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XPS.

Figure S1a shows the Zr3d spectra of the studied sam-
ples. The Zr3d spectrum is known to be a Zr3ds;,—Zr3d;,,
doublet, which integral intensities ratio is 3:2. The spin-
orbit splitting (the difference between the binding ener-
gies of Zr3ds;, and Zr3ds;,) is 2.4 eV. In this case, the Zr3d
spectrum is well described by one doublet. To take into
account the effect of sample charging, the spectra were
calibrated against the Ce3d u’” line of cerium (Eg =
916.7 eV). The binding energy of Zr3ds;, (Table 3) corre-
sponds to zirconium in the oxidized state. For stoichio-
metric oxide ZrO,, the binding energy Zr3ds,, lies in
the range 182.2-183.3 eV [1-4]. For the catalysts studied,
the Zr3ds;, binding energy is 181.5eV, which can be
attributed to zirconium in a state close to Zr’** [2]. It
can be assumed that presence of Pr and Sm cations in
PrSmCeZrO, oxide leads to a decrease in the positive
charge on zirconium cations.

Figure S1 also shows the Ce3d spectra of studied cat-
alysts. Cerium is in the Ce>* and Ce** states. As it is known,
the Ce3d spectra have a complex shape (Figure Sib).
First, as a result of the spin—orbit interaction, the cerium
3d level splits into two sublevels Ce3ds;, and Ce3ds,,
which leads to the appearance of a doublet in the XPS

spectrum, which integral line intensities are in 3:2 ratio.
Second, each component of the doublet, in turn, splits
into 3 lines in the case of CeO, (v/u, v”/u”, v"’/u’) or into
two lines in the case of Ce,05 (V//u’, vo/uy). Having deter-
mined the relative intensities of these components, one
can estimate the fraction of Ce** ions [5,6]. In accordance
with the results of the spectra decomposition into indivi-
dual components, for all samples the fraction of Ce** ions
is in the range of 60-75%.

The Pr3d spectra of studied samples are shown in
Figure S2a. As it is known, the 3d-level of praseodymium
is split into two sublevels Pr3ds,, and Pr3d;,, due to the
spin-orbit interaction, the spin—orbit splitting is 20.5 eV.
The shape of the Pr3d spectrum has a complex structure
consisting of several peaks related to praseodymium in
the Pr’* and Pr** states [5,7]. In accordance with the
results of the decomposition of spectra into individual
components, the fraction of Pr** ions for all samples is
in the range of 75-85%.

The Sm3d spectra of the studied samples are also
shown in Figure S2b. As is known, the 3d-level of samarium
is split into two sublevels Sm3ds;, and Sm3d;/, due to the
spin-orbit interaction, the spin-orbit splitting is 27.2eV,
and the shape of the Sm3d spectrum has a complex struc-
ture consisting of several peaks, with the binding energy
of Sm3ds/, being 1082.7-1083.0 eV, which corresponds to
samarium in the Sm>" state. In the literature, for Sm,0s,
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Figure S1: Normalized Zr3d (a) and Ce3d (b) core-level spectra of Sim1 (1), Sim2 (2), and Sim3 (3) catalysts.
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Figure S2: Pr3d (a) and Sm3d (b) core-level spectra of Sim1 (1), Sim2 (2), and Sim3 (3) catalysts. Spectra normalized to the total intensity of

corresponding Zr3d spectra.

the values of the binding energy of Sm3ds,, are given in the
range 1082.5-1084.0 eV, while for samarium in the Sm?*
state, a lower binding energy is observed [8].

Figure S3 shows the La3d spectra of studied catalysts.
As is known, due to spin-orbit interaction, the La3d level
splits into two sublevels, which leads to the appearance
of the La3ds;,—La3d;,, doublet, the integral intensities of
whose components are related as 3:2. In turn, each com-
ponent in the La3d spectra of lanthanum in the oxidized

state of La®" is accompanied by intense lines of the so-
called “shake up” satellites. The spin-orbit splitting (the
difference between the binding energies of La3d;/, and
La3ds/,) is ~16.8eV. In accordance with the literature
data for bulk La,0s, the main peak of La3ds, is located
in the region of 833.2-834.0 eV [9].

For lanthanum carbonate La,(COs)s, slightly higher
binding energies of La3ds,, are observed in the range
835.0-835.5eV [10]. A close value of the La3ds/, binding
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Figure S3: La3d (a) and Ru3d (b) core-level spectra of Sim1 (1), Sim2 (2), and Sim3 (3) catalysts. Spectra normalized to the total intensity of

corresponding Zr3d spectra.
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Figure S4: Normalized Mn2p core-level spectra of Sim1 (1), Sim2 (2),
and Sim3 (3) catalysts.

energy is observed for lanthanum hydroxides LaOOH
and La(OH); — 834.8 eV [10]. The observed high binding
energy value suggests that lanthanum in the near-surface
region is in the form of lanthanum carbonate La,(CO3)s.

Figure S3b also shows the Ru3d spectra of studied
catalysts. It should be noted that the Ru3d spectrum partially
overlaps with the Cis spectrum of carbon (in Figure S3b the
contribution from the carbon spectra is subtracted). As is
known, the Ru3d spectrum is a Ru3ds;,—Ru3d;, doublet,
which integral intensities ratio is 3:2. The spin-orbit splitting
(the difference between the binding energies of Ru3ds,
and Ru3dj),) is 4.17 eV. Decomposition of spectra into indi-
vidual components allows us to assert that ruthenium is in
three states with binding energies Ru3ds, in the region of
280.2-280.3, 281.4 and 282.8 eV (Table 4). The first doublet
corresponds to ruthenium in the metallic state, the second
doublet to ruthenium in the oxidized state Ru**; the third
doublet is ruthenium in the oxidized state, presumably Ru®*.
According to the literature data, ruthenium in the metallic
state is characterized by the Ru3ds/, binding energy in the
range of 279.8-280.3 eV. For the Ru** state,

which is a part of RuO, oxide, the Ru3ds;, binding
energy lies in the range 280.5-281.4 eV, for RuO; oxide, the
Ru3ds,, binding energy is in the region of 281.8-282.6 eV
[11]. Decomposition of the spectra into individual compo-
nents makes it possible to estimate the fraction of ruthe-
nium in the metallic state, which for studied catalysts is in
the range of 25-50%.

Figure S4 shows the Mn2p spectra of studied sam-
ples. The Mn2p spectrum is Mn2p;,-Mn2p;,, doublet,
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the integrated line intensities of which are in the 2:1 ratio.
To elucidate the manganese state, the binding energy of
the Mn2p;/, peak is used, as well as the presence and
position of shake-up satellites [12], while the asymmetric
shape of the main peaks Mn2p;,, and Mn2p,,, is deter-
mined by multi-electron processes. The binding energy of
the Mn2ps/, peak is 641.8. In the literature, for manganese
in the composition of oxides MnO, Mn,0s;, and MnO,,
the binding energies Mn2p;/,, are given in the ranges
640.4-641.7, 641.5-641.9, and 642.2-642.6 eV, respec-
tively [13]. Thus, it can be concluded that manganese in
the studied catalysts is predominantly in the Mn>* state.
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