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The exploration of highly-eﬃcient oxygen evolution reaction (OER) electrocatalyst with well-deﬁned structure
to understand speciﬁc structure-performance relationship is crucial to meet the requirement of water-splitting.
Herein, we ﬁrstly used atomically dispersed IrClx to uniformly decorate ultrathin Co(OH)2 nanosheets to dramatically improve electrocatalytic activity. The synthesized IrClx-Co(OH)2 nanosheets/carbon nanotubes (CNTs)
exhibits an overpotential of 230 mV to reach 10 mA/cm2, which was much enhanced compared to that of
pristine Co(OH)2/CNTs (308 mV) and commercial benchmark IrO2 (309 mV). X-ray absorption ﬁne structure and
density functional theory simulations demonstrate strong interfacial interaction between IrClx and Co(OH)2
nanosheets via the Cl-Ir-O and Ir-Cl-Co bond can eﬃciently boost its electronic conductivity. The accelerated
charge transfer promotes the formation of more positively charged O atoms around cobalt centers, which is
beneﬁcial for the deprotonation on IrClx-Co(OH)2 and makes the catalyst facilitate OER.

1. Introduction
The increasing consumption of fossil fuels and environmental problems stimulates the acceleration of exploring sustainable energy
sources [1–5]. Electrocatalytic water splitting has been a potential
strategy for the generation of new energy carriers [6,7]. In this process,
the step of oxygen evolution reaction (OER) is critical to address increasing energy needs, which is limited by the sluggish kinetics and
high overpotential [8–16]. Although IrO2/RuO2 based OER catalysts
can realize comparable eﬃciency, their scarcity and high price greatly
hamper extensive commercial applications. Presently, developing inexpensive and robust electrocatalysts as the alternatives to achieve high
OER activity is highly desirable. Great progress has been made towards
the exploration of non-noble metal OER catalysts, including various
carbons, transition metal hydro(oxide)s, and others [17–20]. Among
them, the low-cost Co and Ni hydroxides with proper electron conﬁguration, tailorable chemical valence and versatile composition have
received much attention to drive OER [21, 22]. However, these materials usually possess poor conductivity and low stability in strong alkaline electrolytes. Deposition of ultrathin Co and Ni hydroxides nanosheets on conductive carbon substrates has been as a robust way to

⁎

overcome these problems [23, 24]. Atomic Iridium incorporated cobalt
hydroxide with optimized 9.7 % Ir content was synthesized through a
hydrothermal route, over which the realization of current density at
10 mA cm−2 requires an overpotential of 373 mV [25].
As well-known electronic structures of the catalysts play essential
role in determining their performances [26–28]. Interfacial engineering
represents a robust and eﬀective strategy in terms of engineering surface electronic features of the electrocatalysts [29, 30]. Manipulating
the interface by incorporating single atomic/molecular components can
construct advanced materials with well-deﬁned structure to reveal and
facilitate charge transfer between diﬀerent components. In the several
past decades, interfacial metal-support interactions (IMSI) have been
widely studied in the heterogeneous catalysis [31–33], which greatly
improves the performance of the catalysts with supported metal particles [34, 35]. In order to rule out the intrinsic metal eﬀects, more and
more attention has been paid on uniformly dispersing single-atom (or
single-molecule) metal sites on the supports to deeply understand the
contribution of the interface charge transfer and intrinsic reaction
mechanism.
In this work, we develop an ambient temperature synthetic strategy
to uniformly disperse single IrClx on ultrathin Co(OH)2 nanosheets/
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450 μL of ethanol and 50 μL 5 wt% Naﬁon solution results in the formation of ink of catalyst. Then 5 μL of the dispersion was dropped onto
the GC electrode and being dried naturally in air. The catalyst ink
coated GC electrode was used as working electrode, a carbon rod was
the counter electrode, and Hg/HgO electrode was the reference electrode, respectively. All the obtained potentials vs Hg/HgO electrode can
be normalized on the basis of reversible hydrogen electrode (RHE) scale
with Nernst equation: ERHE = EHg/Hgo + 0.059 × pH + 0.9254
(pH = 14 for 1 M KOH). The overpotential (η) was estimated by equation of η = ERHE − 1.23. Before the linear sweep voltammetry (LSV)
initiated, the catalyst should be carried out a mountain of CV cycles so
as to obtain stable CV curves. The LSVs and CVs were scanned at a rate
of 10 mV−1 without iR-compensation. The stability test was checked
with amperometric measurement at 1.475 V. Tafel plots were obtained
according to η = b log j + a from LSV curves, in which b, j separately
represents the Tafel slope and current density. The electrochemical
active surface areas were calculated by CV tests from 1.17 V to 1.27 V
versus RHE with scan rates in a range of 10−50 mV s−1. The double
layer capacitance (Cdl) was derived from plotting the diﬀerences of
charge current density (Δj = janodic − jcathodic) at 1.22 V vs scan rate.
The Cdl value is half of the ﬁtting line slope.

