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ABSTRACT

Single-atom catalysts (SACs) offer maximal efficiency by stabilizing isolated metal atoms on oxidic supports. Platinum on cerium

oxide (Ce0,) is a key SAC system, where adsorbed CO typically exhibits red-shifted vibrational modes due to Pt back-donation.

Using polarization-resolved IR spectroscopy on Pt-deposited CeO,(111) single-crystal surfaces, we do not observe CO vibrational

bands below 2140 cm™ at low coverages, indicating that the surface-bound Pt atoms are not present in detectable amounts.

DFT calculations demonstrate that this unexpected observation is consistent with Pt atoms occupying buried interstitial sites.

Such subsurface single-atom sites, not considered in previous studies, are thermodynamically favored at low coverages, adopt an

unusual oxidation state, and are inaccessible to direct CO binding. Our findings challenge the prevailing assumption that single

atoms remain surface-bound and highlight the critical role of subsurface interstitial species, prompting a rethinking of how active

sites in single-atom catalysts are stabilized on reducible oxides.

1 | Introduction

Single-atom catalysis (SAC) has emerged as a powerful paradigm
in heterogeneous catalysis, offering both maximal atom efficiency
and access to unique reaction pathways through isolated metal
sites [1-8]. These systems often surpass traditional nanoparticle-
based catalysts in activity, selectivity, and thermal stability, mak-
ing SAC a promising route toward more efficient and sustainable
catalytic technologies.

For certain oxide substrates, such as Fe;O,, the presence of
single, surface-bound metal atoms has been clearly demonstrated

[2]. However, for many other systems, including cerium dioxide
(Ce0,), the nature and stability of isolated metal sites remain
under debate. Among these, platinum supported on CeO, (Pt-
Ce0,) stands out due to the strong electronic and structural
interplay between Pt atoms and the redox-active oxide support
[9-13].

Over the past decade, Pt-CeO, single-atom catalysts have been
the focus of intense research, particularly in key reactions such as
CO oxidation, the water—gas shift reaction, and selective hydro-
genations [14-17]. However, despite this progress, fundamental
questions about structural dynamics and reaction mechanisms at
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FIGURE 1 | Polarization-resolved IRRAS and grazing-emission XPS characterization of Pt clusters/particles deposited on CeO,(111) single crystal
surfaces. (a) p-polarized IRRAS data recorded after CO saturation adsorption at 88 K on the Pt-deposited CeO,(111) surfaces at high Pt coverages (0.50
and 0.76 ML); (b) deconvoluted Pt 4f and (c) Ce 3d spectra of 0.50 ML and 0.76 ML Pt/CeO,(111).

the atomic scale remain unresolved. The identity of the active site
at low Pt coverages, in particular, is highly controversial: while
some studies attribute the activity to isolated Pt atoms on the
CeO, surface [9, 17-19], others present evidence that contradicts
this view [20-24]. To address these challenges, infrared (IR)
spectroscopy using carbon monoxide (CO) as a vibrational probe
has proven invaluable, offering detailed insight into the electronic
structure and coordination environment of surface species [25-
31]. Among the techniques available to bridge the pressure and
materials gaps in surface science, CO-based IR spectroscopy is
especially versatile. Vibrational bands observed under operando
conditions in diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) on powders can be rigorously assigned
using Infrared reflection-absorption spectroscopy (IRRAS) data
obtained from model substrates and validated by theoretical
calculations [32, 33].

The assignment of CO stretching frequencies in Pt—ceria catalysts
remains debated, as red-shifted bands attributed to Pt single
atoms often overlap with signals from Pt clusters. Polarization-
resolved IRRAS on oxide single crystals provides the spectral
precision needed to benchmark theoretical predictions [33, 34],
but its application has been limited by the inherently low reflec-
tivity of dielectric substrates. To date, no such measurements have
been reported for Pt on CeO,, leaving the vibrational signature of
CO bound to isolated Pt atoms experimentally unresolved.

Here we present a comprehensive analysis of CO-IRRAS data
for Pt deposited on CeO,(111) single-crystal surfaces recorded
using both p- and s-polarized light. Pt coverages were precisely
quantified by quartz crystal microbalance (QCM) and x-ray pho-
toelectron spectroscopy (XPS), while the fraction of uncovered
ceria was tracked via the CO vibrational band characteristic of
pristine CeO,(111). Particular focus is placed on Pt single atoms,
with interpretation of the IRRAS data supported by CO-SLIR
(surface-ligand IR) measurements [31, 32] and density functional
theory (DFT) calculations.

