31 0.255 0.5 M

H2SO4

10 313 874.0

A gIrO2
-1

This

work

IrO2@Ir/TiN (60

wt%)

0.379 0.5 M

H2SO4

5 265 480.4

A gIr
-1

[21]

IrO2/Nb0.05Ti0.95O2

(33 wt%)

0.255 0.5 M

H2SO4

5 239 476.8

A gIrO2
-1

[8]

IrO2/meso-Sb-SnO2

(31 wt%)

0.102 0.5 M

H2SO4

5 386 216.1

A gIrO2
-1

[9]

Ir/TiC 0.122 0.1 M

HClO4

10 [320 versus SHE 150@1.55 V

A gIr
-1

[46]

Ir-ND/ATO 0.0102Ir 0.05 M

H2SO4

5 *400 135.8

A gIr
-1

[13]

IrO2-Ir 0.133Ir 0.5 M

H2SO4

5 300 175@1.55 V

A gIr
-1

[39]

Ir black 0.133Ir 0.5 M

H2SO4

5 333 60@1.55 V

A gIr
-1

[39]

NiIr-200-CL 0.0117 Ir 0.1 M

HClO4

20 – 1000@1.55 V

A gIr
-1

[47]

NiIr-300-CL 0.0091 Ir 0.1 M

HClO4

20 – 650@1.55 V

A gIr
-1

[47]

IrCo0.65 NDs 0.09 0.1 M

HClO4

5 281 *533@1.55 V

A gIr
-1

[48]

5.9 wt% Ir/g-C3N4/

NG

0.0067 0.5 M

H2SO4

5 287 2310

A gIr
-1

[49]

IrO2/CNT – 0.5 M

H2SO4

5 293 – [43]

IrNiOx/meso-ATO 0.0102 Ir 0.05 M

H2SO4

5 330 *89.8

A gIr
-1

[50]

Ir-STO *0.21 0.1 M

HClO4

1 247 820@1.525 V

A gIr
-1

[51]

Li-IrOx 0.125 0.5 M

H2SO4

1 290 100@1.525 V

A gIr
-1

[34]
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interesting to see that IrO2 clusters with the size of

only about 1.4 nm spread like strawberry seeds on

the surface of the carrier, completely different from

the cladding structures obtained in our previous

work (i.e., IrO2/Nb0.05Ti0.95O2 and IrO2/meso-Sb-

SnO2). It had already been demonstrated the struc-

ture sensitivity of OER over IrO2 experimentally and

theoretically, and the decrease in its particle size did

have a beneficial influence on OER activity [43].

Specifically, compared with the unsupported IrO2,

the supported IrO2 on the TiN carrier with the size

less than 2 nm would not only afford much more

reactive sites, but also expose much more surface

unsaturated Ir atoms. It was illustrated that the sur-

face unsaturated iridium atoms reacted more easily

with water to form surface –OH groups because of

their larger water-binding energy compared to the

saturated iridium atoms [34, 44, 45].

The electrochemical stability of the as-obtained

TiN/IrO2-31 catalyst was also investigated together

with the unsupported IrO2 as the reference sample

through chronopotentiometry (CP) and chronoam-

perometry (CA) measurements at 1600 rpm rotation

rate in O2-saturated 0.5 M H2SO4 medium (Fig. 10).

