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METHODS
Material preparation

Materials: All chemicals and solvents used in the experiments were of analytical grade and used
without additional purification. The iridium (IV) chloride (H,IrCls'6H,0), manganese sulfate
(Mn,SQO4), potassium permanganate (KMnQO,), manganese nitrate (Mn(NOs),), ammonium
persulfate ((NHy);S,05), hydrochloric acid (HCI), sodium hydroxide (NaOH), perchloric acid
(HCI10,4) were all purchased from Macklin Co. Ltd., China. De-ionized water (18.2 MQ) without
further purification was prepared from laboratory and used in preparing different solution.

Preparations of different Mn-based oxides support: The B-MnQO, support was prepared by oxidized
the low valence state of Mn?* in the presence of oxidant via hydrothermal method, which inspired
by previous reported!. In a typically, 5 mL (0.1M) Mn,SO, solution was added into 20 mL aqueous,
which containing 0.01 mmol (NH,4),S,0s. The mixture was then transferred to a 50 mL Teflon-lined
stainless-steel autoclave and heated at 180 °C in an oven for 12 h. The precipitates were suction-
filtered and washed with deionized water twice to remove other ions. The a-MnO, support was
prepared via the hydrothermal synthesis process reported in previous studies?*. The reagents contain
0.1 M manganese sulfate (Mn,SO,4) and 0.1 M potassium permanganate (KMnQO,) in aqueous
solution with a molar ratio of 0.37 (Mn?*/Mn’"). Then, an additional 15 mL of deionized water is
mixed into the solution, transferred to a 50-mL Teflon-lined pressure vessel and loaded into an oven
to heat the solution to 150 °C for 12h. The support of cryptomelane (K\MnQO,, k-Mn) was prepared
according to our previous reported’, 0.1 M of 6 mL KMnQj, solution was mixed with 0.5 mL 0.5 M
HCI and later 15 mL deionized water is added, and then be transferred to a 50-mL Teflon-lined
pressure vessel and loaded into an oven to heat the solution to 200 °C for 8h. The follow-up

purifications are same to previous Mn-based oxides.

IrO; supported hybrid: Firstly, weighing different mass of the prepared Mn-based solid to add into
20 mL 0.1M NaOH solution and the mixture was ultrasonicated for at least 30 min to ensure that it
was homogenized. Subsequently, according to the design requirements, different volumes of
H,IrClg6H,0 (20 mg/mL) precursor was added into the solution. Then, the samples were
transferred into a 50 mL Teflon-lined pressure vessel and ultrasonicated for approximately 10 min
to form a homogeneous solution. The vessel reactors were placed in an oven and heated at 150 °C
for 12 h. The precipitates were suction-filtered and washed with deionized water twice to remove
the impurities. The remaining solid on the filter membrane was dried in an oven at 60 °C for at least
30 min. Finally, the obtained powders are annealed at 400 °C for 6 h. All IrO, supported hybrid

were prepared in the same way.

Crystalline and amorphous IrO,: 4 mL of 20 mg/L H,IrCls'6H,0 precursor was added into 20 mL
of 0.1 M NaOH solution. Then, the mixture solution was transferred into a 50 mL Teflon-lined
pressure vessel and heated in an oven at 150 °C for 12 h. Subsequent purification process was
consistent with the preparation method of IrO, supported hybrid. To prepare crystalline and
amorphous IrO,, the iridium oxides solid were annealed at 400 °C (IrO,-cry) and without any

annealing process (IrO,-un).

Electrode preparation and Electrochemical Measurements

The electrodes used for the electrochemical measurements were prepared as follows. First, 6 mg of

fresh catalyst powder was dispersed into a solution mixed with 1.5 mL of 2:1 v/v isopropanol/water
2



and 15 pL of Nafion. Then the solution was ultrasonicated for approximately 30 min to achieve
homogeneity. Next, 7.5 uL of the homogenized solution was deposited on a tailored Ti plate with
dimensions of 0.5 cm x 1.5 cm. The Ti plate was etched for 2 h by 10% (wt %) oxalic acid under
near boiling conditions. The deposition process was repeated 5 times to obtain a loading weight of
approximately 0.2 mg cm™.

