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Single atom catalysis (SAC) represents an emerging area of hetero-

geneous catalysis but faces challenges related to the low density of

active sites and poor thermal stability. In this work, we present new

fundamental insights into the nature of electronic metal support

interactions (EMSI) coupled with cation exchange, which yield high

density of atomically dispersed noblemetals on defect-free terraces of

cation-terminated reducible oxides. On well-ordered Co3O4(111)

films, the mechanism involves temperature-controlled substitution of

surface Co2+ and sub-surface Co3+ cations by Pt2+ and Pt4+ species,

respectively. The cation exchangewith Co2+ is coupledwith the partial

reduction of Co3O4(111), while the cation exchange with Co3+ involves

the charge disproportionation within the Pt species. In the presence of

co-adsorbed water, the Pt4+ species are stabilized at the surface in the

form of triaqua complexes.
Electronic metal support interactions (EMSIs) are ubiquitous in
heterogeneous catalysis.1–5 The phenomenon is associated with
the charge transfer at the metal/oxide interface resulting in
a partial oxidation of the noble metal deposit and a partial
reduction of the support.5–7 The magnitude of the charge
transfer strongly depends on the size of the noble metal nano-
particles and the structure of the support.7 In the regime of low
metal loadings, noble metals can be stabilized in the form of
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cations which serve as active catalytic sites in single-atom
catalysts (SAC).8–19 The concept of SAC gained signicant
attention due to ultimate noble metal utilization which allowed
for remarkable reduction of costs.8–12 However, SAC faces
signicant challenges associated with low-dispersion of noble
metal and poor stability.19–22 Both factors are controlled by the
availability of the specic anchoring sites and the coordination
environment of the noble metal cations. In particular, the
atomic dispersion of noble metals on the energetically most
favorable, oxygen-terminated oxide surfaces is controlled by
defects.23,24 For instance, on the most studied cerium oxide
supports, the stabilization of the noble metals in the form of
cations requires the presence of specic sites formed by
nanostructuring.25–27 However, nanostructuring of the reducible
oxides does not provide sufficient densities of defects to achieve
a high coverage of atomically dispersed noble metals in SAC.
Therefore, current research focuses on new strategies to fabri-
cate SACs with a high density of single-atom sites, ideally on
defect-free supports.28–36 The most successful approaches
employ the EMSI associated with cation substitution on the
cation-terminated surfaces of reducible oxides.37–40 In this
respect, signicant insights have been obtained on model
systems involving e.g. TiO2, Fe2O3, Fe3O4, Co3O4 substrates.13,37

On these surfaces, noble metal atoms exchange places with the
surface cations assuming their coordination environment.13 In
some cases, the presence of water or hydroxyl groups has been
found to promote the dispersion.41,42 However, the complete
mechanism of the EMSI, specically the aspect of the charge
transfer between the noble metal atoms and the reducible oxide
during the cationic exchange and the role of water, has never
been revealed. This is mostly because the evaluation of the
charge transfer requires the quantication of the oxidation
states of the reducible oxides (e.g. Ce3+/Ce4+ ratio in CeO2).7 This
task, however, is oen challenging due to the complex shape of
the transition metals core levels.43–45

Here, we combined scanning tunnelling spectroscopy (STM),
synchrotron radiation photoelectron spectroscopy (SRPES), and
density functional theory (DFT) to draw a comprehensive
picture of the EMSI in the Pt/Co3O4(111)/Ir(100) model system.
This journal is © The Royal Society of Chemistry 2024
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For the rst time, the EMSI associated with the cation exchange
is characterized with respect to both the structure of the Pt sites
and the charge transfer between the Pt atoms and the
Co3O4(111) substrate. Our ndings provide unprecedented
atomistic insights into the details of the charge transfer during
the cation exchange at the surface and sub-surface regions
which can be employed for the rational design of SAC with high
density of atomically dispersed noble metal species.

