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Jiayi Chen+, Peixin Cui+, Guoqiang Zhao+, Kun Rui, Mengmeng Lao, Yaping Chen, Xusheng Zheng,* 

Yinzhu Jiang, Hongge Pan, Shi Xue Dou, and Wenping Sun* 

This work is dedicated to Prof. S. X. Dou on the occasion of his 80th birthday. 

Abstract: Developing highly active and durable electrocatalysts for 
oxygen evolution reaction (OER) is greatly desired for efficient water 
electrolyzers. Herein, new iridium oxide/graphitic carbon nitride 
(IrO2/GCN) heterostructures are designed with low-coordinated IrO2 
nanoparticles (NPs) confined on superhydrophilic and highly stable 
GCN nanosheets toward efficient acidic OER. The multifunctional 
GCN nanosheets not only ensure the homogeneous distribution and 
confinement of IrO2 NPs but also endows the heterostructured 
catalyst system with a superhydrophilic surface, which can 
significantly maximize the exposure of active sites and promotes 
mass diffusion, respectively. The coordination number of Ir atoms is 
decreased due to the strong interaction between IrO2 and GCN, 
leading to lattice strain and increment of electron density around Ir 
sites and hence modulating the attachment between the catalyst and 
reaction intermediates. The optimized IrO2/GCN heterostructure 
delivers not only by far the highest mass activity among the reported 
IrO2-based catalysts but also decent durability. 

Contrary to the rapid development of renewable energies 
harvesting technologies, the utilization efficiency of renewable 
energies is far from satisfaction due to their intermittent nature. 
Electrochemical water splitting driven by renewable electricity is a 
practical strategy to solve this problem.[1] Proton exchange 
membrane water electrolyzers (PEMWEs), which operate water 
electrolysis in acidic media, show great advantages over alkaline 
electrolyzers.[2] One major challenge for PEMWEs is developing 
highly efficient electrocatalysts for acidic oxygen evolution 
reaction (OER). Specifically, the harsh working environment of 
acidic OER requires the catalysts possessing extremely high 
chemical stability against corrosion and oxidation.[2] To date, 

iridium-based catalysts are the only choice for acidic OER, while 
further increasing their mass activity and durability is still a 
significant challenge towards realizing their practical application 
in PEMWEs.[3] 

At present, nanostructure engineering is one of the most 
efficient strategies to improve the catalyst performance by 
increasing active sites,[4] enhancing intrinsic activity,[5] and/or 
improving catalysts’ structural stability.[6] However, nanomaterials 
easily undergo agglomeration, which severely decrease the 
exposure of active sites. Generally, anchoring nanostructured 
active species on carbonaceous substrates is a commonly used 
method to impede the agglomeration. However, typical carbon-
based materials show unsatisfactory electrochemical stability and 
are easily oxidized at high potentials in acidic media.[2] We 
recently found that the GCN nanosheets exhibit excellent stability 
at high potentials, substantially superior to typical carbonaceous 
materials (Figure S1), indicating that the GCN nanosheets can 
serve as a chemically stable substrate for constructing robust 
OER electrocatalysts. Herein, a heterostructure engineering 
strategy was deployed to design IrO2/GCN heterostructures 
toward efficient oxygen evolution in acidic medium. In addition to 
the excellent chemical stability, the C- and particularly N-rich 
coordination environment of GCN would induce strong electronic 
interaction and chemical bonding between IrO2 and GCN, which 
would modulate the atomic coordination and electronic structure 
of Ir active sites accordingly.[7] Meanwhile, the superhydrophilicity 
of GCN nanosheets would endow the heterostructured catalyst 
with a superhydrophilic surface, promoting the gas desorption 
process as well. 

