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Abstract: Combining the advantages of homogeneous and
heterogeneous catalysts, single-atom catalysts (SACs) are
bringing new opportunities to revolutionize ORR catalysis in
terms of cost, activity and durability. However, the lack of high-
performance SACs as well as the fundamental understanding
of their unique catalytic mechanisms call for serious advances
in this field. Herein, for the first time, we develop an Ir-N-C
single-atom catalyst (Ir-SAC) which mimics homogeneous
iridium porphyrins for high-efficiency ORR catalysis. In ac-
cordance with theoretical predictions, the as-developed Ir-SAC
exhibits orders of magnitude higher ORR activity than iridium
nanoparticles with a record-high turnover frequency (TOF) of
24.3 e@ site@1 s@1 at 0.85 V vs. RHE) and an impressive mass
activity of 12.2 A mg@1

Ir, which far outperforms the previously
reported SACs and commercial Pt/C. Atomic structural cha-
racterizations and density functional theory calculations reveal
that the high activity of Ir-SAC is attributed to the moderate
adsorption energy of reaction intermediates on the mononu-
clear iridium ion coordinated with four nitrogen atom sites.

Introduction

Proton-exchange membrane fuel cells (PEMFCs) have
been promoted as an ideal clean energy conversion system to
alleviate dependence on fossil fuels and enable a sustainable
energy future.[1] However, the lack of low-cost and durable
electrocatalysts to efficiently facilitate the sluggish oxygen
reduction reaction (ORR) at the cathode remains as the weak
point of this technology and severely obstructs its widespread
implementation.[2] In this context, single-atom catalysts

(SACs) have emerged as a highly promising category as they
fulfill an ultimate metal utilization with excellent intrinsic
activity when the catalytically active site can be well con-
structed.[3] These unique characteristics endow SACs with
potentially superior catalytic activity, and cost effectiveness
and clarified catalytic mechanism when compared with the
current mainstream research of Pt-based catalysts, ma-
crocycle compounds and pyrolyzed M-Nx/C (M = Fe, Co)
catalysts. Furthermore, by designing SACs which feature
single organometallic centres, a bridge between homogeneous
and heterogenous catalysis can effectively be established to
achieve concurrently high catalytic activity and durability.[4]

Given this, a variety of SACs configured with M-N-C (M = Fe,
Co, Cu, Mn and Pt) sites have been explored for ORR cata-
lysis with operational M-N4 sites mimicking the biological
porphyrin site in homogeneous catalysts.[5] However, despite
considerable progress achieved, the activities of these cata-
lysts are still limited possibly due to the improper adsorption
strengths to ORR intermediates,[6] which calls for rational
regulation of the d-electron structure of metal centres by well-
selected metal atoms and coordinated ligands.

Following this trail, the adsorption free energy of OH*
(DGOH*), a well-recognized reactivity descriptor for ORR,
was calculated on a series of M-N-C SACs to determine an
ideal metal centre. Among the various specimens, the atomic
Ir-N-C configuration exhibits the nearest DGOH* to the apex
of the classic Volcano plot[7] (Figure S1). This is consistent
with the fact that iridium porphyrins deliver the highest ORR
activity in acidic electrolyte among other metal porphyrins,[8]

implying the superior activity of Ir-N-C for ORR catalysis.
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Motivated by this predictive basis, we synthesized, for the first
time, a heterogenous iridium single-atom catalyst (Ir-SAC)
towards high-efficiency ORR catalysis. The as-developed Ir-
SAC displays a record-high turnover frequency (TOF) of
24.3 e@ site@1 s@1 at 0.85 V vs. RHE, which outperforms all
previously reported SACs and the commercial Pt/C ben-
chmark. Remarkably, Ir-SAC also exhibits orders of ma-
gnitude enhancement in ORR activity when compared with
metallic Ir nanoparticles. Density Functional Theory (DFT)
calculations confirmed that the unique electronic structure of
the Ir atom centre induced by the Ir-N4 configuration con-
tributes to an optimal adsorption energy that facilitates both
the adsorption and desorption of ORR intermediates, thus
leading to the unprecedented catalytic performance. This
work not only offers an efficient and commercially competi-
tive ORR catalyst, but also enlightens the fundamental und-
erstanding of the underlying structure–activity relationship,
thus advancing valuable scientific and industrial develop-
ments for ORR catalysis.