Electrochemical tests were performed in a three-electrode system. Here, a saturated calomel
electrode (SCE) was employed as the reference, and a polished and cleaned Pt foil with a 1.5 cm %
1 cm reaction area was used as the counter electrode. The electrode potential from the SCE scale
was converted into the reversible hydrogen electrode (RHE) scale by calibration with an equation:
E (RHE) =E (SCE) + E;=. The over-potential values (n) corrected with the iR were calculated using
the following equation: 1 = Exppiica (RHE)-iR-1.229. The SCE was calibrated with respect to the
RHE in all three types of pH solutions using a high purity hydrogen saturated electrolyte with a Pt
foil as the working electrode. Cyclic voltammetry (CV) experiments were performed at a scan rate
of 1 mV/s, and the average value of the two potentials at which the current crossed zero was recorded

as the thermodynamic potential for the hydrogen electrode reaction.

The working electrodes were cycled at least 20 times until the curves overlapped in the CV
experiments; then the CV data and polarization curves were recorded at the specified
electrochemical measurements. For evaluation the electrochemical surface area of synthesized
materials, the prepared electrodes were determined in 0.1 M HCIO4 solution with different scan rate.
The OER activity with iR-compensation was detected by the linear scan voltammetry (LSV) method
under the 10 mV s, The solution resistance is determined by the electrochemical impedance
spectroscopy (EIS), which was conducted at 1.30 V vs. SCE with a sinusoidal voltage of 10 mV
and a frequency ranging from 1 to 10° Hz. According to the Nyquist plots from the EIS spectra, the
solution resistance in all the electrodes is approximately 8-12 Q. The stability tests were conducted
under the 0.1 M HCIlOy solution by the chronopotentiometric method at current density of 10 mA
cm2,

Materials Characterization

The crystal structure of the catalysts was investigated using powder X-ray diffraction (XRD)
equipped with a D/max2550 V apparatus and a Cu-Ka radiation source (A=1.5406 A), and the data
were recorded from 10 to 80° at the step size of 0.02°. A JEM-2100 transmission electron
microscope (TEM) was used to characterize the surface morphology. Compositions of the materials
were determined by Energy dispersive X-ray (EDX) spectrometer using a TEAMApollo system.
The surface properties of the catalysts were determined via X-ray photoelectron spectroscopy (XPS)
using an ESCALAB 250Xi instrument with Al-Ka radiation source at an energy step size of 0.05
eV to obtain high-resolution XPS spectra. The samples were sputter-coated with carbon, and the
spectra were calibrated with respect to C-/s at the binding energy of 284.6 eV. The X-ray absorption
(XAS) data of the samples were recorded at room temperature in transmission mode using ion
chambers in the Shanghai Synchrotron Radiation Facility® (SSFR, beamline BL14W 1, Shanghai)
and National Synchrotron Radiation Laboratory (NSRL, beamline BL11U, Hefei), China. In order
to keep the sample thickness consistent, the overall mass reach 50 mg by adding LiF. The station
was operated with a Si (111) double crystal monochromator. During measurements, the synchrotron
was operated at the energy of 3.5 GeV and the current varied between 150and 210 mA.

Morlet wavelet transform



In this work, the following Morlet wavelet model was used:
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Where « and o are the free parameters in program. The resolution between k-space and R-space is
determined by the parameters of « and c. In the M-WT, the larger the value of «, the higher
resolution of R-space, which will be very close to the EXAFS spectra. In contrary, lowing the value
of k will obtain to a high resolution of k-space. In this work, for a high resolution of R-space, we
used the parameters of ¥ and o are the 15 and 1, respectively. For a good resolution of k-space, the
parameters are the 7.5 and 0.5, respectively.