carbon nanotubes (CNTs) hybrids, resulting in a series of single-molecule catalysts (Co(OH)2/CNTs-IrCl-x) (x = 0, 0.05, 0.075, 0.15) by facilely adjusting the feeding amount of IrCl3. Interfacial interaction between Co(OH)2 nanosheets and IrClx species makes the IrClx ﬁrmly
attach to the support via a main Cl-Ir-O bond and chlorine bridge bond
of Ir-Cl-Co. Experimental investigations and DFT calculations demonstrate that strong interfacial interaction can eﬃciently boost their
electronic conductivity to create more positively charged O atoms
around cobalt centers. Thus, the Ir4+ centers attached to the Co(OH)2 is
beneﬁcial for deprotonation on IrClx-Co(OH)2 to facilitate OER. As a
result, the atomic-dispersed catalyst of Co(OH)2/CNTs-IrCl-0.075 exhibits excellent catalytic activity. The realization of 10 mA/cm2 requires 230 mV overpotential, which was much enhanced compared to
Co(OH)2/CNTs (308 mV) and commercial IrO2 (309 mV).
2. Materials and methods
2.1. Materials
NH3·H2O, CoCl2·6H2O, and C2H5OH were bought from MACKLIN.
CNTs was purchased from XFNANO (the diameter is 30−50 nm, the
length is 10−20 μm, respectively). IrCl3·xH2O and Naﬁon solution with
a concentration of 5 wt% were bought from Aldrich Chemicals.
(CH2OH)2 was from Aladdin Industrial Corporation.

2.6. Theoretical calculation
All the calculations are carried out using DMol3 code (Delley, 2000)
through spin polarization density functional theory (DFT). The exchange correlation has been done by means of Perdew-Burke-Ernzerhof
(PBE) parameterization of the generalized gradient approximation
(GGA) [37]. The basis sets were double numerical plus polarization
(DNP). Eﬀective core potential (ECP) was used to process the inner
electrons in the metal atoms, the other atoms were treated by allelectron basis set. The convergence criterion of 2*10−5 Ha was used for
self-consistent ﬁeld (SCF) calculation. For geometric optimization, the
displacement and maximum force were 0.005 Å and 0.004 Ha/Å, respectively. The cutoﬀ radius of the real space global orbital was chosen
as high as 4.5 Å. Brillouin zone was adopted by 3 × 3 × 1 sampling kpoints, and the optimization of lattice constants was applied in diﬀerent
systems. In order to prevent interaction between periodic images, the
vacuum space is set to at least 15 angstroms in z direction. The change
of free energies on various surfaces is derived from the following formula: ΔG = ΔE + ΔZPVE + ∫ CpdT - TΔS, where E is the change of
adsorption energy, ΔZPVE and ΔS represent the diﬀerence of zero-point
vibrational energy and entropy between adsorption state and gas phase.
Cp and T represent the heat capacity and the system temperature, respectively. DFT calculations were used to predict thermodynamic
characteristics of gas molecules. Following the previous theoretical
results, ZPE contribution in the free energy expression was derived from
the vibrational frequencies of adsorbed species [38, 39].
The XAFS measurements at Ir L3 (E0 = 11215.0 eV) edge were done
at BL14W1 beamline of Shanghai Synchrotron Radiation Facility
(SSRF), and operated at 3.5 GeV with “top-up” mode under 250 mA.
The data were collected with a solid state detector of 32-element Ge
using ﬂuorescence mode. The absorption edge on Ir foil was applied to
calibrate. The data were extracted and ﬁt by Athena and Artemis codes
in IFEFFIT software packages. For XANES, background subtraction and
normalization were used to process the absorption coeﬃcients vs
function of energies μ(E), and assigned as “normalized absorption” with
E0 = 11215.0 eV over the sample and IrO2/Ir foil. The molar fraction of
Ir4+/Ir° was estimated from the linear combination ﬁt [40] by referring
Ir foil and IrO2. In the case of EXAFS, ﬁrst-shell approximate model of
Ir-O and Ir-Cl contributions were applied to analyze the Fourier transformed (FT) data in R space. Fitting the experimental data of Ir foils
with the coordination number (CN) of Ir-Ir to ﬁx 12 was used to calculate the passive electron factors, S02, which was then assigned for
their analyses. The parameters for the description of the electronic
properties,i.e., correction to the photoelectron energy origin, E0, local

