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Figure S1. TEM images and particle size distribution histograms for (a) IrOx/Nb-SnO, (b) IrOx/Ta-
SnO2, and (c) IrOx/Sb-SnO: catalysts. Those for (a) IrOx/Nb-5nO: and (b) IrOx/Ta-SnO: are cited
from our previous work [1] to compare the dispersion states and particle size distributions of IrOx

with (c) IrOx/Sb-SnO2, which is shown in Figure 1 of the text.
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Figure S2. Scanning electron microscopic (SEM) and transmission electron microscopic (TEM)

images and primary particle size distribution histograms (primary particles) for conventional

catalysts: (a,c) commercial IrOz and (b,d) commercial Pt black.
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Figure S3. X-ray photoelectron spectra (XPS) of IrOx/M-SnO2 (M = Nb, Ta, and Sb) catalysts.

Those for IrOx/Nb-SnO: and IrOx/Ta-SnO: are cited from our previous work [1] to compare
the electronic states of IrOx. Peaks around 64 and 60 eV were assigned to Ir 4fsz and 4f7,

respectively. These peaks were deconvoluted into symmetric Gaussian peaks corresponding to

Ir0 (metallic Ir) and Ir* (IrO2) components.
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Figure S4. Steady-state I-E curves of single cells with various anodes and Pt/GCB cathode at
80 °C. The current is shown as the apparent mass activity (MA) based on the mass of Ir loaded

in the anode catalyst layers. Ultrapure water was supplied to the anode with a flow rate of 40

mL min~. The cathode compartment was purged with Ho.
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Figure S5. Scanning ion microscopic (SIM) image of the cross-section at the anode for the CCM
with IrOx/Sb-SnO: catalyst. The average thickness and the standard deviation of the catalyst layer
was 9.6 + 3.1 um.
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Appendix S1. Calculation method for the amounts of the M-SnO: supports.

The amount of M-SnOx, for IrOx/Nb-SnO:2 as an example, was calculated as follows. The amount
of Ir loading shown in Table 1 of the text was 11.3 wt%, which was quantified by ICP after
dissolving the catalysts completely by the alkaline carbonate-fusion method. This value
corresponds to (Ir? + Ir#) contained in the catalyst, and the value of Ir* (IrOz) percentage analyzed

by XPS was 16% (atom% = wt%). Then, we have two equations for the mass of Ir® and Ir*;

m(Ir%) + m(Ir+) = 11.3 (5-1)

m(Ir+)/[m(Ir%) + m(Ir+)] = 0.16 (5-2)

The contents of It and Ir* thus obtained were 9.5 wt% and 1.8 wt%, respectively. The content of

IrOz [m(IrOz2)] can be calculated to be 2.1 wt% from the following equation:
m(IrOz2) = m(Ir+)x(192.22+32)/192.22 (5-3)

Hence, the content of Nb-SnO: in the catalyst was 88.4 wt% [=100-(9.5+2.1)]. As we described in
the text, we loaded a constant amount of Ir, 5 pug(Ir) cm=, on the Au substrate. By such a loading,
the amount of Nb-SnO: loaded on the Au substrate was calculated to be 39 pg cm2. In the same
manner, the amounts of Ta-SnO: and Sb-SnO: were estimated to be 89.3 and 88.6 wt%,

respectively, as shown in Table 1, and their amounts loaded on the Au substrate were 43 and 40

ug cm2.

Appendix S2. Calculation method for specific surface area of IrO2 (Sro2) for commercial IrO:
powder and IrOx nanoparticles supported on doped SnO: catalysts.

We explain here how to calculate Srro: for the IrOx particles during operation as OER catalysts.
Assuming that face-centered cubic (fcc) Ir particles have an ideal cubo-octahedral shape, we
calculated the number of total atoms (Nwta) in the particle with the number of atomic layers (L)
together with the number of surface atoms (Nsurface), in a similar manner for the case of fcc Pt or

Pt alloy particles [2,3]
Niotar= (10/3)L3-5L2 + (11/3)L - 1 (5-4)
We calculated Nt for a spherical particle with diameter d,
d = a (3Nrotal/277) 173 (5-5)
where a is the lattice constant for Ir (fcc structure).
Next, the number of surface atoms was calculated by the following equation:
Nsurface = 10L2 — 20L + 12 (5-6)
For the case of IrOx/Nb-SnO:, as an example, with dir = 2 nm, the fraction of surface atoms
(Nsurface/Notal) was calculated to be 52%. A percentage of 16% of Ir* in the particle, estimated by

XPS, can be rationally explained if 31% of the surface atoms (= 16/52) were oxidized to IrO2 in the

as-prepared catalyst. If all of the surface atoms were oxidized to IrO2 with an Ir metal core during
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the OER, the initial particle size of 2 nm would be nearly unchanged. Thus, the value of Sro2 (on
an Ir metal core) was 133 m? g(Ir)-'. On the other hand, if all Ir atoms in the particle were oxidized
to IrO2 during the OER, the particle size could increase from 2.0 nm to 2.6 nm while maintaining
a constant total amount of Ir atoms, resulting in a value of 102 m?g(Ir).

In a similar manner, we calculated Stz for IrOx/Ta-SnO:2 and IrOx/Sb-SnO2. The values of Sro2 for

all catalysts are summarized in Table S1.

Table S1. Diameters of IrOx nanoparticles estimated by TEM (drr), diameter of IrO2 (droz2), specific
surface areas of IrO2 for the IrO2 shell/Ir metal core model (Srozr) and for the completely oxidized

model (Siro2).
Sampl dir diro2 Srroir Srro2
pe (m)  @m)  [mign]  [m2 g

IrO«/Nb-5nO: 2.0 2.6 133 102

IrO«/Ta-SnO2 2.2 2.8 121 95

IrO«/Sb-SnO:2 2.0 2.6 133 102

commercial IrO2 - 25 - 24
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