Computational methodology

Density functional theory (DFT) calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP)’. The spin-polarized projector augmented wave (PAW) method® and
the Perdew-Burke-Ernzerhof (PBE)® electron exchange-correlation functional of the generalized
gradient approximation (GGA)'®were applied in our calculations. The kinetic energy cut-off for the
wave function expanded in the plane-wave basis was set as 400 eV. To optimize the structures, the
calculation was performed until the maximum force upon each relaxed atom was less than 0.05
eV/A. The optimized bulk lattice constant for IrO, were determined to be a=4.510, b=4.510 and
c=3.172 A, in good agreement with the experimental value of a=4.505, b=4.505 and ¢=3.159 Al
The vacancy formation energy (E,,.) is the energy needed for removing one oxygen atom from the
surface to form 1/20; in the gas-phase. The vacancy formation energy was calculated as follows:
Evac = Ey + 1/2E0; - Eqotal

where E, is the calculated total energy of the stoichiometric slab, E; is the total energy of O,
in gas-phase and E, is the total energy of a relaxed, defective IrO, slab having one O-vacancy in the
surface of the supercell.
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Figure S1. (a) Schematic of preparation of IrO, supported hybrid with f-MnO, as substrates via
two-step hydrothermal processes. (b)-(e) Morphology of synthesized B-MnO, by SEM images with
different magnifications. The prepared B-MnO, belongs to rod-like structure, the rod length range
0of 0.3 um to 2 um.
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Figure S2. Identifying the crystal diffraction peak of [r@p-Mn-4, also together with pure IrO, and
B—Mn02.
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Figure S3. XRD patterns of prepared Ir@Mn hybrid with different growth mass of IrO,. Both of
IrO; and B-MnO2 are the rutile structure. Three typical diffraction peaks, (110), (101) and (211),

can be used to identify their crystal structures.



Table S1. The feed number of precursors for preparing the [r@p-Mn hybrid and corresponding to

the bulk composition analysis by EDS.

Add volume Add mass of Theoretical Ir mass Ir/Mn bulk
Catalysts of H,IrClg p-MnQO, Ir/Mn bulk ratio (%) atomic ratio
(mL) (mg) atomic ratiol?! by EDS by EDS
IrO;-cry 4 \ \ 85.6 \
Ir@p-Mn-1 3 10 1.01 70.2 1.06
Ir@p-Mn-2 3 15 0.67 64.3 0.69
Ir@p-Mn-3 3 20 0.51 53.8 0.54
Ir@p-Mn-4 1.5 20 0.25 37.6 0.27

[a] The equation of Y = (¢ X V"X p)/192/(m/87), is employed to calculating the theoretical Ir/Mn bulk
atomic ratio, where c-the concentration of Ir precursor (20 mg mL!), V-the added volume of Ir
precursor (mL), p-the quality content of Ir in H,IrClg-6H,0 (0.372), m-the mass of added -MnO,
(mg). 192-the relative atomic mass of Ir (g mol!), 87-the molecular mass of B-MnO; (g mol!)
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Figure S4. Full spectrum of XPS for the prepared Ir@f-Mn hybrid and together with IrO,-cry.



Table S2. The surface compositions of prepared Ir@Mn hybrid by XPS elements analysis.

Ir/Mn
C-1s O-1s Mn'2p3/2 Il‘-4f7/2 .
Catalysts . . . . atomic
(atomic, %) (atomic, %) (atomic, %) (atomic, %) "
ratio
RSF 0.314 0.733 1.757 3.124
Corrected RSF 28.96 32.99 178.23 156.26
IrO,-cry 8.05 74.86 \ 17.27 \
Ir@p-Mn-1 6.43 77.84 3.74 11.79 3.15
Ir@p-Mn-2 8.43 76.74 3.93 10.89 2.77
Ir@p-Mn-3 26.69 57.58 491 10.81 2.20
Ir@p-Mn-4 30.74 57.86 3.49 7.92 2.27

Figure S5. (a) and (b) are HRTEM and their IFFTs images of the prepared Ir@p-Mn-4. From the

HRTEM, we can find that large amount of ultrafine IrO, NPs with different termination surface
randomly linked together. According to the IFFTs images, the lattice fingers of grains on different
exposed surfaces are indistinct, which indicates that a large number of GBs are created, and the

width of GBs is about several nanometers.