2 | Results and Discussion
2.1 | PtClusters/Particles Deposited on CeO,(111)

Figure 1a shows polarization-resolved IRRAS data collected after
CO saturation at 88 K on Pt-deposited CeO,(111) surfaces with
high Pt coverages of 0.50 and 0.76 monolayer (ML). Pt/CeO,(111)
samples were prepared by well-controlled deposition of Pt at 300
K, followed by annealing in UHV at 700 K for 10 min (for details,
see Supporting information). Here, 1 ML of Pt is defined as one Pt
atom per surface unit cell of CeO,(111), corresponding to 7.9 x 10"
atoms/cm?. The clean CeO,(111) surface exhibits a sharp band at
2154 cm™!, blue-shifted relative to the gas-phase CO value at 2143
cm™, which is assigned to CO bound to sevenfold-coordinated
surface Ce** sites (Ce,.**) [35]. Following Pt deposition at 0.50
and 0.76 ML, broad red-shifted CO bands appear at 2100-2000
cm™, assigned to CO bound to Pt clusters or particles, consistent
with previous reports. [36-39] As these Pt-related IR signals grow,
the 2154 cm™ feature of the pristine CeO,(111) surface diminishes,
indicating progressive Pt cluster formation and surface coverage.
XPS analysis (Figure 1b,c) confirms that at 0.75 ML, Pt is
predominantly metallic (4f;,,/4f;,, doublet at 71.0/74.3 eV), with
only a minor contribution from positively charged Pt’* species
(72.3/75.7 eV) (Figure 1b).

Interestingly, the p-polarized IRRAS data show a splitting of
the Pt-related CO bands with an unusual sign reversal (see
Figures 1a and 2a). The negative features at 2072-2083 cm™ are
due to upright CO on high-coordinated Pt atop sites on terrace
planes, excited by the normal component of the p-polarized
IR radiation (Ep,n, see Figure 2b,c). In contrast, the positive
bands centered at 2048-2055 cm™!, not reported previously [29],
are characteristic of tilted CO on undercoordinated Pt atop
sites at particle edges and corners, excited by the tangential
component (E,,;, see Figure 2b,c). These assignments are further
supported by additional IRRA spectra recorded in s-polarization
(see Figure 2a)—an approach not feasible to oxide thin films on
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FIGURE 2 | Pt clusters/particles deposited on CeO,(111) single-
crystal surfaces characterized by polarization-resolved IRRAS. (a) p- and
s-polarized IRRAS data recorded after CO saturation adsorption at 130 K
on the Pt-deposited CeO,(111) surfaces with a high Pt coverage of 0.76
ML. (b) Schematic representation of the interaction between incident
IR light and molecular adsorbates on dielectric substrate surfaces.
(c) Schematic illustration of distinct CO species adopting site-specific
adsorption geometries: upright adsorption on high-coordinated terrace Pt
sites and tilted adsorption on undercoordinated edge and corner sites.

metallic substrates due to the surface selection rule [40, 41]. The
s-polarized spectrum reveals two well-resolved negative bands at
2064 and 2016 cm™, which originate from CO bound to edge and
corner Pt atoms, respectively, with the molecular axis oriented
predominantly parallel to the substrate and characterized by
reduced coordination numbers (Figure 2c).

Temperature-dependent IRRAS measurements allowed to esti-
mate the binding energy of these red-shifted CO species, which
amount to about 1.55 eV (Supporting Information, Figure S1). The

strong interaction between CO and Pt clusters/particles arises
from the significant electronic back-donation from Pt 5d states
into the CO 27* antibonding orbital, in line with the substantial
red-shift of the CO stretching vibrations.

2.2 | PtSingle Atoms Deposited on CeO,(111)

While the results at higher coverages (>0.5 ML) are consistent
with previously reported Pt cluster/particle formation, the low-
coverage regime reveals unexpected behavior. As shown in
Figure 3a, the red-shifted Pt-related CO bands (2100-2000 cm™!)
vanish entirely below 0.12 ML, even though QCM and XPS
unambiguously confirm the presence of Pt (Figure 3b). The
effect of Pt deposition is further demonstrated by attenuation of
the pristine 2154 cm™ peak and the emergence of a previously
unreported band at 2169 cm™ (Figure 3a). The new 2169 cm™!
CO species is only weakly bound (< 0.3 eV from temperature-
dependent IRRAS), in pronounced contrast to CO adsorption on
Pt clusters. Importantly, no additional CO bands indicative of
surface defect sites are observed. XPS (Figure 3b,c) reveals Pt4*
species (d < 2) together with ~15% Ce**, leading us to hypothesize
that, in this low-coverage regime, isolated Pt atoms do not remain
on the surface but migrate into subsurface sites.

