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Atomic Iridium Incorporated in Cobalt Hydroxide for
Efficient Oxygen Evolution Catalysis in Neutral Electrolyte

Youkui Zhang, Chuangiang Wu, Hongliang Jiang,* Yunxiang Lin, Hengjie Liu, Qun He,

Shuangming Chen, Tao Duan, and Li Song*

Developing highly efficient catalysts for oxygen evolution reaction (OER) in
neutral media is extremely crucial for microbial electrolysis cells and electro-
chemical CO, reduction. Herein, a facile one-step approach is developed to
synthesize a new type of well-dispersed iridium (Ir) incorporated cobalt-based
hydroxide nanosheets (nominated as Colr) for OER. The Ir species as clusters
and single atoms are incorporated into the defect-rich hydroxide nanosheets
through the formation of rich Co—Ir species, as revealed by systematic syn-
chrotron radiation based X-ray spectroscopic characterizations combining
with high-angle annular dark-field scanning transmission electron micro-
scopy measurement. The optimized Colr with 9.7 wt% Ir content displays
highly efficient OER catalytic performance with an overpotential of 373 mV to
achieve the current density of 10 mA cm~2 in 1.0 m phosphate buffer solution,
significantly outperforming the commercial IrO, catalysts. Further charac-
terizations toward the catalyst after undergoing OER process indicate that
unique Co oxyhydroxide and high valence Ir species with low-coordination
structure are formed due to the high oxidation potentials, which authenti-
cally contributes to superior OER performance. This work not only provides a
state-of-the-art OER catalyst in neutral media but also unravels the root of the
excellent performance based on efficient structural identifications.

transition-metal-based  catalysts, espe-
cially Co, Ni, and Fe-based materials, have
attracted extensive attention and been
developed as promising electrocatalysts
for OFER in alkaline media.'*1% Moreover,
the Co-based materials have also been
reported to act as excellent catalysts for
photo/electrocatalytic water oxidation.'7-1%
Nevertheless, for OER in alkaline media,
the corrosion of high-concentration alka-
line electrolyte hinders their large-scale
practical applications.?% In this case, the
neutral media is considered as environ-
mental friendly electrolyte which can avoid
the corrosion issue and reduce the cost of
electrochemical system.?!-23] Furthermore,
OER in neutral media is an important
half-reaction for fascinating electrochem-
ical CO, reduction reactions.* However,
as reported so far, the overpotential of the
anodic OER in neutral electrolytes is very
high, and most of the reported OER cata-
lysts are tested on the supports of Ti mesh

Electrochemical water splitting is expected to be a promising
chemical process as the solution to the increasing fossil
fuel depletion.l'?l For two half-reactions in water splitting
cells, oxygen evolution reaction (OER) at the anode has been
regarded as the main bottleneck due to the sluggish kinetics
and large overpotential.l*7 With this regard, great efforts have
been devoted to developing efficient electrocatalysts to accel-
erate the OER with reduced overpotential, thus improving
the energy conversion efficiencies.®'3 Recently, the first-row
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or Au foam.?1222] This surely limits the
electrode type for the practical applica-
tions. Therefore, it is of great importance to break through the
barrier of high overpotential via highly efficient OER electro-
catalyst which can be operated in neutral media. On the other
hand, OER-induced catalyst reconstructions are extensively
observed due to the high anodic oxidation potentials.%! There-
fore, identifying the fine structure of reconstruction-derived
component is highly desirable to shed light on the root of cata-
Iytic performance, but still keeping as a great challenge.
Herein, we demonstrate a facile chemical route to synthe-
size self-assembled 3D Co-based hydroxide hierarchical struc-
tures with Ir incorporation as highly active OER electrocatalyst.
The as-synthesized products were elaborately characterized
by synchrotron radiation based X-ray absorption fine struc-
ture (XAFS) spectroscopy and aberration-corrected atomic-
resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and the results revealing
the composition of well-dispersed Ir atoms and ultrathin Co-
based hydroxide nanosheets as subunits (marked as Colr-x, x
corresponding to the Ir/Co molar ratio in precursor). When
the products were applied as the OER catalysts, the catalytic
activities and stabilities were evaluated and compared through
employing the commercial IrO, as the reference sample; and
the excellent performance outperforming the IrO, in both
neutral and alkaline conditions were delivered. Specially, the
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Figure 1. a) XRD pattern, b) SEM, and c¢,d) TEM images of Colr-0.2. e,f) HAADF-STEM images of Colr-0.2, with clusters of Ir marked in blue circles
and single atoms of Ir highlighted in pink circles. g) Dark-field TEM image of Colr-0.2 and the corresponding elemental mapping of Co, Ir, and O,
respectively. The asterisk (*) in (a) represents the (012) reflection of a-Co(OH),.

structural characterization toward reconstruction-derived com-
ponent was also conducted to identify the fine structure by
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) measurements.