Our study is based on the use of well-ordered Co3O4(111) lms
prepared by means of physical vapor deposition onto the Ir(100)
in a multistep procedure46 schematically shown in Fig. 1a (see
ESI for details, Section S1†). The resulting structure is a normal
spinel with Co3+ and Co2+ cations in octahedral and tetrahedral
coordination, respectively. In the near-surface region, Co2+ and
Co3+ cations occupy the rst and the second cationic layers,
respectively (Fig. 1a). Deposition of Pt onto the Co3O4(111)
support in ultrahigh vacuum yields Pt species which give rise to
two Pt 4f photoemission doublets at 72.3 eV (Pt 4f7/2) and 74.0 eV
(Pt 4f7/2) (Fig. 1b–d). Based on the binding energy, the peak at
72.3 eV (Pt 4f7/2) can be attributed to both atomically dispersed
Pt2+ species and ultra-small Ptd+ aggregates.47,48 Note that the
binding energy of supported metallic clusters is a function of
their size.49,50 As a result, the spectral contribution from small
Ptd+ aggregates is shied by asmuch as 1.0 eV reaching a binding
energy of 72.0–72.3 eV.47 In contrast, the peak at 74.0 eV (Pt 4f7/2)
can be exclusively assigned to Pt4+ species.48
Fig. 1 Electronic and geometric structure of atomically dispersed Pt
Co3O4(111) film on Ir(100) (a); Pt 4f spectra (b–d) and STM images obt
a function of Pt coverage. The representative features assigned to atomica
green (species III), and red (species IV). The features that represent ultra-s
the close proximity to each other are labelled by white arrows. STM imag
−1.8 V, 0.15 nA (f), +2.0 V, 0.35 nA (g), and +2.0 V, 0.3 nA (h). Here, negat
respectively. The size of STM images in (e–h) is 15 × 20 nm2.

This journal is © The Royal Society of Chemistry 2024
Scanning tunneling microscopy (STM) revealed very charac-
teristic structural changes when Pt was deposited on the
Co3O4(111) surface (Fig. 1e–h). Prior to Pt deposition, we
observe well-ordered Co3O4(111) terraces terminated by Co2+

cations in agreement with literature.46 On the clean surface, we
observed two types of specic structural features which appear
as bright protrusions (circled yellow, species I) and dark
depressions (circled cyan, species II) in Fig. 1e. Aer Pt depo-
sition at 300 K in UHV, the species I disappears and the density
of species II increases. In addition, we observe several new
features. Among these, we identify the bright protrusions in
registry with Co3O4(111) (circled green, species III) and larger
bright protrusions of a triangular shape located at threefold
hollow sites (FCC sites) (circled red, species IV). At Pt coverages
of 0.04 and 0.13 monolayers (ML), we found greater bright
features that represent ultra-small Ptd+ aggregates (circled
orange) consisting of 2–3 and 5–6 atoms on average, respec-
tively, in agreement with our earlier study.47 The complete
assignment of all surface species observed in Fig. 1f and g is
provided in ESI (Fig. S1, Tables S1 and S2).† A more detailed
analysis of the structural parameters of the species II–IV with
respect to the surface Co2+ cations is given in ESI (Section S2).†
Most importantly, the corresponding analysis veried atomic
dispersion of the species III and IV (Section S2 and Table S2†) in
Fig. 1f and g.
species and aggregates on Co3O4(111): preparation of well-ordered
ained from Co3O4(111) (e) and Pt/Co3O4(111) model systems (f–h) as
lly dispersed species I–IV are circled yellow (species I), cyan (species II),
mall Ptd+ aggregates are circled orange. The species of the same type in
es obtained with tip bias and tunnelling current of −2.0 V, 0.20 nA (e),
ive and positive tip bias refer to imaging of empty and occupied states,
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In order to identify the nature of the species I–IV, we simu-
lated the STM patterns of a large number of structural motifs by
means of density functional theory (DFT) using the Tersoff–
Hamann approach (ESI, Section S1†). The simulated and
experimental STM patterns were compared with respect to the
position, symmetry, and apparent height of the species I–IV (see
ESI, Section S3†). The results are summarized in Fig. 2. For the
species I, the best agreement was obtained by locating a single
OH− group on top of a surface Co2+ cation and a corresponding
H+ on a nearby oxygen anion. The less favorable congurations
are listed in ESI (Section S3).† The coverage of OH− groups on
as-prepared Co3O4(111) determined by temperature pro-
grammed desorption (TPD) is 9% of a surface Co2+ density (see
ESI, Section S4†).