\

Figure S6. (a) and (b) are TEM images of the prepared IrO,-cry, who calcined on the 400 °C for 6

h. (¢) HRTEM of IrO,-cry, we can find that there is no obvious GBs between grains.
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Figure S7. (a) The FT-EXFAS spectra of standard IrO,. The upper is crystallography of IrO,, The
calculated scattering paths are based from the IrO,.cif datall. IrO, parameters are a=b=4.5051 A,
c=3.1586 A, space=P42/mnm, Ir-0,=1.9604 A; Ir-O4=1.9988 A. The standard model is composed
by 7 clusters of IrO, unit cell. The bottom FT-EXAFS is the IrO,-cry, k range are the 2-14 A, and
be phase corrected. (b) and (c) are the FT-EXFAS spectra and M-WT images of IrO,-cry and Ir@3-
Mn-4, respectively. The & range are the 2-14 A, and be phase corrected. The parameters of M-WT
are set with k=7.5 and 6=0.5. R range is 0-10 A.
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Figure S8. TEM images of series of prepared Ir@p-Mn hybrid. The size of [rO, NPs decreased with

the decrease of feed Ir/Mn mole ratio.

Table S3. The fitting results of O-1s XPS spectra for different catalysts(?l.

Omn-o Oiro Oon OHZO
Catalysts
Percentag FWH Percentag FWH Percentag FWH Percentag FWH
GL GL GL GL
e (%) M e (%) M e (%) M e (%) M
IrO;-un \ \ \ 18.2 1.43 0 58.5 1.64 26 18.5 2.00 69
IrO,-cry \ \ \ 60.0 1.35 0 19.8 1.27 0 11.7 1.72 0
Ir@p-Mn-4 23.3 1.44 0 284 1.29 0 27.2 1.29 0 134 1.33 0
B-MnO, 83.6 1.27 0 \ \ \ 11.0 1.32 0 5.4 1.82 0

[a] Percentage (%)-the specific peak area divided by all peaks area. GL- Peak shape function,

Gaussian-Lorenz, 0 is 100% Gaussian, 100 is 100% Lorenz.
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Figure S9. (a) and (b) are the XRD patterns and FT-EXFAS spectra of IrO,-cry and IrO,-un,

respectively. In the case of IrO,-un, there is no typical diffraction peaks of rutile structure. The

scattering paths of Irl-Ir3 and Irl-Ir4 in IrO,-un are also weaker than that of IrO,-cry. From the
structure comparison, we can conclude that the IrO,-un belongs to amorphous.
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Table S4. The fitting results of Ir-4f XPS spectra for different catalysts.

Catalysts 4f7/2-IrIr_0 4f7/2-IrI,_0H S ratio

Percentage FWHM FWHM Percentage FWHM FWHM

(%) (%)
IrO;-un 12.3 0.94 84 21.1 1.11 12 1.71
IrO;-cry 28.8 1.05 44 8.5 1.01 0 0.29
Ir@p-Mn-4 21.8 0.868 45 12.8 1.07 0 0.58

S ratio is the ratio of the area of 4f,,-Ir;.on to the area of 4f;,-Ir.o.
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Ir@p-Mn-3 18.7 284 26.9 13.7

Figure S10. The XPS spectra of O-1s for prepared Ir@p-Mn hybrid. The binding energy is
calibrated by C-1s with 284.6 eV. The Table placed on the bottom shows the area percentage of
different O-species.
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Figure S11. The XPS spectra of Ir-4f for prepared Ir@p-Mn hybrid. The binding energy is
calibrated by C-1s with 284.6 eV. The Table placed on the bottom shows the area and the area ratio