2.2. Co(OH)2/CNTs preparation
Nanosheets of Co(OH)2 was synthesized following the modiﬁcation
of previous report [36]. Taken the Co(OH)2/CNTs-2.5 as an example,
2.5 mg of CNTs and 0.4 mmol CoCl2·6H2O of were added into mixture
of DI water (10 mL) and EG (30 mL) and stirred 30 min vigorously.
Subsequently, 120 μL of ammonium hydroxide solution was injected
and stirred 15 min additionally. The mixture was sealed into a Teﬂonlined stainless-steel autoclave and maintained 24 h at 130 ℃. The obtained sample was being dried at 60 °C for 6 h.
2.3. Co(OH)2/CNTs-IrCl preparation
In a typical loading Ir-Cl species on the Co(OH)2/CNTs, 20 mg of the
Co(OH)2 nanosheets/CNTs was ﬁrstly dispersed in 10 mL of DI-water
under ultrasonic vibration, aqueous solution of IrCl3·xH2O (10 mL,
0.47 M) was introduced slowly via a syringe pump. The obtained mixture was continuously stirred 6 h. The ﬁnal samples were rinsed with
DI-water and centrifuged for their collection. After being dried in vacuum oven, the samples were collected for further characterization and
evaluation.
2.4. Structural characterizations
The chemical composition and structures of the samples were studied by powder X-ray diﬀraction (PXRD, Rigaku Ultimalv Cu Kα), X-ray
photoelectronic spectra (XPS, AXIS Ultra DLD system), and inductively
coupled plasma-mass spectrometry (ICP-MS, Thermo Fisher iCAPTM
RQ series analyzer). The ﬁne microstructures were studied on ﬁeld
emission scanning electronic microscope (SEM, FEI Verios 460 L),
Transmission electronic microscope (TEM, FEI TalosF200X), and the
high angle annular dark ﬁeld scanning transmission electronic microscopy (FEI Titan Cubed Themis G2300, HAADF-STEM).
2.5. Electrochemical performance tests
All the evaluations were performed on a CHI760E electrochemical
workstation (Shanghai Chenhua, China) with 3-electrode conﬁguration
system. The Glass carbon electrode was ﬁrstly polished with Al2O3
suspension (0.05 μm, ChangSha, XINHUI TECHNOLOGY, LTD) and
thoroughly cleaned. The sonication of the mixture of 5 mg catalyst,
2
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Fig. 1. a) Typical synthetic scheme of
the single-molecule catalysts. b) A TEM
image of Co(OH)2 nanosheets/CNTsIrCl-0.075. c-g) HAADF-STEM image
with elemental mappings of Co(OH)2/
CNTs-IrCl-0.075. (Ir centers were
highlighted in red circles). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred
to the web version of this article).