With respect to the nature of species II, the most satisfactory
interpretation of the dark depression is a void associated with
a missing Co2+ cation (Fig. 2b). The arguments supporting this
assignment are given in the ESI (Section S4).† Most interest-
ingly, the assignment of species III is consistent with a substi-
tution of Co2+ cations by Pt atoms (Fig. 2c). We assume that the
Fig. 2 Assignment of species I–IV: the features in the STM images (top)
based on simulated STM patterns (middle). The sizes of the STM images a
top and middle panels are plotted on the same apparent height scale
environment of the species (I–IV). The blue and cyan balls represent Co2

oxygen, and hydrogen, respectively. Eads indicates adsorption energies wh
in the ESI, Section S1.3.†

3260 | J. Mater. Chem. A, 2024, 12, 3258–3264
substituted Co2+ cation will be incorporated into Co3O4, for
example via diffusion to a step edge, and its chemical potential
is therefore equal to mCo (see ESI, Section S1.3†). Noteworthy,
this structure represents the energetically most favourable
conguration with respect to adsorption of single Pt atoms in
top, bridge, and FCC sites on Co3O4(111) (ESI, Section S5†).

The Bader charge on Pt atom substituting Co2+ is +1.13e
which corresponds to the oxidation state Pt2+ (ESI, Section S5†).
Formally, the cation exchange is accompanied by the charge
transfer from the Pt atom to Co3+ yielding Co2+ cations in the
sub-surface region. Finally, the appearance of species IV
(triangular protrusions at FCC sites) in STM are best repre-
sented by simulated patterns of triaqua complexes (Fig. 2d).
These complexes result from the dissociation of three water
molecules at a Pt atom in the FCC site followed by its decoration
with three OH− groups interacting with three H+ adsorbed on
oxygen anions. In this conguration, Pt becomes octahedrally
coordinated and gains a Bader charge +1.75e which corre-
sponds to the oxidation state Pt4+ (ESI, Section S5†). For
comparison, the dissociation of a single water molecule at the
of Co3O4(111) (a) and model Pt/Co3O4(111) systems (b–d) are assigned
re 5 × 2.5 nm2 (top) and 2.3 × 2.0 nm2 (middle). The STM images in the
. The ball models (bottom) represent the structure and coordination
+ and Co3+ cations while grey, red, and small white balls represent Pt,
ile DGform indicate formation free energies. Both quantities are defined

This journal is © The Royal Society of Chemistry 2024
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Pt atom in the FCC site yields an adsorption energy similar to
that calculated for the triaqua complex (ESI, Section S6†).
However, the Bader charge on the Pt atom decorated by a single
OH− group at the FCC site merely increases from +0.79e to
+0.99e corresponding to a formal oxidation state of approxi-
mately Pt2+. If such species exist, they would contribute to the
intensity of the Pt 4f contribution at 72.3 eV (Pt 4f7/2). The
formation of a triaqua complex at Pt2+ cations substituting Co2+

is less favorable (see ESI, Section S6†). However, we believe that
the formation of the triaqua complexes at Pt atoms substituting
surface Co2+ would lead to their relocation to the more favorable
FCC site. This hypothesis is consistent with the increasing
number of cationic vacancies (species II).

It is noteworthy, that the species I associated with hydroxyl
groups at the surface Co2+ cations vanish upon deposition of Pt
(see ESI, Table S1†). We found that the adsorption energy of
a single dissociated water molecule on the Co2+ cation is
−1.00 eV, which is lower (i.e. less strongly bound) than that
calculated for congurations with OH− groups adsorbed on Pt
atoms at the FCC site (−1.51 eV) and Pt2+ substituting the
surface Co2+ cations (−1.24 eV). This observation suggests
a strong driving force for a migration of water molecules from
Co2+ sites in the presence of the Pt atoms.

In order to elucidate the role of water and hydroxyl groups in
the atomic dispersion of Pt on Co3O4(111), we investigated the
interaction of Pt with three different types of Co3O4(111)
substrates denoted as (i) dehydroxylated, (ii) hydroxylated, and
(iii) moist. The dehydroxylated substrate was prepared by a brief
annealing of the Co3O4(111) lm at 650 K in UHV. The
hydroxylated and moist substrates were prepared rst by a brief
Fig. 3 Role of water: Pt 4f spectra obtained frommodel Pt/Co3O4(111) sy
(ii) hydroxylated, and (iii) moist Co3O4(111) surfaces in UHV followed by
aggregates (d–f). A schematic scenario for dissociation of Pt aggregate
interface monitored as Co3+/Co2+ ratio upon annealing of dehydroxyla
calculations of subsurface diffusion of Pt atoms by means of substitutin