3+ 4+
(S ration, %) between I~ o and Iir- 0,
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Figure S12. (a) The comparison of Mn-2p XPS of different Mn-based oxides. The binding energy
of Mn-2ps), strongly dependent onto the Mn valence states. The binding energy of Mn-2ps, in
prepared Ir@B-Mn-4 is closed to the Mn*". (b) The Mn-2p XPS of prepared Ir@Mn hybrid with
different IrO, growth mass. By comparison, we can find that the valence states of support have no
obvious change. The Mn-based oxides are purchased from the Macklin Co. Ltd., China, except the
B-MnO,.
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Figure S13. (a) Geometric OER activity of different materials. (b) The required overpotential of
prepared materials at 10 mA cm. All measurements are performed in 0.1 M HCIOy at a scan rate
of 10 mV s°!. The iR loss from the solution resistance is corrected. Catalyst loading mass was ~0.2
mg cm?, and electrode area was 0.25 cm?.
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Figure S15. TEM images of prepared different IrO2 NPs, who are calcined at different temperature.
(a)-(f) are the 200 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C, respectively.
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Figure S16. Geometric and mass activity of different IrO, materials. A-X (X=no.) means annealed
at different temperature (°). All measurements are performed in 0.1 M HCIOy at a scan rate of 10
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Figure S17. (a)-(d) are the CV curves of prepared Ir@p-Mn hybrids, corresponding in order are the
Ir@p-Mn-1, Ir@B-Mn-2, Ir@B-Mn-3 and Ir@p-Mn-4, respectively. (¢) The linear fitting of
capacitive current with scan rate. (f) The calculated ECSAs of prepared hybrids. All measurements
are performed in 0.1 M HCIO, within the water oxidation window at different scan rate. The
calculated ECSAs of different hybrids by using the arrow marked region in CV curves, in where no
obvious Faradic current. The current determined by CV method includes two parts, capacitor current

(ic) and Faradic current (ig); i is linear based on the scan rate determined by i.=Cyv. The parameter

Cq is crucial factor associated with electrochemical active sites. Thus, it can be normalized by i/v=

Cq (constant) +ig/v both obtaining the C4 value and marked Faradic current to determine the onset

potential of OER activity. The region between vertical orange lines is chosen to estimate Cq4 value.
ECSAs = Cy/Cs, where C=0.035 mF cm? based on the reported value'?. The loading mass of

catalysts is 0.2 mg cm? in all samples.
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Figure S18. (a)-(f) are the CV curves of prepared different [rO, NPs, corresponding in order are the
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different scan rate. The calculated ECSAs of different IrO, samples by using the arrow marked
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Figure S19. Specific activity of prepared different materials. (a) for prepared Ir@p-Mn hybrids and
[rO,-cry as a reference. (b) for different IrO, materials. A-X (X=no.) means annealed at different
temperature (°). The IrO,-cry is the sample of A-400. All measurements are performed in 0.1 M
HCIOy at a scan rate of 10 mV s'. The iR loss from the solution resistance is corrected. Catalyst

loading mass was ~0.2 mg cm?, and electrode area was 0.25 cm?.
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Eov=3.23eV Eov=3.28 ¢V
Figure S20. (a) The complete crystallography of IrO,. (b) The surface hydroxylation on (101) plane
and calculated adsorption energy of H. (c) The crystallography of IrO, when created an oxygen
vacancy, the position of Ov corresponding to the Ir1-O1 path. The calculated formation energy of
0O, 18 3.23 eV. (d) The crystallography of IrO, when created an oxygen vacancy on apical direction
in [rO6 octahedron. The calculated formation energy of O,; is 3.28 eV.
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Figure S21. (a)-(b) SEM images of prepared rod-shaped a-MnO,. (¢c) The XRD pattern of a-MnO,,
from the diffraction peaks positions, we can confirm it belongs to a-MnO,. (d)-(e) TEM and
HRTEM images of the a-MnO5, the length of rod range of 200-600 nm, which below the -MnO,.
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Figure S22. Structure evolution of Ir@a-Mn hybrid by HRTEM and EXAFS combined with M-
WT.