The IrO2/GCN heterostructures were synthesized as 
schematically illustrated in Figure 1a. GCN nanosheets were 
firstly exfoliated and functionalized, then IrO2 nanoparticles (NPs) 
were anchored on GCN nanosheets via a hydrothermal process 
followed by annealing in air (details in Supporting Information). As 
shown in Figure 1b, typical diffraction peaks of rutile IrO2 (JCPDS 
15-0870) and GCN (JCPDS 87-1526) are present in the XRD 
patterns of IrO2/GCN containing 40 wt% IrO2 (40-IG).[8] The 
relative density of the diffraction peak at 28.0° of 40-IG increases 
significantly compared with IrO2 due to the merging of the GCN 
peak at 27.8°. The Fourier-transform infrared spectroscopy (FT-
IR) further proves the presence of GCN in 40-IG (Figure S2).[9] 
The transmission electron microscopy (TEM) images (Figure 1c-
d) illustrate that IrO2 NPs are well dispersed on GCN nanosheets. 
As revealed by the HRTEM (Figure 1e) and the fast Fourier 
transform patterns (FFT, Figure 1f), the lattice spacing of 0.26 and 
0.31 nm can be assigned to the (101) and (110) planes of IrO2, 
respectively. The loading content of IrO2 can be controlled by 
altering the precursor ratio. Similar to 40-IG, IrO2 NPs are well 
dispersed in 17-IG and 25-IG (Figure S3a-b), while severe 
agglomeration is shown in 50-IG and bare IrO2 (Figure S3c-f). 
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Figure 1. (a) Schematic illustration for synthesizing IrO2/GCN. (b) XRD patterns 
of 40-IG, IrO2 NPs, and GCN. (c) TEM image of 40-IG. (d-e) HRTEM of 40-IG. 
(f) The corresponding FFT patterns of (e). 
 

The X-ray photoelectron spectroscopy (XPS) survey spectra 
(Figure S4a) confirms the presence of C, N, Ir, and O elements in 
40-IG. Notably, the binding energy of Ir 4f in 40-IG shifts 
negatively by 0.2 eV, and that of N 1s shifts positively by 0.2 eV 
as compared with bare IrO2 NPs and GCN, respectively (Figure 
2a-b). Deconvolution of the N 1s XPS spectra indicates the 
formation of Ir-N bond, demonstrating the strong electronic 
interaction at the IrO2/GCN interfaces. Meanwhile, the variations 
in binding energies indicate that electron transfers from GCN to 
IrO2, resulting in a higher electron density around Ir atoms.[10] 
Moreover, deconvolutions of the high-resolution XPS spectra of C 
1s (Figure S4b) reveal that, besides the typical peaks for GCN,[11] 
two additional peaks are shown in 40-IG that can be assigned to 
the C-O (285.9 eV) and C=O (288.3 eV) bonds, indicating the 
formation of oxygen bridges between IrO2 and GCN.[8b] The 
formation of C=O bond subsequently results in a positive shift in 
the binding energies of O 1s (Figure S4c). Furthermore, additional 
peaks are displayed at around 1710 cm-1 in the Raman 
spectroscopy of 40-IG (Figure S4d), which is a strong evidence 
for the formation of C=O bond.[12]  

 
Figure 2. (a) Ir 4f XPS spectra of 40-IG and IrO2. (b) N 1s XPS spectra of 40-
IG and GCN. (c) Fourier transforms of k3-normalized Ir LIII-edge EXAFS of 40-
IG, IrO2 NPs, and Ir foil. (d) The Ir LIII-edge XANES spectra for 40-IG, IrO2 NPs, 
and Ir foil. 
 

The local atomic coordination environment of Ir atoms is probed 
by extended X-ray absorption fine structure spectroscopy 
(EXAFS, Figure 2c), and the quantitative fitting results are listed 
in Table S1. For 40-IG, owing to the partial substitution of the 
longer Ir-N bond, the resulted Ir-O/N bond distance (2.00 Å) is a 
bit longer than Ir-O of bare IrO2 NPs (1.99 Å).[13] However, Ir-Ir 
bonds of 40-IG (3.13 and 3.54 Å) are compressed compared with 
bare IrO2 NPs (3.16 and 3.59 Å), indicating the formation of 
distorted IrO6 octahedrons.[14] Significantly, the compressed Ir-Ir 
bond can weaken the adsorption of O-intermediates, thus 
facilitating the rate-determining process for OER.[15] Meanwhile, 
the decreased coordination numbers of Ir-O and Ir-Ir in 40-IG 
indicate the existence of abundant low-coordinated Ir sites, which 
is further proved by the Wavelet transform (WT) analysis of Ir K-
edge EXAFS oscillation (Figure S5). Notably, the decreased 
coordination numbers together with the formation of Ir-N bond 
increase the electron density at Ir sites, which lower the 
electrostatic interactions,[16] and hence further weaken the binding 
of O-intermediates. Figure 2d shows the Ir LIII-edge of X-ray 
absorption near edge structures (XANES) spectra. The apparent 
decline in the white-line peak intensity of 40-IG compared with 
IrO2 NPs indicates an increased occupation of 5d state for 40-IG, 
leading to a variaiton in 5d electron orbital which subsequently 
modulate the binding energy between Ir and O-intermediates.[14, 