∼3.4 wt% by ICP-MS.
The detailed surface states of the as-prepared samples have also
been identiﬁed by XPS. According to the Ir 4f spectra, the ﬁtting curves
are exactly the same no matter what the Ir content varied. XPS spectra
(Fig. S8) of Ir reference materials (Ir, IrCl3 and IrO2) have also been
done, including the binding energy signals for Ir (Ir 4f7/2 60.8 eV, Ir 4f5/
2 63.8 eV), IrO2 (Ir 4f7/2 61.9 eV, Ir 4f5/2 64.9 eV), and IrCl3·xH2O (4f7/2
62.6 eV, 4f5/2 65.6 eV). Fig. 2a shows that the binding energies of Ir 4f
for Co(OH)2/CNTs-IrCl-x close to that of IrO2 reference, indicating its
full Ir(IV) oxidation state. Furthermore, the binding energies of the Ir 4f
7/2 and 4f5/2 have positive shift of ∼0.7 eV. This shift is caused by the
electronic interaction between IrClx and Co(OH)2 nanosheets. The absence of peak related to Ir° hints that only molecular Ir-Cl species instead of Ir-based particles/grains in the Co(OH)2/CNTs-IrCl-0.05 and
Co(OH)2/CNTs-IrCl-0.075 samples [41], which is consistent with the
analyses of XRD and TEM. For Co(OH)2/CNTs-IrCl-0.15, the binding
energy of Ir 4f7/2 shifts negatively (0.2 eV) to 61.0 eV compared to that
of above two samples, and more positive than that of Ir° 4f7/2 (60.8 eV),
which can be attributed to the formation of Ir-based clusters/nanoparticles in Co(OH)2/CNTs-IrCl-0.15 with increasing the loading
amount of IrCl3. High-resolution Co 2p spectra revealing two main
peaks about 781.1 and 797.1 eV and both satellite-peaks can be indexed
to the typical signals for Co 2p3/2 and Co 2p1/2 orbitals (Figs. 2b, S9),
respectively, ﬁtting well with Co2+ state in α-Co(OH)2 [42]. The O 1s
spectra of Co(OH)2/CNTs-IrCl-x at 531.7 eV can be split into two peaks
for oxygen defect species and 532.9 eV for hydroxyl radicals [43], respectively, suggesting the oxygen vacancy in the structure (Fig. S10).
The local structures of Ir species in the atomic-dispersed catalyst of
Co(OH)2/CNTs-IrCl-0.075 were further investigated by EXAFS and
XANES. The EXAFS ﬁtting results (Fig. 2c and Table S1) show a strong
peak at 2.34 Å with coordination number (CN) of 5.7, which was
identiﬁed for the contribution from Ir-Cl shell compared to that of IrCl3

structure parameters, such as coordination number (CN), bond distance
(R), and Debye-Waller factor on the absorbing atoms, were permitted to
be changed in a ﬁtting process. The range of k = 3―11 Å−1
(R = 1.0―2.5 Å (k3 weighted)) was chosen as the ﬁtted regions in k and
R spaces.
3. Results and discussion
Fig. 1a presents a schematic cartoon procedure for the in-situ atomic
dispersing IrClx on the surfaces of ultrathin Co(OH)2 via facile synthetic
strategy at ambient temperature. In this typical process, IrCl3·xH2O was
directly added into the aqueous solution containing Co(OH)2/CNTs. A
series of catalysts of Co(OH)2/CNTs-IrCl-x (x = 0, 0.05, 0.075, 0.15)
were obtained with stirring for 6 h by varying the feeding amount of
IrCl3. As shown in Fig. 1b and Figs. S1-S5, the TEM and SEM images of
Co(OH)2/CNTs-IrCl-x (x = 0, 0.05, 0.075, 0.15) show that the Co(OH)2
exhibits ultrathin nanosheet-like structure, which was homogeneously
distributed around the CNTs. The Co(OH)2/CNTs-IrCl-0.075 sample
was selected as a model for detail characterization. The HAADF-STEM
image deﬁnitely shows that abundant of iridium centers are uniformly
dispersed on the Co(OH)2/CNTs nanohybrids (Fig. 1c) without Ir-based
particles or grains on the ultrathin nanosheets. These results are also
conﬁrmed by XRD results (Fig. S6) in which no diﬀraction signals of Irbased particles are detected. However, when the concentration ratio of
IrCl3·H2O and Co(OH)2/CNTs was further increased to 0.15, the IrClx
clusters with the size of 1−2 nm have even distribution on the surfaces
of the Co(OH)2 nanosheets. The selected area electron diﬀraction
(SAED) pattern (inset of Fig. S7a) shows Co(OH)2 is polycrystalline. No
obvious lattice fringes of IrClx clusters can be observed, suggesting their
amorphous nature (Fig. S7). Elemental mapping analysis demonstrates
the homogeneous distribution of Co, O and Ir in this single-molecule
catalyst (Fig. 1d–g). The loading content of Ir was determined to be
3
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Fig. 2. XPS of a) Ir 4f and b) Co 2p regions of Co(OH)2/CNTs-IrCl-x. c) Ir L3-edge EXAFS and, d) XANES of Co(OH)2/CNTs-IrCl-0.075 and Ir foil standard.