Results and Discussion

Ir-SAC was synthesized using zeolite imidazolate frame-
works-8 (ZIF-8, cavity diameter of 11.6 c)[9] as active site host
and the in situ encapsulated Ir acetylacetonate (molecular
diameter of ca. 9.8 c) as guest, respectively, as illustrated in
Figure 1a. Our choice of Ir-impregnated ZIF-8 (Ir-ZIF-8) as
the precursor was attributed to its prepotent environment,
including the strong metal anchoring ability of N atoms and
the space-confinement effect of micropores allowing the for-
mation of SACs. Additionally, the as-derived highly porous

host architecture (Figure S2, S3 and Table S1) also guarantees
the accessibility of the active metal centres to ORR reactions
for maximum catalyst utilization. The well-maintained cry-
stalline texture and the structural homogeneity of the as-
prepared Ir-ZIF-8 were confirmed by X-ray diffraction
(XRD) patterns (Figure S4) and scanning electron micros-
copy (SEM) with elemental mappings (Figure S5). This pre-
cursor was then subjected to heat-treatment under an H2/Ar
atmosphere to yield the final black Ir-SAC power (Digital
images in Figure S6), as verified by the disappearance of
sharp diffraction peaks for pristine Ir-ZIF-8 and the appea-
rance of typical carbon peaks in the XRD patterns (Fig-
ure S7). Notably, the absence of diffraction peaks for cry-
stalline Ir in the pyrolysis product implies the atomic Ir in-
corporation within the nitrogenous carbon skeleton.

The morphology and nanostructure of the obtained Ir-
SAC were carefully examined by SEM and high angle annular
dark-field scanning transmission electron microscope
(HAADF-STEM) as shown in Figure 1b and Figure S8, S9.
The results clearly reveal the well-retained rhombododeca-
hedron nanostructure and more importantly the absence of
any observable Ir nanoparticles/nanoclusters. Nevertheless,
the energy-dispersive spectrum elemental mappings (Fig-
ure 1c–f) and Inductively Coupled Plasma (ICP) results evi-
dentially confirm the existence of iridium in the obtained Ir-
SAC, suggesting an atomic-level Ir embedment within the
carbon matrix. On this basis, aberration-corrected HAADF-
STEM was further utilized for a direct discernment of the Ir
distribution. The result displays plenty of speckled bright dots
in the high-resolution HAADF-STEM image (Figure 1g),
which strongly confirms the atomic isolation of Ir in the ob-
tained Ir-SAC. For comparative study, control samples with Ir
supported on ZIF-8 derived nitrogenous carbon (N-C) and
nitrogen-free carbon substrate (denoted as Ir/N-C and Ir/C,
respectively) were also prepared (see details in Supporting
Information). Both individual Ir atoms and Ir nanoparticles
can be observed in Ir/N-C and Ir/C samples with a relatively
lower density of Ir single atoms in the latter (Figure S10, S11),
indicating that both the micropore structure and N doping are
capable of anchoring the single Ir atoms effectively and pre-
venting their aggregation. By contrast, the commercial Ir/C
(denoted as Ir/C-Com) sample carries purely Ir nanoparticles
with sizes of 2–4 nm as depicted in Figure S12.

Further evidence for the atomic dispersion of Ir in Ir-SAC
as well as identification of the atomic coordination environ-
ment were demonstrated by extended X-ray absorption fine
structure (EXAFS) and X-ray absorption energy near edge
structure (XANES) spectroscopy (Figure 2a, b). Commercial
IrO2 and Ir/C- Com catalysts were employed as benchmarks.
In the Fourier transforms (FTs, R-space, Figure 2a) for
EXAFS, both Ir-SAC and IrO2 show a single prominent peak
located at ca. 1.5 c ascribed to the Ir-N/O scattering path,
while Ir/C-Com shows a dominating peak at 2.3 c referring to
the Ir-Ir scattering path. The absence of Ir-Ir scattering in the
Ir-SAC spectrum strongly confirms its atomic isolation. By
contrast, these two peaks can be clearly observed in the
spectra of the Ir/N-C and Ir/C samples (Figure S13), in-
dicating the coexistence of single-atom and nanoparticle-ba-
sed Ir. Apart from that, EXAFS wavelet transform (WT)

