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Supplementary Figure 1: Powder XRD for the iridium-based double perovskites.
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Supplementary Figure 2: RRDE measurement of the catalytic activity of
Ba,PrirOg towards water splitting in 0.1 M HCIO,4. Insert: Faradaic efficiency for
water splitting.
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Supplementary Figure 3: TEM images of the pristine Ba;PrirOg DP (a), after 48 h
leaching in HCIO, 0.1 M (b) and HCIO4 0.1 M + 4 M H,0; (c).
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Supplementary Figure 4: Powder XRD of the Ba,PrirOg before and after the
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comparison.
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Supplementary Figure 6: Core-level XPS spectra (Ba3d, Pr3d, Ir4f and O1s) of

Ba,PrirOg before and after the leaching treatments.
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Supplementary Figure 7: a) Powder XRD for Sr2irO4 Ruddlesden-Popper
layered perovskite phase (b) Powder XRD for and for the Pr3lrO; fluorite-like
phase. The inserts in each panel of the figure show the crystal structure of each
compound.
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Supplementary Table 1: Tafel slope for the water splitting reaction in 0.1 M HCIO,4
for IrO, and the iridium-based double perovskites. Currents were measured in
steady-state conditions (Rotation rate: 1500 RPM). The values in the table are the
average of three independent measurements and the error bars correspond to the

standard deviation in the set of measurements.

Tafel slope (mV/dec) Tafel slope (mV/dec)
(E=1.5-1.6 V vs. RHE) (E> 1.6 Vvs. RHE)
Iro, 57+1 115 + 13
Ba,LalrOg 59+3 127 + 10
Ba,CelrOg 57+7 121 +12
Ba,PrirOg 54 +3 106 + 17
Ba,NdIrOg 59 + 4 136 + 1
Ba,TblrOg 61+3 118+9
Ba,YIrOg 67 +4 196 + 23
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Supplementary Table 2: Surface composition of Ba and Pr relative to Ir in the
pristine Ba,PrlOg and after the leaching treatments with 0.1 M HCIO,4 and 0.1 M
HCIO, + 4 M H,0,, obtained from XPS analysis. The expected values were

obtained from the chemical formula of the compound reported by Fu and ljdo™.

Ba: Ir | Pr:lr

Expected values 2.00 | 1.00

Pristine Ba,PrlrOg 2.46 | 0.97

Ba,PrirOg leached in 0.1 M HCIO, 0.85 | 0.77
Ba,PrirOg leached in 0.1 M HCIO, +4 M H,O, | 0.60 | 1.39
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after 1 h of electrolysis at constant potential in HCIO4 0.1 M.

E vs. RHE (V) | % Baleached | % Ir leached | % Pr leached
1.45 12.7 0.6 9.5
1.55 14.2 0.8 11.3

Supplementary Table 3: Fraction of Ba, Pr and Ir dissolved from the Ba,PrirOg
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Supplementary Note 1. X-ray photoelectron spectroscopy analysis of the leached
Ir DPs

The surface composition of the pristine and treated Ba,PrirOs DP samples was
characterized by means of X-ray photoelectron spectroscopy (XPS). The results of
this analysis are summarized in Supplementary Figure 5 and in Supplementary
Table 2.

It is clearly shown in Figure 3 that the pristine double perovskite contains a much
larger contribution of Ba (3ds;, 794.9 eV, 3dsp, 779.6 eV) relative to Pr (3dsp,
953.4 eV; 3ds,, 933.0 eV) compared to the leached samples. The surface of the
double perovskite enriches with praseodymium upon leaching with hydrogen
peroxide and perchloric acid, which is evidences by the increase in the relative
intensities of the Pr peaks in Figure 3. The intensity of the peaks attributed to
iridium (Irddsp, 313.9; Irdds;,, 298.1 eV and Ir4f, 63.8 eV) increases for the sample
leached in 0.1 M HCIO4, however, the oxidative treatment in 0.1 M HCIO,4 + 4 M
H.O- slightly reduces the intensity of the iridium peaks, indicating that the noble

metal started to leach.