studies indicate that free energy for O* with respect to OH* is the main
factor to determine OER activity. As illustrated in Fig. 3d, the plot of
OER activity versus (ΔG (O*) − ΔG (OH*)) exhibits a feature of shaped
volcano [49], where the OER activity is approaching the peak when
IrCl5 anchored to the surfaces of Co(OH)2 nanosheets. In addition, DFT
study of the O, Ir active sites on diﬀerent facets of Co(OH)2 and CoOOH
catalysts are also given in Fig. 3a and Tables S3-S6, where the Ir atoms
are almost in a saturated state over which OER cannot occur. The results show that the O active sites on Ir-contained surfaces have better
activity than that of pure Co(OH)2 or CoOOH catalysts. Moreover, the
DFT calculations of the IrCl6 decorating Co(OH)2 toward OER were also
conducted (Fig. S13). The band gap of IrCl6-Co(OH)2 is decreased to
0.013 eV in comparison with bare Co(OH)2, indicating its enhanced
conductivity. Therefore, the strong interfacial electronic interaction
between IrClx molecules and Co(OH)2 nanosheets enables Co(OH)2/
CNTs-IrClx to be eﬃcient electrocatalysts to drive OER.
The catalytic OER performance of Co(OH)2/CNTs-IrClx was evaluated in aqueous solution of 1 M KOH. For comparisons, Co(OH)2, Co
(OH)2/CNTs, IrCl-Co(OH)2, Co(OH)2/CNTs-IrCl-x and IrO2 were evaluated concurrently under the same condition. Firstly, the activities of
Co(OH)2/CNTs at various contents of CNTs have been studied. Fig. S14
(Supporting information) shows that the CNTs are very important to
enhance the electrochemical performance. When increasing quantity of
CNTs to 2.5 mg, the Co(OH)2/CNTs shows the best performance with
the overpotential of 308 mV, which is much less than those over Co
(OH)2/CNTs-1.5 mg (401 mV) and Co(OH)2/CNTs-5 mg (315 mV), respectively. Additionally, LSV curves (Figs. 4a and S15) scanned at
10 mV s−1 show that the Co(OH)2/CNTs-IrCl-0.075 exhibits the highest
OER activity among these detected catalysts, where the overpotentials
(η) at a current density (j) of 10 mA cm-2 are 340 mV for Co(OH)2,
309 mV for IrO2, 308 mV for Co(OH)2/CNTs, 299 mV for Co(OH)2-IrCl0.075 and 230 mV for Co(OH)2/CNTs-IrCl-0.075, respectively, hinting