Figure 1. a) Scheme showing host–guest strategy for the fabrication of
single atomic site catalysts; b–f) STEM images and the corresponding
elemental mappings for the Ir-SAC; g) High-resolution HAADF-STEM
image of Ir-SAC, with the distinct bright dots (circled in red) indicating
Ir is atomically dispersed on the nitrogen doped carbon matrix.
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analysis was performed for further confirmation of the atomic
Ir dispersion, due to its capability of discriminating the
backscattering atoms by providing not only radial distance
resolution but also k-space resolution.[10] In line with the FTs,
the WT analysis of Ir-SAC reveals only one intensity maxi-
mum at approximately 3.8 c@1 (Figure 2b), which is assigned
to the M-N contributions and suggests the complete absence
of crystalline metal structures. In comparison, an intensity
maximum at a higher k-space of 4.3 c@1 occurs in IrO2, at-
tributable to the Ir-O path, while a more positive shift of the
intensity maximum to 7.7 c@1 can be observed for Ir/C-Com
due to the Ir-Ir contribution. The coordination configuration
in Ir-SAC was further investigated by quantitative least-
squares EXAFS curve-fitting analysis using three back-
scattering paths: Ir-N, Ir-O and Ir-C (Figure 2d, e and Tab-
le S2). The best-fitting analysis shows clearly that the main
peak at 1.5 c originates from Ir-N and Ir-O first-shell coor-
dination with a coordination number of 4.2 and 0.8, respec-
tively, whereas the minor satellite peak at 2.01 c is sa-

tisfactorily interpreted as the Ir-C contribution, suggesting
a square-pyramidal configuration for the Ir-N/O bonding
(inset in Figure 2e).

This unique configuration of single-atom Ir would con-
tribute to a distinct electronic structure that differs from both
the metallic Ir and Ir oxides, which in turn influences the
adsorption behavior of the reaction intermediates and the-
reby affects the catalytic performance. Taking this into ac-
count, the electronic structure of the as-developed Ir-SAC
was further examined by XANES and X-ray photoelectron
spectroscopy (XPS). The XANES spectra demonstrates that
the white-line intensity of Ir-SAC is located between those of
Ir and IrO2, indicating the partial oxidation of Ir in the form of
Ird+ (Figure 2c). Further valance state information was col-
lected by XPS analysis (Figure S14), which revealed pure Ir3+

species in Ir-SAC, resembling the valance state of Ir in ho-
mogeneous iridium porphyrins.[11] In contrast, both Ir3+ and
Ir0 species were present in the Ir/N-C, and Ir/C samples, evi-
dencing the copresence of single Ir atoms and metallic Ir
clusters. These results strongly indicate the decreased electron
density of Ir in the as-developed coordinative configuration,
which is expected to weaken the intermediatesQ adsorption
energy on Ir-SAC compared with its metallic crystalline
counterpart and thereby improve ORR electrochemical ki-
netics by better facilitating the intermediate desorption.

In order to verify the potential electrochemical improve-
ment, the ORR performance of the Ir-SAC was evaluated
using the rotating disk electrode (RDE) and rotating ring-
disk electrode (RRDE) techniques in 0.1m HClO4 solution in
comparison with Ir/N-C, Ir/C, Ir/C-Com and commercial Pt/C
(Pt/C-TKK) catalysts. The catalyst surface was firstly activ-
ated by cyclic voltammetry (CV) in Ar-saturated 0.1m HClO4

solution. The two characteristic features of noble metal cry-
stals in CV curve, hydrogen adsorption/desorption region and
OHads layer region, diminish in the case of Ir-SAC, further
reflecting the unmetallic nature of Ir-SAC (Figure 3a). Fig-
ure 3b shows the ORR polarization curves of different cata-
lysts. Ir/C-Com exhibited the lowest ORR activity among the
three Ir-based catalysts (Ir-SAC, Ir/N-C and Ir/C-Com), with
onset (Eonset) and half-wave (E1/2) potentials of 0.81 and
0.59 V, respectively. Benefiting from the additional Ir-N4

moiety, the ORR activity of Ir/N-C was significantly increased
with a 166 mV positive shift of the E1/2. This enhancement
likely originates from the participation of the isolated Ir-N4

species, rather than those of the nitrogen-doped carbon (N-C)
and/or the synergic effect between N-C and Ir nanoparticles,
since both the pure N-C and Ir nanoparticles supported on N-
C (Ir NPs/N-C) showed negligible ORR activity (Figure S15).
By further regulating the Ir component to a pure single atom
distribution, the as-developed Ir-SAC exhibited the highest
catalytic performance as expected, featuring an ultra-high
Eonset of 0.97 V and E1/2 of 0.864 V, which outperforms most of
the reported alternatives to platinum in acidic electrolyte
(Table S3). It should also be noted that Ir/C, where single Ir
atoms and Ir nanoparticles coexist, shows inferior ORR ac-
tivity not only to the developed Ir-SAC but also to Ir/C-Com.
This manifests the crucial roles of the synergism between
downsizing the metal unit and the coordination environment
in pursuit of high catalytic activity.