This journal is © The Royal Society of Chemistry 2024
annealing of the Co3O4(111) lm at 650 K in UHV followed by its
exposure to 20 L (1 Langmuir (L) = 1.33 × 10−6 mbar × s) of
water at 300 K (hydroxylated) and at 100 K followed by brief
annealing to 170 K in UHV (moist). The O 1 s spectra obtained
from the dehydroxylated, hydroxylated, and moist Co3O4(111)
surfaces are discussed in ESI (Section S7).† Respectively, we
obtained a dehydroxylated substrate, which is virtually free of
hydroxyl groups and molecular water, and, hydroxylated and
moist substrates containing predominantly hydroxyls and
molecular water in the form of mixed OH−/H2O clusters.51 The
Pt 4f spectra obtained aer the deposition of 0.1 ML Pt onto the
dehydroxylated, hydroxylated, and moist Co3O4(111) surfaces
and subsequent annealing in UHV are shown in Fig. 3a.

Note, that in the case of the moist surface, Pt was deposited
at 100 K in order to prevent desorption of molecularly adsorbed
water which typically occurs around 200 K.51 In the Pt 4f spectra
obtained from the three samples, we resolved two Pt 4f contri-
butions discussed above. Thus, the main ionic species are Pt2+

substituting Co2+ cations (Fig. 3b) and triaqua complexes
(Fig. 3c). In addition, all samples contain ultra-small Ptd+

aggregates. We analyzed the structure and the distribution of
Bader charge in ultra-small Ptd+ aggregates as a function of size
(Fig. 3d–f and ESI, Section S8†). We found that only those Pt
atoms that are in direct contact with the oxide substrate exhibit
signicant positive charge. The adsorption energy per Pt atom
increases with size, suggesting a tendency for Pt atoms to form
clusters (Fig. 3d–f).

Surprisingly, the amounts of Pt4+ species formed upon Pt
deposition on all three surfaces are similar (Fig. 3a) despite
pronounced differences in the oxidation state of the Co3O4(111)
stems (a) prepared by deposition of 0.10 ML of Pt on (i) dehydroxylated,
annealing in UHV. The most abundant ionic species (b and c) and Pt
s in the presence of water (g). Charge transfer at the Pt–Co3O4(111)
ted, hydroxylated, and moist Pt/Co3O4(111) systems in UHV (h–j). DFT
g Co3+ by Pt4+ (k).

J. Mater. Chem. A, 2024, 12, 3258–3264 | 3261
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supports. The corresponding Co3+/Co2+ concentration ratios are
plotted in Fig. 3h–j. Typically, we quantify the oxidation state of
Co3O4(111) based on the changes in the Co3+/Co2+ concentra-
tion ratios obtained by the analysis of the valence band
spectra.52 The Co3+/Co2+ concentration ratio was monitored
using two different photon energies yielding surface (60 eV) and
sub-surface (115 eV) information. Prior to Pt deposition (see
circled dots in Fig. 3h–j), the Co3+/Co2+ ratios deviate from the
stoichiometric ratio; the deviation is the highest on moist
substrate suggesting partial oxidation of the surface layer trig-
gered by the reaction with water. The evolution of the Co3+/Co2+

ratio upon annealing of Pt-free Co3O4(111) exposed to 20 L of
water is shown in ESI (Section S10).†

Deposition of Pt results in partial reduction of Co3O4(111)
substrates due to the EMSI, i.e. charge transfer from Pt to
Co3O4. A more pronounced charge transfer upon Pt deposition
on the moist substrate results from the migration of water/
hydroxyls from Co2+ cations to Pt sites. As predicted by DFT,
this process results in an increase of the Bader charges on the Pt
sites as a function of the degree of hydroxylation. In the next
step, annealing at 350 K leads to an increase of the amount of
Pt4+ at the expense of the Pt2+/Ptd+ species on all three samples:
the amount of the Pt4+ species is signicantly higher on the
moist surface. This observation suggests a clear preference for
the formation of triaqua complexes. We modelled the ener-
getics of the formation of the triaqua complexes also by disso-
ciation of the Ptd+ aggregates (Fig. 3g). Our study suggests that
such scenario is thermodynamically favorable based on the
residual partial pressure of water in the analysis chamber (see
ESI, Section S9†). Upon further annealing, the Pt4+ species are
converted to Pt2+/Ptd+ below 450 K and metallic Pt0 above 450 K
(see ESI, Section S7†). This process is accompanied by re-
oxidation of the Co3O4(111) substrate mostly due to H2