reference, attributed by the scattering iridium-chloride species. Besides,
the other contribution from Ir-O shell (reference: IrO2) can also be
veriﬁed during the ﬁt (2.00 Å, CN = 1.2). No obvious Ir-Ir or Ir-Co
scattering peaks can be detected, conﬁrming the atomic dispersion of
iridium centers, and each iridium center is surrounded by six anions,
resulting in IrCl6 in the form of Ir-Cl-Co bridge bonds, and Cl5-Ir-O bond
in the form of Cl-Ir-O mode. In addition, the oxidation state of Ir has
been determined by the XANES. The absorption edge energy of Co
(OH)2/CNTs-IrCl-0.075 is similar to that of IrO2, which further reveals
the full oxidation state of Ir(IV).
DFT calculations were further conducted to provide deep understanding of the activity of the IrClX decorating Co(OH)2 towards OER.
The planes of (001) and (110) in Co(OH)2 were chosen as the representative surfaces. This is mainly because that these facets are the
most commonly used crystal surfaces with high catalytic activity in the
related two-dimensional materials [45, 46]. These two surfaces together can comprehensively investigate the diﬀerent possible active
sites on the catalyst. The charge density diﬀerences, total and PDOS,
and Mulliken charge analysis have been considered for paving the
electronic states of the samples (Figs. 3, S12, and S13). As shown in
Fig. 3c, taking Co(OH)2-IrCl5 as an example, the bonding Co 3d with O
2p is responding for the occupied states under Fermi level. It can be
seen that Co 3d occupied a higher state energy beyond −4 eV, which is
for 3d7 high spin state. This implies the oxidation state of Co2+. The Co
(OH)2 and IrCl5-Co(OH)2 systems show band gaps with values of 0.27
and 0.07 eV, respectively. This is mainly attributed to the electron
transfer between single-molecule IrCl5 and Co(OH)2 substrate (Fig. 3b).
Thus the much boosted OER performance over IrCl5 decorating Co
(OH)2 could be ascribed to the relative small band gap with strong
electronic conductivity [47]. More charges transfer from absorbed O in
deprotonation step (from *OH to *O), which leads to lower potential
limiting step and higher OER activity [48]. Furthermore, previous
4
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Fig. 3. a) Optimized geometric structure and b) the charge density discrepancy between Co(OH)2 and Co
(OH)2-IrCl5, where the yellow and pink
colors are for the charge depletion and
charge accumulation, respectively. c)
DOS for Co(OH)2 and Co(OH)2-IrCl5. d)
Plot of Activity trends towards OER
versus ΔG (O*) − ΔG (OH*) (the values
of RuO2, TiO2 and SnO2 w the values of
IrO2 were taken from ref. [44]. (For
interpretation of the references to
colour in this ﬁgure legend, the reader
is referred to the web version of this
article).

(OH)2/CNTs-IrCl-0.075 catalyst still retained a very high OER performance even after 2000 cycles. The HAADF-STEM image of Co(OH)2/
CNTs-IrCl-0.075 after the amperometric test shows the atomic dispersion of Ir centers on the ultrathin nanosheets still maintained (Fig. S24),
further proving the excellent stability of the title catalysts. The ICP
analysis of the electrolyte after the tests shows no Ir species dissolved in
the electrolyte. XPS spectra of the product after cycling (Fig. S25) reveal
a spin-orbit level energy spacing of 15 eV vs 16 eV over the catalyst,
implying that the transformation of CoII to CoIII occurs. The case is
common during the OER reaction, where conversion of Co(OH)2 to
CoIIIOx(OH) dominates key step for the oxygen evolution [50]. The
binding energy peaks of the IrClx 4f7/2, and IrClx 4f5/2 have no obvious
valence changes over IrClx species, further indicating they are stable
during the cycling reactions.