15b] Therefore, the modulated atomic coordination environment 
and the tuned electronic structures lead to a weaker binding 
between IrO2 and O-intermediates, thus promoting the rate-
determining step of OER occurring on the surface of IrO2. 
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 Figure 3. (a) LSV polarization curves measured at a scan rate of 5 mV s−1 (Inset: 
overpotential at 10 mA cm-2). (b) Tafel plots derived from LSV curves. (c) LSV 
curves plotted based on IrO2 mass-normalized current density (Inset: current 
densities at 1.6 V). (d) Chronopotentiometry of IrO2 NPs and 40-IG at a current 
density of 20 mA cm-2.  
 

The electrochemical test was then carried out to evaluate the 
catalytic performance of the samples, and all potentials are 
reported versus reverse hydrogen electrode (RHE) with 95% iR-
correction. As shown in Figure 3a, 40-IG delivers the highest 
catalytic activity with an overpotential of 276 mV at 10 mA cm-2 in 
0.5 M H2SO4. Meanwhile, the Tafel slope is decreased from 82 
mV dec-1 for IrO2 NPs to 57 mV dec-1 for 40-IG, demonstrating the 
improved OER kinetics on the IrO2/GCN heterostructures (Figure 
3b). Notably, all the IrO2/GCN heterostructures show dramatically 
enhanced mass activity (Figure 3c), indicating that the presence 
of GCN nanosheets is critical for accelerating the oxygen 
evolution kinetics on IrO2. In particular, 40-IG exhibits extremely 
high mass activity of 1280 mA mg-1 at 1.6 V, which is by far the 
highest mass activity among the reported IrO2-based catalysts 
under similar testing conditions (Table S2). More significantly, as 
shown in Figure 3d, IrO2 quickly loses its activity within 1.2 h due 
to the dissolution of active sites at high potentials,[17] while the 
potential of 40-IG increases by only 35 mV after 4-h 
chronopotentiometry test at 20 mA cm-2, demonstrating the 
substantially improved durability under acidic OER condition for 
40-IG. 

Several synergistic factors are responsible for the significant 
performance improvement of the IrO2/GCN heterostructures. 
Firstly, the strong interaction between IrO2 and the substrate 
modulates the atomic coordinations and electronic structures at Ir 
sites, leading to the formation of the compressed Ir-Ir bond in 
IrO2/GCN. This compressive Ir-Ir bond can effectively tune the Ir 
5d orbitals and thus weaken the rate-determining O-intermediates 
adsorption process,[14, 15b, 15c] which lowers the reaction barrier for 
the formation of HOO* and improves the intrinsic activity.[18] As 
revealed in Figure 4a and Figure S6, 40-IG exhibits much larger 
TOF values than bare IrO2 NPs, confirming the substantially 
enhanced intrinsic activity. 

 
 Figure 4. (a) TOF values at 1.55 and 1.6 V, respectively. (b) The current density 
difference at 1.35 V plotted against scan rate. (c-d) Contact angle 
measurements of IrO2 NPs and 40-IG, respectively. The inset image in (d) 
demonstrates the superhydrophicility of 40-IG. (e) Electrochemical impedance 
spectroscopy (EIS) of 40-IG and IrO2 NPs measured at 1.6 V. 
 

Secondly, the unique architecture of the heterostructured 
catalyst ensures a high exposure of active sites. The double-layer 
capacitance (CDL) determined from CVs (Figure S7) was deployed 
to evaluate the electrochemically active surface area (ECSA) of 
the samples. The CDL is 28.5 and 17.0 mF cm-2 for pure IrO2 and 
40-IG, respectively (Figure 4b), which means that 40-IG 
containing 40 wt% IrO2 accounts for 60% of CDL for pure IrO2. The 
greatly increased exposure of active sites can be ascribed to the 
confinement effect of GCN substrate induced by the strong 
chemical binding between GCN and IrO2.  