Figure 2. a) Fourier transforms of k3-weighted Ir L3-edge EXAFS data;
b) Wavelet transforms for the k3-weighted Ir L3-edge EXAFS signals of
Ir-SAC, Ir/C-Com and IrO2 ; c) XANES of Ir L3-edge, where the white
line intensity shows the valance state of Ir in Ir-SAC is between 0 and
4+; d,e) Ir L3-edge EXAFS of Ir-SAC in k (d) and R (e) spaces, where
curves from top to bottom are the Ir-N, Ir-O and Ir-C two-body back-
scattering signals (c2) included in the fit and the total signal (red line)
is superimposed on the experimental signal (black line). The mea-
sured and calculated spectra show excellent agreement.
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More interesting is that the Ir-SAC demonstrated even
higher ORR activity than Pt/C as demonstrated by its more
positive E1/2. Considering the much lower metal loading on
the electrode (0.8 ugIr cm@2 vs. 6 ugPt cm@2), the as-developed
Ir-SAC holds great promise for practical application by sho-
wing a much higher mass activity of 12.2 Amg@1

Ir at 0.85 V,
corresponding to an exceptional 27-fold enhancement over
Pt/C (0.423 Amg@1

Pt). It should be noted that the E1/2 of Pt/C
here is about 0.82 V due to the low loading of Pt on the
electrode (Figure S16). Figure 3 c shows Tafel slopes of 41 and
68 mVdec@1 for Ir-SAC and Pt/C, respectively, illustrating the
faster ORR kinetics on Ir-SAC. Furthermore, the turnover
frequency (TOF) was calculated to compare the intrinsic ac-
tivity per active site to other notable catalysts. Intriguingly, Ir-
SAC exhibited a record-high TOF of 24.3 e@ site@1 s@1 (0.85 V
vs. RHE), which is 5.6 times higher than that of commercial
Pt/C (3.63 e@ site@1 s@1) and also the highest among Pt-free
ORR catalysts,[12] with the previously highest TOF reported as
ca. 11.3 e@ site@1 s@1 (0.80 V vs. RHE) on the D3 site[12a] (Fig-
ure 3 f).

Apart from catalytic activity, the catalytic selectivity of the
as-developed Ir-SAC towards ORR is also important to assess
and was studied by Koutecky Levich (K-L) plots and the
RRDE method. A four-electron pathway is found to domi-
nate the ORR as deduced from K-L plots (Figure 3d and
Figure S17). RRDE results also show the direct ORR path-
way with a H2O2 yield as low as 3.5% (Figure S18).

As it known to all, single atom Pt catalysts have long been
criticized by their high H2O2 yield due to the preferential end-
on adsorption of oxygen molecules. In our case, the ultralow
H2O2 of 3.5% strongly verified the realization of a nearly
ideal four-electron ORR pathway on the Ir-SAC with a high
energy conversion efficiency. This significant improvement is
likely ascribed to the unique coordination environment of Ir
that tailors the oxygen adsorption mode, which will be further
studied in the following section.

As another important criterion of ORR catalysts, espe-
cially for SACs, the long-term operational stability of Ir-SAC
was evaluated and compared with commercial Pt/C catalyst.
A 20 mV negative shift of the E1/2 can be observed for the Pt/
C catalyst after 5000 cycles likely due to the Pt dissolution/
aggregation and carbon support corrosion[13] (Figure S19). By
contrast, the Ir-SAC displays a much better stability by sho-
wing nearly undecayed ORR activity after 5000 continuous
cycles (Figure S20). The high stability of Ir-SAC is attributed
to the excellent anchoring effect of doped N to Ir atoms which
effectively suppress Ir dissolution. In view of the high ORR
activity and stability, the as-developed Ir-SAC was further
employed in a H2/O2 fuel cell to investigate its catalytic ability
in a practical energy conversion device (detailed methods in
Supporting Information). A higher open circuit voltage of
0.955 V was achieved for the cell with the Ir-SAC-based ca-
thode, which is comparable to that based on Pt/C (Fig-
ure S21). The maximum power density of the fuel cell reached
932 mWcm@2, which is superior to most of the reported non-
platinum ORR catalysts,[14] further manifesting the great po-
tential of Ir-SAC as a high-efficiency alternative to Pt-based
catalysts in fuel cells.