In this work, the self-assembled 3D Colr-x hierarchical struc-
tures were synthesized though a one-step reduction approach
using NaBH, as reduction agent (see the Experimental Section
for details). The powder X-ray diffraction (XRD) measurements
were first carried out to verify the crystalline structures of var-
ious synthesized Colr-x samples (Figure 1 and Figure S1, Sup-
porting Information). As shown in Figure 1a, the XRD pattern
of Colr-0.2 hierarchical structure shows one obvious broad peak
at around 43°, which locates between the (111) plane of face-cen-
tered cubic (fcc) Ir (powder diffraction file (PDF) No. 06-0598)
and (111) plane of fcc Co (PDF No. 15-0806), implying that
Ir might be alloyed with Co and formed Co-Ir species.?’-%’]
For comparison, all the well-defined diffraction peaks of the
product without Ir3* adding (denoted as Colr-0) fit well with the
0-Co(OH), (PDF No. 46-0605), which can be identified as (003),
(006), (012), and (110) plane reflections (Figure S1, Supporting
Information).?” The detailed morphology and structure features
of the as-prepared samples were observed by the field emission
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The typical SEM and TEM images of Colr-
x clearly reveal that the nearly spherical 3D hierarchical struc-
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tures are consisted of graphene-like flexible ultrathin nanosheets
(Figure 1b—d and Figures S2-S4, Supporting Information). The
ultrathin structure can maximally expose the active sites and
promote the electrocatalytic properties. Through comparing the
SEM and TEM images of the as-prepared samples, the average
diameter of the spherical hierarchical structures decreases from
=2 um of Colr-0 to =150 nm of Colr-0.2 with the increasing of Ir
concentration, suggesting that the Ir incorporation can restrict
the growth of o~Co(OH),. When the Ir concentration was further
increased, Ir nanoparticles were formed (as confirmed by high
resolution TEM (HRTEM) for Colr-0.3, Figure S5, Supporting
Information). Besides, the HAADF-STEM images clearly show
that the bright spots corresponding to Ir atoms are uniformly
anchored into Colr-0.2 hierarchical structure (Figure 1e,f), which
can be divided into two types of Ir species including atomically
anchored Ir single atoms and Ir clusters (marked in Figure 1f).
The uniformly anchored Ir species can maximize the exposure
of the active sites and provide abundant Ir sites for the bonding
with Co atoms in o-Co(OH), nanosheets to form Co-Ir species.
In addition, the element mapping analysis indicates the homo-
geneous distribution of Ir species throughout the self-assembled
3D Colr-0.2 hierarchical structure (Figure 1g and Figure S6, Sup-
porting Information). The actual Ir loading in ColIr-0.05, Colr-0.1,
and Colr-0.2 were 3.1, 5.6, and 9.7 wt%, respectively, obtained by
inductively coupled plasma-mass spectrometry analysis.
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Figure 2. a) The Ir 4f and b) Co 2p core levels spectra of the Colr-x samples. c) The Ir L3-edge XANES spectra of Colr-0.2 sample and the standard
reference Ir and 1rO, and d) the corresponding FT curves of the Ir L;-edge EXAFS spectrum.

In order to identify the surface chemical composition and
valence state information of the self-assembled Colr-x hierar-
chical structures, X-ray photoelectron spectroscopy (XPS) was
conducted. The high-resolution Ir 4f XPS spectrum of Colr-x
can be splitted into four peaks at 60.9, 62.4, 63.8, and 65.5 eV,
corresponding to the binding energies of Ir® 4f;,, Ir*" 4f;,,
Ir0 4f5 )5, and Ir*" 4f;), respectively (Figure 2a),*'*? indicating
that Ir® and Ir*" are coexistence in Colr-x which will be fur-
ther explored in the following section. The high-resolution Co
2p XPS spectrum of Colr-x exhibits two main peaks located at
the binding energies around 781 and 797 eV with two shakeup
satellite peaks corresponding to the characteristic peaks of Co
2p3); and Co 2p;; orbit levels (Figure 2b), respectively, in good
agreement with the state of Co in o-Co(OH),.3% Besides, the
high-resolution O 1s XPS spectrum can be deconvoluted into
three characteristic peaks at 529.4 eV for oxygen atoms bound
to metals, 531.3 eV for metal hydroxide belong to a-Co(OH),,
and 532.4 eV for hydroxyl groups or surface-adsorbed oxygen
(Figure S7, Supporting Information).34