The surface composition of the pristine and leached BayPrirOs samples is
summarized in Supplementary Table 2. The results show that the relative atomic
composition in the pristine double perovskite is very close to the expected values,
indicating that the surface exhibits the same composition as the bulk of the double
perovskite. Again, the results show the surface composition of the Ba,PrirOg
enriches in iridium and praseodymium upon the leaching treatments, whereas the

barium is depleted from the surface.

The change in the oxidation state of barium, praseodymium and iridium in the
samples was analyzed using the high-resolution scans of the core-level in the XPS
spectra. The oxidizing treatment did not eliminate or change the adventitious
carbon signal, allowing the use of the C1s signal as energy calibration at 284.8 eV

(see Figure 3). The deconvolution analysis of the XPS spectra shows that the
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surface of the double perovskite contains additional oxidation states different from

the bulk composition (see Supplementary Figure 5).

The Ba3d core-level spectra in Supplementary Figure 5 show the 3ds, and 3dsp
contributions with spin-orbit coupling of 15.3 eV. The deconvolution was carried out
with fixed 3:2 intensity ratios to exclude possible Pr MNN overlap at 797 eV and Ba
shake-off features on the lower binding energies side of the Ba3ds;, signal. The
deconvoluted spectra of the Ba3ds, peak show two Ba" phases, one that can be
related to the bulk perovskite (ca. 779.5 eV) and a different surface phase at ca.
780.8 eV)? . The spectra of pristine Ba,PrlrOg look similar to other Ba-containing
perovskites (e.g. BaTiO3) with a typical high-energy shoulder at ca. 1.3 eV above
the main peak with an intensity ratio of around 0.6* °. The leaching of barium from
the Ba,PrirOg double perovskite surface is accompanied with a relative decrease in
the high-energy component, indicating removal of the surface phase and exposure
of the barium-bulk phase. Furthermore, the typical Ba perovskite binding energy
shifts approximately 0.3 eV to higher binding energies, indicating the change in
environment to a more oxidized character®. The oxidizing treatment has a
detrimental effect on the Ba content, heavily perturbing both the Ba surface and
bulk phase. The ionic character of Ba in addition to its location in the cavity of the

PrOg/IrOg octahedra may be the cause of its easier exclusion from the structure.

The Pr3d core-level spectra (see Supplementary Figure 5) consist of two main
signals from the ground state 4f configuration with spin-orbit coupling of 20.1 eV
and accompanying shoulders and shake-off features resulting from a mixture of
final state configurations” ®. The signals were recorded including the Ols Auger
line to properly assess the distinct features that indicate a mixture of tri- and
tetravalent species. The Pr3ds, and Pr3ds/; signals of the pristine double perovskite
are broad, with a FWHM of 4.7 eV, but the main peaks can be unambiguously
fitted with the statistical 3:2 intensity ratio and 20.1 eV spin-orbit coupling,
indicating that mainly Prs, is present’. The 3ds, binding energy of 933.8 eV agrees
well with the binding energy of praseodymium in a PrAlO; perovskite lattice®®,

approximately 1.0 eV above the value reported for Pr,Os" '*. The satellite energy
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separation of both signals is large, in the range of the reported values for trivalent
Pr in highly electronegative ligand orientation*?. Satellite spin-orbit coupling of 19.4
eV is lower than the expected (ca. 20.5 eV), and shake-off in the 3ds; region is
visible around 958 eV indicating Prs. contributions, with PrO, nature'* '3, The
main and satellite relative intensity ratios of 0.6 are in the upper limit of trivalent
species, and in addition to the abovementioned features, this indicates mixed-
valence praseodymium species present in the perovskite structure. The acid
treatment induced subtle changes in the spectra of praseodymium, suggesting
minor but notable changes in the perovskite surface environment. The binding
energy of the main peak shifted 0.3 eV to lower energy, and the width narrowed to
FWHM values of 3.9 eV. Moreover, the satellite energy separation decreased and
coincides with values for Pr,Os. Similarly, the satellite intensity ratio of the 3ds;
signal is reduced to values very close to the value in Pr,Os'%. The leaching
treatment induces the removal of praseodymium from the perovskite through
surface oxidation to form other Pr®* phases. The Ba:Pr ratio is approximately 1:2,

which might indicate the formation of a Pr.BaO, spinel surface phase™.

