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1. Experimental Section

1.1 Materials

H,IrClg-xH,0O, TiO, and hexadecyl trimethyl ammonium bromide (CTAB) were
purchased from Aladdin Co., Ltd. Ethylene glycol (EG), isopropyl alcohol, ethanol
and H,SO, were purchased from Beijing Chemical Co. High-purity NH; gas was
purchased from Ludong Gas Co. 5 wt% Nafion® solution and Nafion® 115
membrane were purchased from DuPont Co. Carbon paper was purchased from Toray
Co. Commercial IrO, denoted as IrO,(CM) was purchased from Alfa Aesar Chemical
Co., Ltd. Commercial Pt/C (20 wt%Pt) denoted as Pt/C(CM) was purchased from
Johnson Matthey Company. Commercial F-SnO, (FTO) conductive glass was
purchased from the NSG Co., Ltd., the thickness is 1.1 mm, and the square resistance
is 10 Q. All solutions used were modulated using Millipore-MiliQ water (resistivity: p >
18 MQ*cm).

1.2 Catalysts preparation

The TiO, powder was placed in a tubular oven and then heated to 500 °C with the
heating rate of 5 °C min'! and maintained for 2 h in a flowing NH3 atmosphere. After
naturally cooling to room temperature, N-doped TiO, (denoted as N-TiO,) was
obtained.

The IrO,/N-TiO, electrocatalyst was synthesized through refluxing reduction
method, in which ethylene glycol (EG) and hexadecyl trimethyl ammonium bromide
(CTAB) act as the reducing and dispersing agents, respectively. At first, 50 mg N-
TiO, and a certain amount of CTAB (nCTAB : nlr = 3:1) were ultrasonically
dispersed in EG solution for 1 h. Then, 5 mL H,IrCls-xH,0O solution (10 mg Ir per 1
mL EG) was added, and stirred for 2 h at room temperature. Subsequently, the
mixture was transferred to oil bath to react at 160 °C for 3 h. Finally, the catalyst was
obtained through centrifuged with deionized water, and dried at 60 °C in the oven
over night. Meanwhile, IrO,/TiO, and IrO4 counterparts were synthesized through the
similar procedure.

1.3 Physical characterizations
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The electrical conductivity was measured using the four-point probe measurement
(RTS-8, China), the sheet samples were prepared through a tablet machine (MRX-
YP180, China). The crystal structure was investigated by X-ray diffraction (XRD)
measurement using D8-Advance X-ray diffractometer (BRUKER Company,
Germany) with the Cu Ka (1 ¥41.5405 A) as radiation source operating at 40 kV and
200 mA. The morphology feature was researched with transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), high-angle annular dark-field
scanning TEM (HAADF-STEM), elemental mapping analysis and energy-dispersive
X-ray spectroscopy (EDX) (FEI Company, USA). The surface information was
proved by X-ray photoelectron spectroscopy (XPS) spectrometer (Kratos Ltd. XSAM-
800, UK) with Al Ka monochromatic source. The electrochemically dissolved
quantity of Ir during the stability test was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES).

1.4 Electrochemical measurements

Electrochemical measurements were firstly performed with three-electrode setup
operated on Princeton Applied Research Model273 Potentiostat/Galvanostat. Glassy
carbon (GC, 3 mm diameter) electrode was used as the working electrode substrate,
saturated calomel electrode (Hg/Hg,Cl,; SCE) and Pt plate were used as the reference
and counter electrode, respectively. The electrolyte solution was 0.5 mol L' (0.5 M)
H,SO4 purged with high-purity N,. All the potentials were calibrated with the
reversible hydrogen electrode (RHE) that E (RHE) = E (SCE) + 0.242 V + 0.059*pH.
The working electrode was prepared as follows: 3 mg of the catalyst was firstly
ultrasonically dispersed in 315 pL solutions containing of 15 pL Nafion® solution and
300 pL ethanol solution for 30 min. Then, 2.23 pL catalyst inks was pipetted and
spread on the glassy carbon substrate. Finally, the working electrode was obtained
after the solvent volatilized with the catalyst loading was 0.3 mg cm™.