To further give an in-depth identification of the local coor-
dination structure of Ir species in the as-prepared Colr-x hier-
archical structures, XAFS measurement was performed. As
shown in Figure 2c, the intensity of the white line of the nor-
malized XANES spectrum at Ir L;-edge of Colr-0.2 is obviously
lower than that of the standard reference IrO, but higher than
that of reference Ir foil, indicating the coexistence of Ir° species
and positively charged Ir species,’’® which is consistent with
the XPS results. The corresponding Fourier transform (FT)
curve of the Ir L;-edge for Colr-0.2 in R space was used to con-
firm the local geometry structure of the center Ir (Figure 2d).
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It should be noted that the FT curve of Colr-0.2 is obviously
different from the reference samples, suggesting the different
arrangement of the Ir atoms. The major peak for Colr-0.2 at
about 2.38 A can be corresponded to the formation of Co—Ir
bond, which is longer than that of Ir—O bond (1.63 A) in IrO,
but shorter than that of Ir—Ir bond (2.58 A) in Ir foil. Similar
results can be found in previously reported Ir-Ni alloy and Ru—
Co clusters.[®37] This result indicates that the Co—Ir species are
formed in the Colr-x hierarchical structures, which is in good
agreement with the XRD results. Besides, the FT curves of
Colr-0 and Colr-0.2 in Co K-edge exhibit two main characteristic
peaks of the Co—O and Co—Co coordinations, corresponding to
the bulk a-Co(OH), at 1.55 and 2.78 A (Figure S8, Supporting
Information), respectively, indicating that the as-prepared Colr-
x are mainly kept as o-Co(OH), framework structure, which is
in consistent with the XRD and XPS results. Upon Ir incorpo-
rated into Co hydroxide, a new coordination peak (marked with
A) located at 2.16 A is apparent in the Co K-edge FT curves,
which is most likely correlated with the Ir incorporation.
Moreover, compared with that of the bulk a-Co(OH),, the peak
intensities of the ultrathin Colr-0 and Colr-0.2 nanosheets
are decreased and shifted to low R (2.70 A) by 0.08 at 2.78 A
(Figure S8, Supporting Information). The shifting of the peak
to the low R can be attributed to the shorten of length of the
Co—Co bond which is exposed on the surface of the ultrathin
Colr-x nanosheets.’¥! The obviously decreasing of the peak
intensities for Colr-0.2 indicate that a large amount of surface Co
atoms are not fully coordinated, which is accompanied by a large
amount of defect formation.?®! By combining HAADF-STEM,
XPS, and XAFS techniques, the atomic Ir species have been
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identified unequivocally. Subsequently, these as-synthesized
catalysts with different Ir concentrations were tested for OER.
The electrocatalysts with high OER performance under neu-
tral condition is expected to be highly imperative for the renew-
able energy.?%2Y Thus, the electrocatalytic OER performance of
the as-prepared 3D Colr-x hierarchical structures were evalu-
ated in neutral electrolyte (1.0 M phosphatic buffer solution,
PBS, pH = 7) using a standard three-electrode system. As a
comparison, commercially available benchmark IrO, electrocat-
alyst was also tested under the same condition. Before the lineal
sweep voltammetry (LSV) test, the Colr-x hierarchical struc-
tures were subjected to several cyclic voltammetry (CV) cycles
at a sweep rate of 100 mV s~! in the electrolyte until a stable CV
curve was obtained. The LSV curves of the Colr-x hierarchical
structures were obtained at a scan rate of 10 mV s™! with 95%
iR-compensation. As shown in Figure 3a, the OER performance
can be optimized by adjusting the concentration of Ir species.
Specially, the Colr-0.2 catalyst exhibits excellent OER activity in
1.0 M PBS with the lowest overpotential (1) of 373 mV required
to achieve a current density (j) of 10 mA cm™ from the LSV
curves, which is 58 mV lower than that of commercial IrO,
(431 mV @ j = 10 mA cm?). Meanwhile, the Tafel slope for
Colr-0.2 is calculated to be 117.5 mV dec”!, which is much
smaller than that of pure Colr-0 (350.3 mV dec’!) and IrO,
(132.1 mV dec™!) (Figure 3b). The lower N @ j = 10 mA cm™
and Tafel slope values in 1.0 m PBS electrolyte suggest that
the Colr-0.2 requires a lower energy consumption for electro-
chemical processes. The excellent OER performance of Colr-
0.2 was further evaluated by measuring the electrochemical
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surface area via a CV method (Figure 3c and Figures S9-S12,
Supporting Information). For comparison, the double layer
capacitance (Cy) of Colr-0.2 (0.825 mF cm™) is higher than that
of the Colr-0 (0.332 mF cm™2), Colr-0.05 (0.439 mF cm™2) and
Colr-0.1 (0.610 mF cm™?), respectively, indicating the increasing
of Cyq and exposing of more active sites, which is caused by Ir
incorporation. Moreover, the excellent durability of Colr-0.2
was also confirmed by chronopotentiometry test in 1.0 m PBS
(Figure 3d). The excellent OER activity under neutral condition
indicates that the Colr-0.2 holds great potential for practical
applications.