The Ir4f core-level spectra show two broad signals separated by an extraordinary
high saddle between 4fs, and 4f;;, indicating two superimposed spectra (see
Supplementary Figure 5) **. The deconvolution yields two contributions with spin-
orbit coupling of 3.0 eV and different FWHM. The high binding energy peak is
probably broader as a result of conduction band interaction during the
photoemission process™ °. The binding energy values for the 4f;, peak of 62.4
and 64.0 eV are about 0.3 eV higher than reported for iridium compounds with Ir"V,
the difference may be attributed to electronic charge transfer with praseodymium in
the perovskite’” 8. It is striking that the high binding energy peak shifts 0.5 eV
towards lower binding energies after the oxidizing treatments, while the low binding
energy peak value of 62.4 eV is unchanged. Moreover, the 1:1 relative ratio of the
two contributions is maintained after the oxidizing treatment. Taking into account
the formal Ir'VY valency of the bulk perovskite and the prominent saddle and

increasing suspicion of Pr'" contributions, the system is likely bivalent with Ir' and

Ir present in roughly equivalent ratio®.
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The Ols core-level spectra have been resolved with three peaks to distinguish
between the contributions of the metal oxides and the surface-adsorbed species
(see Supplementary Figure 5). The main peak of the pristine double perovskite is
located around 531 eV and is accompanied by a high binding energy shoulder and
a low binding energy peak at 529 eV. The main peak is either ascribed directly to
the constitutional metal oxide, or more indirectly to oxyhydroxide or metal
carbonate signals originating from interactions with the metal oxide surface* ** > 1"
18,1920 The value of 531.1 eV agrees as well with ionic Ba-O-V bonds of non-
bridging oxygen in barium vanadophosphate glasses, corresponding to a Ba-O
coordination resembling the one in perovskites®*. The low binding energy peak is
ascribed to the O1s signal of a lattice oxygen, more specific from the lattice oxygen
bound to Pr'" or Pr'V 1819 The O1s metal oxide contribution of perovskite-type
BaTiOs; has a similar value of 529.0 eV, which is identical to other Pr-based
perovskites such as PrCoOg3, and mixed PrCaMnQ3, once more indicating overlap
of different metal-oxide signals®. This lattice oxygen binding energy is somewhat
on the low side for IV compounds, however, these values are not reported for
perovskite phases'’. In all abovementioned analyses, the 533 eV peak is assigned
to surface contamination from adsorbed water or related hydroxide species. The
effect of the oxidizing treatment on the O1s spectra is clear; the main peak further
exceeds the high binding energy shoulder and lower binding energy peak. The
lattice oxygen contribution is decreased to a minor shoulder, and its binding energy
shifts to higher values. Thus, the oxyhydroxide and metal carbonate contribution
has increased with respect to the surface contaminants and lattice oxygen,
indicating that the surface coverage of the perovskite metal-oxide phase increases.
The shift in binding energy is observed as well for BaTiO3 perovskites, where the
lattice oxygen signal at 529.0 eV shifted to 529.3 eV after prolonged oxidation
times, displaying the electronic interaction of the bulk with the oxidized surface®. A
shift in binding energy of the lattice oxygen in the case of Pr would imply a
reduction from Pr' to Pr'", which could indicate a surface reorganization with other

metals into different mixed-valent phases™>.
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Summarizing, the deconvolution analysis of the XPS Ba, Pr, Ir and O core-levels
indicate that next to the tetravalent Pr'V/Ir'V valence pair, a surface phase exists

""and IV (see Supplementary Figure 5), however, the chemical nature

containing Pr
of these species cannot be confirmed. The oxidizing treatment greatly perturbs the
surface of the perovskite, majorly reducing the Ba content to values below that of
Pr and Ir. The leaching further enhances the differences in the oxidation state,

increasing the IrY contribution.
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