CP results (Fig. 10a) showed that the potential rise

occurred within 40 min of the test for both IrO2 ref-

erence and TiN/IrO2-31 sample, after that the

potential on IrO2 became gradually stable, but the

potential of TIN/IrO2-31 was still increasing. Similar

results also appeared in CA test (Fig. 10b) which was

shown up more clearly than that in CP, because the

current was exponential with the potential [52]. After

testing for about 40 min, the current on IrO2 held

constant, while the current during the 4-h test on

TiN/IrO2-31 experienced a three-step process of

sharp (0–40 min), slow (40–100 min), and rapid

([ 100 min) declines. The deactivation rate (the slope

of curves) in the first step of TiN/IrO2 was slightly

slower than that of IrO2, meaning that the corrosion

of the supported IrO2 might be the dominant reason

in this case and TiN support delayed this process to

some extent. The subsequent activity degradation in

the second and third steps was possibly due to the

oxidative corrosion of carbon contained in the com-

mercial TiN support, the decrease in conductivity

caused by local oxidation of TiN, and the dissolution

or detaching of the highly scattered IrO2 nanoclusters

on the outer surface of the catalyst film. Meanwhile,

the comparison of CV curves before and after 4 h of

continuous operation (Fig. 10c) displayed obvious

reduction in redox peak area for TiN/IrO2, suggest-

ing the loss of surface active sites. Furthermore, ICP

analysis conducted in the 0.5 mol L-1 H2SO4 elec-

trolyte which was collected after CA measurement

for 4 h showed that almost no Ti was leached out

from the support (its concentration was below the

detection limit) suggesting the chemical stability of

the TiN carrier. However, H2SO4 solution after 4 h of

CA for the unsupported IrO2 and TiN/IrO2-31 was

contained 0.006 ppm and 0.069 ppm of Ir, respec-

tively, which proved that the relatively significant

drop in current on TiN/IrO2-31 was mainly because

of the dissolution of outer layer Ir atoms on the tiny

nanoclusters. TEM observation on both bare TiN and

TiN/IrO2-31 after continuous electrolysis for 4 h also

found that TiN after stability test exhibited no sig-

nificant morphology changes (Fig. 11a), while for the

electrolyzed TiN/IrO2 composite, some IrO2

nanoparticles were stripped from the TiN supports

(Fig. 11b) which was one of the reasons for the huge

changes in OER activity. It could be clear that the tiny

and highly scattered IrO2 nanoclusters actually

exercised like a double-edged sword which pos-

sessed the high activity for OER but unsatisfactory

Figure 10 Chronopotentiometry (a) and chronoamperometry (b) tests on TiN/IrO2-31 and pure IrO2 performed in 0.5 mol L-1 H2SO4

and at 1600 rpm. c CVs comparison of TiN/IrO2-31 before and after CA test at 1.6 V.
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stability during the continuous polarization. Our

further work should be concentrated on the balance

between activity and durability of these superfine

IrO2 clusters.

Conclusions

In conclusion, we had constructed a TiN-supported

IrO2 composite electrocatalyst for OER in acidic

media based on a novel catalyst/support couple

strategy to boost the utilization efficiency of the noble

metal. The optimized TiN/IrO2 sample had meso-

porous structure with the high surface area sourced

from the TiN support, which enabled the dispersion

of the active ultra-small nanoclusters. Moreover, a

strong active component–support interaction

between TiN and IrO2 urged the TiN carrier to gain

the electrons from the active component, thus bene-

fiting OER. With the IrO2 loading of 31%, TiN/IrO2

catalyst possessed an excellent mass-normalized

ECSA and the outstanding OER activity. TiN support

not only provided high conductive substrate for the

catalyst, but also promoted the high dispersion for

noble metals, so that precious metals can be used

efficiently. This development of ultra-fine iridium

oxide as highly efficient OER electrocatalyst greatly

promoted the utilization of precious metals and

demonstrated a good prospect for the practical

application. However, obtaining the satisfactory sta-

bility on those highly dispersed Ir-based nanoclusters

was still a challenge.

Acknowledgements

This work was supported by the National Natural

Science Foundation of China (NSFC No. 21606075).

References

[1] Sun W, Zhou Z, Zaman WQ, Cao L, Yang J (2017) Rational

manipulation of IrO2 lattice strain on a-MnO2 nanorods as a

highly efficient water-splitting catalyst. ACS Appl Mater

Interfaces 9(48):41855–41862

[2] Tariq M, Zaman WQ, Sun W, Zhou Z, Wu Y, Cao L, Yang J

(2018) Unraveling the beneficial electrochemistry of IrO2/

MoO3 hybrid as a highly stable and efficient oxygen evo-

lution reaction catalyst. ACS Sustain Chem Eng

6(4):4854–4862

[3] Tackett BM, Sheng W, Kattel S, Yao S, Yan B, Kuttiyiel KA,

Chen JG (2018) Reducing iridium loading in oxygen evo-

lution reaction electrocatalysts using core-shell particles with

nitride cores. ACS Catal 8(3):2615–2621

[4] Reier T, Nong HN, Teschner D, Schlögl R, Strasser P (2017)
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