Density functional theory (DFT) calculations were car-
ried out to reveal the origins of the unprecedented elec-
trocatalytic performance of Ir-SAC as well as the fundamental
difference between the catalytic behaviors of a particle and
a single atom. IrN4 moiety doped in a graphene sheet (mi-
micking Ir-SAC), Ir19 cluster faceted with (111) faces on gra-
phene and single Ir atom doped on pristine graphene (den-
oted as Ir-C-SAC) models were constructed (Figure S22). On
the Ir-SAC site, O2 molecule is preferentially adsorbed in the
end-on model with an adsorption free energy (DGO2*) of
@0.349 eV, whereas it adsorbs more strongly on Ir-C-SAC
(@1.81 eV) and Ir19 cluster (@4.899 eV) in the side-on and
bridge-cis model, respectively (Figure 4a, S23 and Table S4–
6). The stronger adsorption energy would result in difficulty in
desorption process, therefore leading to decreased ORR ac-
tivity. This is verified by the ORR free energy diagrams of
ORR on Ir-C-SAC and Ir19 cluster, where uphill energy pro-
files with OH* desorption as rate-determining step at U = 0
were observed (Figure 4b, S24, 25). On the contrary, the free
energy diagram of ORR on Ir-SAC exhibited a consistent
downhill energy profile via an associative pathway with a li-
miting potential U = 0.43 V (Figure 4a, c) coinciding with its
higher ORR activity. For an intuitive comparison, we further
calculated the ORR overpotential on each catalytic site with
the DFT model. A significantly lower overpotential was ob-
tained on Ir-SAC (0.80 V) compared with those on the Ir-C-
SAC (2.20 V) and the Ir19 cluster (1.64 V), indicating the
much faster ORR kinetics on Ir-SAC. The activity sequence

Figure 3. a) Cyclic voltammograms with a scanning rate of 50 mVs@1

in 0.1m HClO4 solution; b) ORR polarization curves with a scanning
rate of 5 mVs@1 at rotating speed of 900 rpm for the synthesized cata-
lysts; c) Tafel slopes for these catalysts; d) LSV curves of Ir-SAC with
various rotation rates; e) Mass activity comparison between Ir-SAC
and Pt/C-TKK; f) TOF and E1/2 values of Ir-SAC and other recently re-
ported SACs, where the TOF values were estimated at the potential of
0.85 V for Ir-SAC and 0.8 V for the other catalysts.
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derived from DFT calculations implies the order of Ir/C (with
co-existing Ir-C-SAC and Ir nanoparticles) < Ir/C-Com (only
Ir nanoparticles) < Ir-SAC, which is in good consistency with
the electrochemical results. It is also worth noting that this
overpotential obtained by Ir-SAC is even comparable to that
on bulk Pt (111),[15] further manifesting the exceptional ac-
tivity of Ir-SAC.

The above results have revealed that a moderate ad-
sorption energy of ORR intermediates (especially OH
(DGOH*), which was estimated to be located around the peak
of the reported volcano plot of ORR activity in dependence
of DGOH*

[7]) on the developed Ir-SAC was responsible for its
outstanding catalytic activity. The adsorption behaviour of
intermediates on the catalyst was substantially determined by
the electronic structure of the metal site, i.e., Ir in our case.
Downsizing nanoparticles into single atoms alters the coor-
dination environment of the metal atom and thus affects
electronic structure dramatically. The charge density diffe-
rence diagram of IrN4 clearly shows the electron transfer from
Ir atoms to the nearby N atoms, which turns the originally
electroneutral Ir into positively charged and significantly
different from the metallic state in the Ir19 cluster (Figure 5a,
b). As the d-band centre is highly correlated with the metal-
adsorbate interaction, the density of states (DOS) was cal-
culated and estimated to be @2.89 eV and @2.65 eV for Ir-
SAC and Ir19 cluster, respectively (Figure 5c,d and Figure S26
and Table S7). The downshifted d-band centre leads to a de-
creased adsorption energy consistent with the decreased
DGOH*. The greater electron delocalization on the Ir19 cluster
contributed to its stronger adsorption ability to OH, which
was confirmed by the DOS overlap of Ir 5d and O 2p in
Figure 5 f. As for Ir-SAC, coordinated N atoms localized the
d-electrons of Ir and therefore decreased its adsorption en-
ergy to OH.

Conclusions

We developed an Ir-N-C single atom catalyst to mimic
homogeneous iridium catalysts for ORR in acidic electrolyte.
The obtained Ir-SAC demonstrated an exceptionally high
ORR activity with mass activity of 12.2 Ag@1, which is si-
gnificantly higher than both commercial Pt/C and Ir/C. Mo-
reover, the Ir-SAC achieved a record-high TOF of 24.3 e@

site@1 s@1 among all the previously-reported SACs. The active
site was determined to be the mononuclear Ir coordinated
with four N atoms by TEM and XAS analysis, while the
fundamental reason of the unprecedented catalytic activity
was attributed to the moderate adsorption energy of the ORR
intermediates on Ir-SAC as revealed by DFT calculation. The
findings in this work offer an in-depth understanding as well
as important guidance for future development of high-per-
formance SACs.
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