The outer charge (Qouer) Was calculated from the cyclic voltammetry (CV) curves
(0-1.50 V) obtained at the scanning rate of 300 mV s’!, E was selected with the
potential window between 0.70 and 1.40 V.

Linear sweep voltammetry (LSV) curves were recorded in the potential window
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ranged from 1.10 to 1.70 V at the scanning rate of 5 mV s'!. All data were corrected
for 95% iR potential drop, and R is the solution resistance. The EIS measurements
were applied in the frequency range of 0.1 Hz to 10 kHz at the potential of 1.55 V.
The galvanostatic tests at the constant current density of 10 mA c¢cm for 10 h in N,-
saturated 0.5 M H,SO, solution were measured by employing F-SnO, conductive
glass (FTO, 1*2 cm) as the working electrode substrate, the catalyst loading was also
0.3 mg cm™2.

Two-electrode overall water splitting tests were performed with IrO,/N-TiO,, IrOy
or IrOy(CM) as the anode catalyst, and Pt/C(CM) as the cathode catalyst. FTO (1*2
cm) was used as the working electrode substrate. The anode catalyst loading was 0.3
mg cm?, and the cathode catalyst loading was 0.1 mg cm2. LSV experiments were
performed with a voltage window ranged from 1.0 to 2.0 V at the scanning rate of 5
mV s in 0.5 M H,SO4 at room temperature. The galvanostatic tests were performed
at the constant current density of 10 mA ¢m for 20 h.

1.5 Performance evaluation of the PEMWE single cell

SPEWE here can be depicted as proton exchange membrane water electrolysis
(PEMWE) by using Nafion proton exchange membrane as the SPE. As the key
component, membrane electrode assembly (MEA) of 12.5 ¢cm? was fabricated by
anode catalyst (IrO4/N-TiO, or IrO,(CM)), anode diffusion layer (Ti mesh of 4 cm
diameter), cathode catalyst (Pt/C(CM)), cathode diffusion layer (carbon paper), and
Nafion® 115 membrane. Specifically, the catalyst slurry was firstly prepared through
mixing the catalyst powder, Nafion® solution, isopropyl alcohol and deionized water.
Subsequently, the catalyst slurry was ultrasonically sprayed onto each side of
membrane to form catalyst coated membrane (CCM) electrode, the anode and cathode
catalyst loadings were 2.0 and 1.0 mg cm?, respectively. Finally, CCM was hot
pressed with the anode-cathode diffusion layers at 120 °C and 2 MPa for 1 min. SPE
water electrolysis single cell was assembled with the prepared MEA and other
component such as bipolar plate, end plate, seal framework, etc. Deionized water was
pumped into the anode side with the flow rate of 50 cc min’!, then the single cell was

connected to the Arbin battery testing instrument. The steady-state polarization tests
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were performed at the water temperature of 80 °C, with the increasing current density
from 0.02 to 2.0 A cm™. The stability test were performed in galvanostatic mode with

the constant current densities of 0.5 and 2.0 A-cm- for 300 h, respectively.
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2. Supplementary Figures and Tables
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Fig. S1 EDX spectrum and element content of N-TiO,.

Fig. S2 HAADF-STEM and corresponding elemental mapping images of IrO,/N-TiO,.
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Fig. S3 (a) XPS survey spectrum for N-TiO,. (b) XPS survey spectra for the catalysts.
(c) High-resolution XPS spectra of the deconvoluted Ir 4f for IrO,/TiO,.
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Fig. S4 LSV curves before and after the stability tests of (a) IrO4/N-TiO,, (b)

IrO,/Ti0,, (c) IrO4 and (d) IrO,(CM) at the scanning rate of 5 mV s’! in Nj-saturated

0.5 M H,SO, at room temperature.

Table S1 XPS analysis of the catalysts.

Catalyst Bind‘i‘r;;&g/zc;:r;e\jfy (Ir Rel;:)lve content (%) of Ir sllariiles
IrO«/N-TiO, 61.10 66.1% 33.9%
IrO,/TiO, 61.26 64.1% 35.9%
IrOy 61.34 63.2% 36.8%
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Table S2 The comparison of the overpotential for IrO,/N-TiO, with reported

supported Ir-based electrocatalysts for acidic OER.