Thirdly, the superhydrophilic GCN nanosheets endow the 
heterostructured catalyst system a superhydrophilic surface, 
which is critical for the electrolyte penetration and gas 
adsorption/desorption kinetics.[19] According to the static contact 
angle measurements (Figure 4c-d and Video S1-S3),[20] 40-IG 
becomes superhydrophilic with a contact angle of 0º after 
introducing the superhydrophilic GCN nanosheets (Figure S8). 
The superhydrophilicity of 40-IG would substantially facilitate 
OER kinetics. Moreover, a physical mixed IrO2-GCN sample also 
exhibits improved hydrophilicity (Figure S9) and enhanced 
catalytic activity than bare IrO2 (Figure S10), further verifying the 
significance of hydrophilicity for faster oxygen evolution. Figure 
4e shows 40-IG has a significantly lower reaction resistance (6.4 
Ω) than bare IrO2 (20 Ω), illustrating accelerated charge transfer 
and mass diffusion processes at the 40-IG electrode/electrolyte 
interface, which is closely associated with the highly dispersed 
active sites and superhydrophilicity of the heterostructured 
catalysts. 
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Figure 5. (a) LSV curves of the water splitting devices at a scan rate of 5 mV s-

1. (b) Chronoamperometric measurement of the 40-IG||Pt-C full cell at 1.6 V. 

 
Fourthly, the highly stable GCN substrate is beneficial to 
achieving high structural stability. The TEM image of 40-IG after 
durability test reveals that the heterostructure morphology is well 
preserved (Figure S11), demonstrating the excellent structural 
stability of 40-IG. It can be inferred that the strong chemical 
bonding at the IrO2/GCN heterostructure interface inhibits the 
aggregation and corrosion of IrO2 during the electrocatalysis 
process in acidic medium, thereby maintaining high structural 
integrity and improving the durability. 

In order to further evaluate the potential of applying 40-IG in 
practice, a full water splitting device with 40-IG as the anode and 
the commercial 20% Pt/C as the cathode was assembled (40-
IG||Pt/C, Figure S12). A low voltage of 1.51 V is required to deliver 
10 mA cm−2 for the 40-IG||Pt-C full cell (Figure 5a), which is 
superior to the IrO2||Pt/C cell with bare IrO2 as the anode (1.56 V 
to reach 10 mA cm−2). Impressively, the performance of the 
overall water splitting device is by far the best among the cells 
with noble metal-based electrocatalysts under similar testing 
conditions (Table S3). The full cell is capable of producing 
hydrogen rapidly driven by a single 1.5-V battery (Video S4). Very 
interestingly, we find that the O2 bubbles on the 40-IG electrode 
are much smaller and desorb more quickly than those on the bare 
IrO2 electrode (Video S5 and S6). These results can be attributed 
to the superhydrophilicity of 40-IG as discussed previously, and 
the rapid O2 desorption behavior is particularly vital at high 
operating voltages.[19] As shown in Figure 5b, the 40-IG||Pt-C full 
cell also exhibits excellent durability with high current retention of 
78.5 % after operating at 1.6 V for 24 h. These results clearly 
demonstrate that IrO2/GCN heterostructures possess great 
potential toward developing high-performance and durable water 
splitting devices. 

In summary, new IrO2/GCN heterostructures with IrO2 NPs 
confined on superhydrophilic and highly stable GCN nanosheets 
are developed toward accelerated oxygen evolution kinetics for 
efficient water splitting. The unique C- and particularly N-rich 
coordination environment of GCN induces strong interaction 
between IrO2 and GCN, which eventually modulates the 
electronic structure of Ir active sites with low coordination number. 
Meanwhile, the multifunctional GCN nanosheets endow the 
heterostructured catalyst system with a superhydrophilic surface 
and abundant stable active sites. This work not only demonstrates 
the feasibility of combining all the favorable characters in one 
catalyst system by the heterostructure engineering strategy, but 
also provides new insights into the rational design and 
development of efficient electrocatalysts for a variety of 
applications. 
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