desorption, which has been reported previously for different
systems under similar conditions.53 We experimentally veried
H2 desorption from Pt-free Co3O4(111) substrate and Pt/
Co3O4(111) system under relevant conditions (ESI, Section
S10†). Surprisingly, annealing above 600 K once again triggers
the formation of Pt4+ species accompanied by Pt0 at the expense
of the Pt2+/Ptd+ species. The depth proling of the Pt4+ distri-
bution within the Pt/Co3O4(111) system, suggests its sub-
surface location (ESI, Section S11†). Our DFT calculations
indicate that the most favorable conguration for the Pt4+

species corresponds to the substitution of Co3+ cations by Pt
atoms. This process has a formation free energy of−6.45 eV and
leads to an increase of the Bader charge on Pt to +1.73e (Fig. 3k).
Noteworthy, this process is not accompanied by the reduction of
the Co3O4(111) support (see Fig. 3h–j). We excluded the
formation of metallic Pt–Co alloys (see ESI, Section S12†).
Accordingly, the charge transfer must occur exclusively between
Pt species (e.g. charge disproportionation between two Pt2+

species yielding Pt4+ and Pt0).
The role of water is to form triaqua complexes at FCC sites

either by stabilizing the deposited Pt atoms at FCC sites or by
conversion of Pt2+ at substitutional Co2+ sites. The latter
channel involves relocation of a triaqua complexes to the FCC
sites leaving a cationic vacancy behind. This pathway is
3262 | J. Mater. Chem. A, 2024, 12, 3258–3264
irreversible, i.e. aer the loss of hydroxyl groups, Pt species in
FCC sites are prone to sintering. As a result, aer annealing at
700 K, the amount of Pt0 is the highest and the amount of Pt4+

species is the lowest on the moist substrate and vice versa on the
dehydroxylated substrate (Fig. 3a).

Conclusions

We have demonstrated that atomically dispersed Pt species can
be formed at a high density on a at surface of a reducible oxide.
A key element is the termination of the surface by surface
cations, which can be substituted by the noble metal species.
Specically, on the well-ordered Co3O4(111) surface, atomically
dispersed Pt species are formed in the oxidation states of Pt2+

and Pt4+. The mechanism associated with the EMSI involves
temperature-controlled substitution of surface Co2+ and sub-
surface Co3+ cations by Pt2+ and Pt4+ cations, respectively. In
the presence of co-adsorbed water, Pt4+ species can be stabilized
at the surface in the form of triaqua complexes at FCC sites.
This pathway potentially lowers the number of surface Pt2+

species yielding cationic vacancies. Under these conditions,
substitution of sub-surface Co3+ by Pt4+ cations is suppressed
which leads to the formation of metallic Pt0. This complex
mechanism highlights the dynamic nature of the catalyst
surface. In this respect, we provide the atomic-level under-
standing of the EMSI and the specics of the charge transfer
upon the cation exchange which can guide the design of the
high-density SAC.

Data availability

Source data are provided at Zenodo54: https://doi.org/10.5281/
zenodo.10229984.
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N. Tsud, F. Dvořák, V. Johánek, A. Neitzel, J. Mysliveček,
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O. Brummel, M. Farnesi Camellone, K. Beranová,
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J. Phys. Chem. Lett., 2019, 10, 6129–6136.

46 W. Meyer, K. Biedermann, M. Gubo, L. Hammer and
K. Heinz, J. Phys.: Condens. Matter, 2008, 20, 265011.
3264 | J. Mater. Chem. A, 2024, 12, 3258–3264
47 M. Bertram, C. Prössl, M. Ronovský, J. Knöppel, P. Matvija,
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J. Mysliveček and O. Brummel, J. Phys. Chem. C, 2023, 127,
6034–6044.

53 Y. Fujimori, W. E. Kaden, M. A. Brown, B. Roldan Cuenya,
M. Sterrer and H.-J. Freund, J. Phys. Chem. C, 2014, 118,
17717–17723.
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