Current

Loading Scanning densit Overpotential
Catalyst (mg ecm~  Electrolyte rate R mAy (mV vs. References
2) (mV/s) c’m'z) RHE)@)j
05M 1 195
IrO,/N-TiO, 0.3 5 This work
H,S0, 10 270
0.5M
Ir@Ti 0.3 5 10 220 1
r@TiO, 7 H,S0,
0.2
0.5M
IrO,/TiO 1 12 370 2
10,/ 110, mgIr_(;Z H,S0,
cm
0.5M
Ir/Ti 1 1 ~34
1/Ti404 0.133 H,S0, 5 0 340 3
II'Oz/Nb0.05TiO'95O 05M
0.255 5 1 270 4
2 HzSO4
0.1M
I -Ti 0.23 5 10 ~310 5
I'Oz/Nb 102 HC104
0.5M
1 Ir/Ti . 1 2
rO,@Ir/TiN 0.379 H,S0, 5 0 65 6
. 0.5M
TiN/IrO, 0.255 H,S0, 10 10 313 7
. 0.1 M
Ir/TiC 0.122 HCIO, 10 10 >320 vs. SHE 8
0.0102 0.05 M
Ir-ND/ATO mgj, cm® ' 5 10 >370 9
5 H,SO,4
0.1 M
IrO,/ATO 0.2 5 10 256 10
HCI10,
0.5M
IrO,/Sb-SnO, NW  0.25 1 10 8 vs. SCE 11
H,SO,4
0.5M
Iro sRuo sO,/ATO 0.8 0.5 1 240 12
H,SO,4
0.102 0.1 M
Ir/ITO mgj, cm® ' 25 10 340 13
) HCIO,
0.1 mgy, 0.5M
Ir0,/V;05 & 1 10 266 14

Cl’l’l'2 HzSO4
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Table S3 The comparison of the mass activity for IrO,/N-TiO, with reported

supported Ir-based electrocatalysts for acidic OER.

Loading Scanning  Potential Mass
Catalyst (mgem-  Electrolyte rate (V vs. activity  References
%) (mV/s) RHE)  (Agy")
1.48 29.4
1rO/N-TiO, 0.3 0.5 M 5 1.50 66.1  This work
H,80, 1.55 278.7
1.60 597.7
0.5M
Ir@Ti . 1. 4 1
r@TiO, 0.37 H,S0, 5 50 86
. 0.5M
Ir/Ti40; 0.133 H,S0, 5 1.48 4.2 3
0.5M 471 A
IrO,/Nbg 05 Tig.950 0.255 5 1.60 4
2/INDg 05 110,950 H,S0, 0o
0.5M
I Ir/TiN . 1. 480.4
rO,@Ir/Ti 0.379 H,S0, 5 60 80 6
0.5M 874 A
TiN/IrO 0.255 10 1.60 7
2 H,SO4 gro2”!
. 0.1M
It/TiC 0.122 HCIO, 10 1.55 150 8
0.0102 0.05M 1.51 70 9
Ir-ND/ATO 5
mg, cm? H,SO, 1.60 135.8
0.1M 10
IrO,/ATO 0.2 5 1.60 120
HCIlO,4
0.102 0.1M 13
It/ITO 25 1.48 16
mgy, cm HClO,
0.1 mgy, 0.5M
CIIl'2 HQSO4
0.5M 1.48 vs.
It/ATO 0.203 0.167 845 15
0.5M
IrO,/ATO -- 10 1.53 63 16
H,SO4
IrO,/ meso-Sb- 0.5M
0.102 5 1.60 459.1 17
SHOZ HQSO4
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Table S4 R, and R component values analyzed from the EIS tests.

Catalyst R, (Q) R ()
IrO,/N-TiO, 5.5 14.5
IrO,/TiO, 5.8 353
IrO 5.7 20.6
IrO,(CM) 5.7 33.4
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