Besides neutral media, the Colr-x samples were also evalu-
ated in alkaline solution (1.0 M potassium hydroxide (KOH),
pH = 14). Unsurprisingly, as the best OER electrocatalyst in
neutral media, the Colr-0.2 sample also requires the lowest 1 of
235 mV to reach a j of 10 mA cm™ in 1.0 m KOH (Figure S13,
Supporting Information), which is 45 mV lower than that of
IrO, (280 mV @ j = 10 mA cm™), indicating that the Colr-
0.2 has a much better electrocatalytic OER activity than IrO,.
The Tafel plots of all the samples were also calculated from
LSV curves to evaluate the OER catalytic kinetics (Figure S14,
Supporting Information). The Colr-0.2 displays a Tafel slope of
70.2 mV dec™!, which is smaller than other Colr-x samples, sug-
gesting that the accelerated OH™ discharge process is the rate
determining step.*?! Besides, the stability of the as-prepared
Colr-0.2 was performed by the chronopotentiometry measure-
ment at a constant j of 10 mA cm™ in 1.0 m KOH (Figure S15,
Supporting Information). The result indicates that the Colr-0.2
also shows excellent durability in alkaline. Due to the water

b 800

7004

600 -

500 +

n (mV)

400

300 T T
0.5 1.0 1.5 2.0

Log [j (mA cm™)]

d 18

N
~
"

f ] .
@j=10 mA cm?

Potential (V vs RHE)
o

-
(&)

0 2 4 6 8 10
Time (h)

Figure 3. a) The iR corrected LSV curves and b) the corresponding Tafel plots of Colr-x and IrO, samples in 1.0 m PBS. c) Charge current density dif-
ferences (Af = janodic — Jeathodic) Plotted against scan rates of Colr-0 and Colr-0.2 samples. d) Chronopotentiometry curve of Colr-0.2 in 1.0 m PBS at a

constant current density of 10 mA cm=2.
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oxidation potential in alkaline media is much lower than that in
neutral media,**#!] the enhanced OER activity were measured
in 1.0 M KOH in this work. These results demonstrate that
the OER activity of Colr-0.2 hierarchical structure is compa-
rable to most of the state-of-the-art electrocatalysts in both
neutral and alkaline electrolytes (Tables S1 and S2, Supporting
Information).

Furthermore, it was reported that the electrocatalyst would
suffer irreversible oxidation and reconstruction during the OER
process.[14264243] Most recently published articles reported that
the activation of electrochemical oxidation of metallic elec-
trocatalysts in alkaline media could greatly improve the OER
activity in neutral media, compared with that of direct activa-
tion in neutral media.’) Meanwhile, the increasing of pH