22



OMn
Ir@a-Mn-2
-~ . :
= : £ 3 ;
< . . "
S’ ] ] ¥
) : : '
~— [
7 3 i ’
: [ [ ¥
2 Ir@ae-Mn-3 . . :
: tah A L] [} M
al : d\\: o e
Tr@a-Mn-4 : .
- L\ \ ;. -‘7;“-‘:4%
526 528 530 532 534 536
B.E. (eV)
Onn (%) O (%) Oon (%) Onz0 (%)
Ir@a-Mn-2 21 36 24 11
Ir@o-Mn-3 24 35 16 13
Ir@a-Mn-4 27 32 20 13

Figure S23. The XPS spectra of O-1s for prepared Ir@a-Mn hybrid. The binding energy is
calibrated by C-1s with 284.6 eV. The Table placed on the bottom shows the area percentage of
different O-species.
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Figure S24. (a)-(b) SEM images of prepared rod-shaped cryptomelane (K,MnO,, k-Mn). (c¢) The
XRD pattern of K,MnO,, from the diffraction peaks positions, we can confirm it belongs to
K.66MngO14. (d)-(e) TEM and HRTEM images of the K;MnO,, the length of rod range of 400-800
nm, which also below the -MnO,.
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Figure S25. (a) HRTEM image of Ir@k-Mn-4, the growth of IrOx NPs on the surface of k-Mn is
not very uniform, and part of the IrO4 does not grow on the surface.
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Figure S26. Structure evolution of Ir@k-Mn hybrid by HRTEM and EXAFS combined with M-
WT.
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Figure S27. The XPS spectra of O-1s for prepared Ir@k-Mn hybrid. The binding energy is
calibrated by C-1s with 284.6 eV. The Table placed on the bottom shows the area percentage of
different O-species.
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Figure S28. Evaluation of OER activity for Ir@o-Mn hybrids by electrochemical measurements.

(a) Geometric activity and (b) mass activity of different materials. All measurements are performed

in 0.1 M HCIO, at a scan rate of 10 mV s'!. The iR loss from the solution resistance is corrected.

Catalyst loading mass was ~0.2 mg cm2, and electrode area was 0.25 cm?.
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Figure S29. Evaluation of OER activity for Ir@k-Mn hybrid by electrochemical measurements. (a)

Geometric activity and (b) mass activity of different materials. All measurements are performed in

0.1 M HCIO, at a scan rate of 10 mV s!. The iR loss from the solution resistance is corrected.

Catalyst loading mass was ~0.2 mg cm2, and electrode area was 0.25 cm?.
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Figure S30. (a) Chronopotentiometric curves of IrO, supported hybrids in 0.1 M HCIO, solution at

10 mA c¢cm(geo) for OER (without iR compensations). (b) The compared OER performance of

prepared materials before and after stability tests.

Table SS. The determined metal ions concentration in electrolyte by ICP-MS after durability test.

Catalvst Ir concentration Mn concentration Ir dissolved Mn dissolved
atalysts
Y (mg L) (mg L) (%) (%)
IrO,-cry 0.036 \ 2.5 \
Ir@p-Mn-4 0.023 0.049 3.7 7.2
Ir@o-Mn-4 0.045 0.077 7.2 11.4
Ir@k-Mn-4 0.050 0.112 7.9 17.3
1.65
| —IrOp-cry
1.60 i Ir@a-Mn-4
Ir@f-Mn-4
8 1 Potential loss 60 mV
7 1.554
;3 1,504 otential loss 210 mV
it
E’ 1.45
= Potential loss 35 mV|
1.40
1'35 T L] L]
6 10000 20000 30000 40000
Time (s)

Figure S31. Stability tests of IrO, supported hybrids in 0.1 M HCIO, solution at 20 mA cm%(geo)
for OER (without iR compensations). In order to accelerate the elimination of bubbles from the

surface of the electrode, we adopted the method of magnetically stirring the solution. The curves
are smoothed. Here, we can find that Ir@f-Mn-4 shows better stability than Ir@a-Mn-4 at the same
amount of IrO, growth. Surface coverage is decisive for the stability of supported IrO, hybrids.
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