that the atomic Ir-Cl species are conductive to enhance the OER performance of Co(OH)2/CNTs-IrCl-0.075. The values are also better than
mostly reported data of transition metal-based eletrocatalysts (Table
S2). The CV curves were also used to estimate the OER activity of the
as-prepared electrocatalysts, in which the Co(OH)2/CNTs-IrCl-0.075
and Co(OH)2/CNTs-IrCl-0.15 exhibit larger j and earlier onset of j
compared to the Co(OH)2/CNTs with other compositions, which matched the LSV results (Figs. S16 and S18). The Tafel slopes of Co(OH)2,
IrO2, Co(OH)2/CNTs, Co(OH)2-IrCl-0.075, and Co(OH)2/CNTs-IrCl0.075 are determined to be 168.88, 96.61, 114.10, 92.83 and 71.64 mV
dec−1, respectively (Fig. 4b, S17). The lowest Tafel slope value of the
Co(OH)2/CNTs-IrCl-0.075 sample indicates a faster reaction kinetics
and a lower energy consumption in electrochemical processes. In order
to understand the excellent OER performance of Co(OH)2/CNTs-IrCl0.075, we also measured the values of Cdl (Fig. 4c, d). The Cdl values of
Co(OH)2/CNTs-IrCl-0, Co(OH)2/CNTs-IrCl-0.05, Co(OH)2/CNTs-IrCl0.075 and Co(OH)2/CNTs-IrCl-0.15 are determined to be 17.8, 27.65,
54.9 and 23.1 m F cm-2, respectively (Figs. S19-S21), and the ESCA
values of the Co(OH)2/CNTs-IrCl-x (x = 0, 0.05, 0.075, 0.15) are 31.15
cm-2, 48.39 cm-2, 96.08 cm-2, 40.43 cm-2, respectively, demonstrating
that Co(OH)2/CNTs-IrCl-0.075 has the highest electrochemical speciﬁc
surface area, ESCA with exposed more active sites. Herein, the intrinsic
activity of electrocatalysts normalized ECSA was also performed (Fig.
S22). The results further indicate that the catalytic activity is greatly
improved after loading IrClx, among which the single-molecule dispersed IrClx facilitates the best performance. Fig. 4e is the electrochemical impedance spectroscopy (EIS) of the sample, which is often
used to probe into electron-transfer capacity of the electrocatalysts. It is
showing the conductivity of Co(OH)2/CNTs has been improved after
adding the CNTs in comparison wtih Co(OH)2. The Co(OH)2/CNTs-IrCl0.075 exhibits the highest conductivity, suggesting the molecular Ir-Cl
species are beneﬁcial for the electron transfer and improving the catalytic performance (Fig. S23). Moreover, as illustrated in Fig. 4f, the Co
(OH)2/CNTs-IrCl-0.075 displays good durability in alkaline solution
even after the reaction continued for 24 h in amperometric measurement at a potential of 1.48 V. Furthermore, we carried out cycling tests
over all the catalysts. As shown in Figures S16, S17, the recovered Co

4. Conclusion
In summary, a facile strategy to construct single-molecule catalysts
by utilizing ultrathin Co(OH)2/CNTs nanosheets to immobilize IrClx
molecules has been developed to produce atomically-dispersed hybridized electrocatalysts. Engineering the surface of the ﬂexible ultrathin substrate with single-molecule IrClx via the Ir-Cl-Co bonds and IrO-Co makes the single-molecule catalysts possess strong electronic interaction and excellent charge transfer capability, which greatly contributed to the eﬃcient OER activity. The Co(OH)2/CNTs-IrCl-0.075
exhibits an overpotential of 230 mV at 10 mA cm−2 and corresponding
Tafel slope of 71.64 mV dec-1, which was enhanced compared to that
over pristine Co(OH)2/CNTs and commercial IrO2. Theoretical calculations indicate that single-molecule IrClx species-decorating Co(OH)2
can signiﬁcantly enhance the interfacial electron transfer to create
oxygen active sites in Co(OH)2-IrClx with more positive charge. Thus, it
can eﬃciently derive OER by facilely capturing electrons from water
molecules. This work will provide a facile method to fabricate transition-metal oxide/hydroxide supported single-molecule catalyst for
various speciﬁc applications, and a good model to study the detailed
structure-performance relationship on the atomic scale.
5

Applied Catalysis B: Environmental 279 (2020) 119398

Y. Huang, et al.

Fig. 4. a) LSV curves, b) Tafel slopes of the as-prepared samples and IrO2, and c) CVs scanning over Co(OH)2/CNTs-IrCl-0.075 with a rate of 10 - 50 mV/s and d) the
plot of capacitive currents vs scan rates at 1.22 V, e) Nyquist plots of Co(OH)2, Co(OH)2/CNTs, Co(OH)2/CNTs-IrCl-0.075 at 1.525 V (vs. RHE), f) Current density over
Time at 1.485 V for Co(OH)2/CNTs-IrCl-0.075.
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