www.advmat.de

leads to the generation of catalytically active sites, which can
associate with greater OER activity.!! Identifying the pre-
cise structure of the reconstruction-derived component is
considered as the key to unravel the intrinsic mechanism,2%!
but keeping as a great challenge. In this case, the Colr-0.2
reconstruction-derived component was elaborately character-
ized by XRD, HAADF-STEM, and XAFS after the OER stability
test for 10 h in alkaline solution. The XRD result indicates
that the 0-Co(OH), phase was transformed into B-phase Co
oxyhydroxide (B-CoOOH) (Figure S16, Supporting Informa-
tion). The HAADF-STEM result confirms that the Ir species
are remained in atomic dispersion in the sample (Figure S17,
Supporting Information). As shown in Figure 4a, the inten-
sity of the white line of the normalized XANES spectrum at
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transformation of 0-Co(OH); to f-CoOOH phase.
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Ir L;-edge is obviously higher than that of the fresh Colr-0.2,
indicating that the oxidation state of Ir species was increased.
The corresponding FT curve further confirms the oxidation of
local structure of Ir atoms from the strong peak of Ir—O bond
(Figure 4b). On the other hand, the white line of the normal-
ized XANES spectrum at Co K-edge shows an evident shift to
higher energy (Figure 4c), indicating that the Co species were
oxidated into a higher valence. The corresponding FT curve is
obviously changed and the nearest two main peaks at 1.50 and
2.49 A corresponding to the Co—O and Co—Co coordinations
in B-CoOOH,* respectively (Figure 4d). This result matches
well with the XRD results (Figure S16, Supporting Informa-
tion). Due to the poor crystalline and disordered structure, the
0-Co(OH), can rapidly transform into the more stable B-phase
in alkaline media.[*®! Therefore, the Colr-0.2 is trend to be oxi-
dized into B-phase CoOOH. These results are in consistent with
recent reported electrocatalyst oxidation during the OER pro-
cess to form IrO, and CoOOH.B*#540] Besides, the intensity of
the two characteristic peaks of the Colr-0.2 sample in FT curve
are still lower than that of f-CoOOH reference in Figure 4d,
implying the maintainment of unsaturated coordination of Co
atoms. The similar conclusion can also be given from the char-
acterization of the Colr-0.2 reconstruction-derived component
from neutral condition (Figure S18, Supporting Information).
More importantly, the original defect-rich and low-coordination
structure are beneficial for the formation of the real active site
for the OER.[*947] Thus, in this work, the defect-rich and low-
coordination structure of the a-Co(OH), hydroxide nanosheets
combining with atomic Ir species are easy to convert into the
real active sites for remarkably enhanced OER activity. The
formed high valence Ir species and CoOOH with unsaturated
coordination are known as efficient species for OER pro-
cess.[404448] The coexistence of Co and Ir would improve the
orbital overlap with O-2p and thus facilitate the interaction
with the intermediate adsorbates, leading to an optimized sur-
face-oxygen interaction energy.*’l Based on the above analysis
and the fact of the similar spatial structure of o-Co(OH), and
B-CoOOH, the models of OER on the Colr-0.2 sample surface
and the transformation of a-Co(OH), to f-CoOOH phase are
schematically represented in Figure 4e.

In summary, we have presented a facile strategy at room-tem-
perature to fabricate self-assembled Colr-x hierarchical structures
consisting of flexible Colr hydroxide nanosheets as efficient elec-
trocatalyst toward OER in both neutral and alkaline conditions.
The identified Ir atoms in ultrathin o~Co(OH), nanosheets are
bonded with adjacent Co atoms, leading to the formation of the
Ir incorporated structures. The OER performance in both neu-
tral and alkaline electrolytes demonstrates that the Colr-x hier-
archical structures represent the state-of-the-art OER catalysts.
Most importantly, for the first time, we have provided elaborate
structural identifications toward the OER reconstruction-derived
component as actually catalytic sites and have found that the
superior OER performance stemmed from unique low-coordi-
nation structure of the reconstruction-derived component. Con-
sidering the synthetic method and the excellent electrocatalytic
OER performance, this work presents a promising alternative as
highly efficient electrocatalyst for OER. The new understanding
for the typical oxidation reaction provides significant guidance
for the mechanistic insights in electrocatalytic field.
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Experimental Section

Chemicals: Cobalt (Il) nitrate hexahydrate (Co(NO3),-6H,0, 98.5%),
iridium (Ill) trichloride hydrate (IrCl3xH,0O, 99.9%, metals basis),
and iridium (IV) oxide (IrO, 99.9%) were purchased from Aldrich
Chemical. KOH (85%), sodium borohydride (NaBH,, >99%), and
ethanol (CHsOH, >99.7%) were obtained from Sinopharm Chemical
Reagent. Nafion solution (5 wt%) were purchased from Alfa Aesar. All
the chemicals were used as purchased without further purification. The
water used in all experiments was deionized water (DIW).

