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Fig. S1. Isotherms of adsorption and desorption of nitrogen at 77 K performed for: (A) CeO2; (B) Au/CeOz; (C)
CuAu/CeO2; (D) ZrO2; (E) Au/ZrO: and (F) CuAu/ZrO:, before their application as catalysts in glycerol

oxidation.
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Fig. S2. The SEM (left side) and TEM (right side) images recorded for CuAu/ZrO: before its application in

glycerol oxidation.
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Fig. S3. The XP spectra of 3d Ce species region recorded for CuAu/CeO: after its application as catalyst in

glycerol oxidation in the presence of hydrogen peroxide.
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Fig. S4. STEM images and EDX spectra recorded for CuAu/CeZrOx before and after its application as catalyst in

glycerol oxidation.
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Fig. S5. XP spectra of 4f Au species region recorded for: (A) Au/CeOz; (B) Au/CeZrOx and (C) Au/ZrO: before

and after their application as catalysts in glycerol oxidation.
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Fig. S6. XPS spectra of 4f Au species region recorded for: (A) CuAu/CeOz; (B) CuAu/CeZrOx and (C)

CuAu/ZrO2 before and after their application as catalysts in glycerol oxidation.
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The chemical composition of supports affected the distribution of gold species. In the case of
catalysts before their application in glycerol oxidation, the highest gold content on the external
surface was noted in the catalysts based on pure ceria and mixed cerium-zirconium oxide (Table S1).

The XP spectra performed for the catalysts with gold species showed the presence of two bands
which can be due to the spin-orbit components Au 4f72and Au 4fsp [1-5], which can be attributed to
two different gold species (Figures S5 and S6), corresponding to (Au®)?®, Au® and/or Au® species,
where & means +1 and/or +3. According to literature [6,7], the binding energy (BE) of Au 4f7: for bulk
metallic gold Au’is 83.0-84.4 eV, for Au* — 84.5-85.0 eV and for Au® - 85.0-86.5 eV. It is very difficult
to distinguish Au* and Au® species because the presented above limits of BE ranges are not rigid
and this is the reason why in this work all cationic gold species are described as Au®*.

In the case of monometallic gold catalysts, the BE due to metallic gold (Au®) changed from 83.0
to 84.5 eV (Fig. S5). In the case of Au/CeO:2 catalysts, BE was at 83.2 and 83.0 eV, before and after
glycerol oxidation, respectively (Table S2), and these values are lower than in the bulk metallic gold
(84.0 eV) [8]. It has been reported [3,9,10] that gold species characterised by BE in the range 82-83 eV
can be due to the partial negative charge on the external surface of metallic gold particles. The XP
spectra Au 4f species performed for copper-gold catalysts were characterised by two bands
(excepting CuAu/ZrO: before glycerol oxidation and CuAu/CeZrOx after glycerol oxidation) (Fig.
56). In CuAu/CeO: catalyst, the gold species can be due to Au 4f72 species at 83.6 and 85.4 eV (before
glycerol oxidation) and at 82.5 and 83.9 eV (after glycerol oxidation) and these values of BE can be
attributed to Au® and Au® (before glycerol oxidation) and (Au®)?® and Au’ (after glycerol oxidation),
respectively. On the mixed cerium-zirconium oxide modified with gold and copper (CuAu/CeZrOx),
two bands were observed at 82.3 and 83.6 eV before glycerol oxidation and three bands at 82.2, 83.4
and 84.9 eV after glycerol oxidation. These bands can be due to the metallic gold particles with the
partial negative charge on the external surface of metallic gold particles ((Au®)?®) and metallic gold
(Au) (before glycerol oxidation) and to (Au?)®>, Au® and Au® (after glycerol oxidation), respectively.
In the case of CuAu/ZrO: catalyst, gold species gave the bands at 82.4, 83.5 and 84.6 eV (before
glycerol oxidation) and at 82.1 and 83.5 eV (after glycerol oxidation), respectively. The lower BE of
metallic gold species in the case of bimetallic catalysts than in monometallic catalysts can be
explained by the appearance of the smaller gold particles loading on the surface of catalysts [1,11].
The presence of very small metallic gold particles in the bimetallic catalysts was confirmed by the
STEM-EDX spectroscopy (Fig. 54).

An according to the literature data [12,13], the BE of Cu 2p species could be assigned to Cu?, Cu*
and Cu? in the range of 930.0-932.0, 932.0-933.0 and 933.0-935.5 eV, respectively. The bimetallic
copper-gold catalysts before and after their using in glycerol oxidation were the samples in which
the copper was in the reduced form — Cu* cation (excluding CuAu/CeZrO: after its using in glycerol
oxidation). It is interesting that in all bimetallic catalysts after their using in the glycerol oxidation, in
the case of copper (species Cu*), the first part was reduced to metallic copper (Cu®) and the second
part oxidized to cationic copper (Cu?) and the growth of zirconium content in the support led to
more significant the decrease of the distribution of Cu* species. The lower distribution of Cu* species
in the bimetallic catalysts was accompanied by the growth of the distribution of gold species as like
metallic gold particles with the partial negative charge on the external surface ((Au?)®). It can be
explained by the parallel partial reduction of metallic gold (Au®) to (Au?)®> and the disproportion
reaction of cationic copper (Cu*) to metallic copper (Cu®) and cationic copper (Cu?") during the
oxidation of glycerol in the liquid phase.
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Table S1. The composition of catalysts (estimated using XPS) before and after their application in
glycerol oxidation at 333 K for 5 h at 1200 rpm at basic conditions.

9 of 10

Content of metal species, Au:Cu molar

wt % ratio
Catalyst
Au, Cu,
before/after
before/after before/after

Au/CeO:2 10.0/6.8 —/- —/-
Au/CeZrOx 9.1/5.3 —/- —/—
Au/ZrO2 2.6/24 —/- —/-
CuAu/CeO2 8.2/3.0 2.7/1.5 0.99/0.64
CuAu/CeZrOx 11.4/3.8 2.1/1.7 1.78/0.74
CuAu/ZrO: 0.9/6.4 1.8/2.4 0.16/0.85

Table S2. The BE of gold and copper species in the selected catalysts before and after their

application in glycerol oxidation.

Binding energy (BE), eV
Au 4f Cu?2
Catalyst . ,7/2 . }_)3/2
species Species
(Au%)® Au® Aud Cu® Cu* Cu?
Au/CeO2 before - 83.2 - - - -
Au/CeO:2 after - 83.0 - - - -
Au/CeZrOx before - 84.5 86.1 - - -
Au/CeZrOx after - 83.5 85.4 - - -
Au/ZrO:2 before - 83.7 85.5 - - -
Au/ZrO: after - 83.6 85.6 - - -
CuAu/CeO2 before - 83.6 85.4 - 932.0 934.9
CuAu/CeO:2 after 82.5 83.9 - 930.6 932.5 934.5
CuAu/CeZrOx before 82.3 83.6 - - 933.3 935.0
CuAu/CeZrOx after 82.2 83.4 84.9 930.2 932.8 935.0
CuAu/ZrOz before 82.4 83.5 84.6 - 932.2 934.3
CuAu/ZrO: after 82.1 83.5 - 931.0 932.6 934.2
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