Synthesis of Self-Assembled 3D Colr-x Hierarchical Structures: In a
typical preparation of self-assembled 3D Colr-0.2 hierarchical structures,
Co(NO;3),-6H,0 (1 mmol, 291 mg) and IrCl3-xH,0O (0.2 mmol, 29.9 mg)
were dissolved in DIW (100 mL) under vigorous stirring for 30 min
to complete dissolution at room temperature. Subsequently, NaBH,
solution (5 mL, 0.5 mol L") was added and continuously stirred
for 60 min. The resulting products were collected by centrifuging at
8000 rpm for 10 min and washed with ethanol and DIW for several
times. After freeze drying, the samples were collected for further
characterizations. The as-synthesized 3D Colr hierarchical structures
samples were denoted as Colr-x, where x corresponding to the Ir/Co
molar ratio in precursor (x =0, 0.05, 01, and 0.2). The contrast sample
(Colr-0) was prepared by the same method except for the adding of
IrCl3-xH,0.

Characterizations: Powder XRD studies of the as-synthesized samples
were carried out on a Philips X'Pert Pro Super X-ray diffractometer
with Cu-K,, radiation (A = 1.54178 A). The morphological studies of the
samples were characterized by using JEOL JSM 6700F field emission
scanning electron microscope (SEM) and JEOL JEM 2010 TEM equipped
with an energy-dispersive X-ray spectrometer (Oxford Instruments) for
elemental mapping. XPS measurements were undertaken on Thermo
ESCALAB 250Xi using Al K, (hv = 1486.6eV) as the excitation source.
The binding energies of XPS spectral range were calibrated for specimen
charging effects using the C 1s level at the energy of 284.6 eV as a
reference. All the XPS spectra were fitted and analyzed using XPSPEAK
software with a Gaussiane—Lorentzian function and a nonlinear Shirley
background. The Ir L;-edge XAFS spectra were carried in fluorescence
mode at the TW1B beamline station of the Beijing Synchrotron
Radiation Facility (BSRF). The Co K-edge XAFS spectra were measured
in transmission mode at the BL14W1 beamline station of the Shanghai
Synchrotron Radiation Facility (SSRF). The acquired XAFS data were
processed according to the standard procedures using the ATHENA
module implemented in the IFEFFIT software packages.”%

Electrochemical Tests: All  electrochemical measurements were
performed using a three-electrode system on a CHI760e workstation
(Shanghai Chenhua, China) at room temperature. First, the catalyst
ink was prepared by ultrasonically dispersing the mixture of 4 mg
of the as-synthesized catalyst, 460 uL of ethanol and 40 uL of 5 wt%
Nafion solutions. Next, 5 pL of the catalyst ink was carefully dropped
onto the polished glassy carbon electrode (GCE, 3 mm in diameter),
followed by drying in air leading to a desirable catalyst loading (with
the mass loading of 0.566 mg cm™2). The GCE coated with the catalyst
ink was served as the working electrode, a platinum mesh electrode as
the counter electrode, and Ag/AgCl double junction electrode as the
reference electrode. For comparison, IrO, with the similar mass loading
was conducted for the same electrochemical tests. The electrochemical
potentials measured against the Ag/AgCl reference electrode were
converted to the reversible hydrogen electrode (RHE) scale via the
Nernst equation: Epyg = Epgjagel + 0.059 x pH + 0.197, and the
overpotential () for OER was calculated using the following equation:
n= Egue=1.23 V.

Linear sweep voltammetry (LSV) is employed to obtain polarization
curves of all the as-synthesized samples. Before the LSV measurement,
the catalyst was subjected to a number of CV cycles at a scan rate
of 100 mV s until a stable CV curve was obtained. All the LSV data
were measured at a scan rate of 10 mV s and corrected with 95%
iR-compensation. The long-term catalytic stability was recorded by a
chronopotentiometry measurement at a constant j of 10 mA cm™. The

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tafel plots were derived from the OER LSV curves and calculated based
on the equation 11 = b log j + a, where b and j are the Tafel slope and
current density, respectively. The electrochemical active surface areas
were determined by taking CV measurement in the potential windows
of 0.9-1.0 V versus RHE under different scan rates ranging from
20 to 100 mV s7! with an interval point of 20 mV s™'. The double layer
capacitance (Cy) was calculated by plotting the charge current density
differences (4 = janodic — Jeathodic) at 0.95 V versus RHE against the scan
rate. The slope of the fitting line is equal to twice of the Cy,.
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