Upon increasing the Pt coverage to 0.25 ML (Figure 3a), the 2169
cm™! band shifts slightly to 2165 cm™' and becomes predominant,
while a weak red-shifted, negative CO band appears at 2062 cm™,
characteristic of CO bound to low-coordinated Pt sites in small
clusters. The corresponding Pt 4f (Figure 3b) and Ce 3d (Figure 3c)
XPS data show that Pt remains predominantly in the Pt* state,
with the fraction of reduced Ce** species increasing slightly to
19%.

Figure 4 summarizes the integrated intensity evolution of various
CO bands as a function of Pt coverage, determined by QCM.
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FIGURE 3 | Polarization-resolved IRRAS and grazing-emission XPS characterization of Pt single atoms and small clusters deposited on CeO,(111)
single-crystal surfaces. (a) p-polarized IRRAS data recorded after CO saturation adsorption at 88 K on the pristine and Pt-deposited CeO,(111) surfaces
at low Pt coverages (0.12 and 0.25 ML); (b) deconvoluted Pt 4f spectra of 0.12 and 0.25 ML Pt/CeO,(111); (c) deconvoluted Ce 3d spectra of pristine and

Pt (0.12, 0.25 ML) deposited CeO,(111).
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FIGURE 4 | Quantitative analysis of distinct CO vibrations.
Coverage-dependent intensity evolution of specific CO bands
characteristic of distinct adsorption sites: Pt single atoms (CO-Pt
SA, ~2169 cm™'); Pt small clusters and particles (CO-Pt, 2100-2000
cm™!) surface Ce cations (CO-Ce**, 2154 cm™!). The Pt coverage was
determined by QCM and XPS (see text).

(i) The 2154 cm™ band, reflecting the fraction of the CeO,(111)
surface not covered by Pt, decreases rapidly with increasing
coverage. (ii) CO bands attributed to Pt clusters and particles
(2100-2000 cm™") vanish almost completely at coverages below
0.25 ML. (iii) The CO band associated with Pt single atoms
at 2169 cm™ reaches its maximum intensity at 0.25 ML and
then declines sharply at higher coverages. Spectroscopic analysis
indicates the coexistence of Pt single atoms and small Pt clusters
at intermediate coverages. Since this blue-shifted frequency has
not been reported previously, the location of the deposited Pt
atoms cannot be inferred directly from the band position alone,
necessitating a thorough theoretical analysis.

2.3 | Theoretical Results

Initial calculations for a bare (2 x 2) CeO,(111) unit cell show CO
binding to Ce,.** sites with E,;,, CO = -0.21 eV and n(CO) =
2150 cm™ (Figure S2), consistent with previous reports [34].
Geometry optimization of a surface-bound Pt atom on CeO,(111)
at 0.25 ML coverage (one Pt per (2 X 2) unit cell) identifies a bridge
site above two surface O atoms as the most stable configuration
(Figures S2 and S3), also consistent with earlier studies [29]. In
this state, Pt carries a formal charge of +1.3 (Table 1) and binds CO
with E, 4, CO = -2.28 €V and ¥»(CO) = 2047 cm™! (Table 2). While
this red-shift matches previous experimental IR data, it does not
account for the newly observed blue-shifted, weakly bound CO
species.

To resolve this discrepancy with the experimental data, sub-
surface Pt configurations were explored. Since in earlier work
[20] we reported that replacing Ce atoms in the ceria bulk
with Pt carries a high energy penalty (1.62 eV, see also Refs

TABLE 1 | Calculated stabilities and Pt oxidation state of different
Pt/CeO,(111) structures relative to Pty and CeO,(111) in eV.

Pt Pt oxidation
coverage AE state?

Pt@CeO,(111) in subsurface  1/4 ML + 1.61 +1.9
Pt@CeO,(111) in subsurface ~1/9 ML +1.23 +19
Pt@CeO,(111) on top surface 1/4 ML +1.84 +13
Pt@CeO,(111) on top surface 1/9 ML +1.77 +13

“Derived from Bader charge analysis (Figure S4 and Table Sla,b).

[11, 42, 43].), we focused on interstitial rather than substitutional
sites. Although such configurations have rarely been considered
in previous theoretical work, we found—surprisingly—that a Pt
atom occupying the empty space between O~ ions in the bulk
interstitial is energetically more favorable by —0.23 eV (see Table 1)
than on-surface sites. Using a larger (3x3) unit cell (1/9 ML
coverage), representative of the experimental regime (0.12 ML),
this stabilization increases to —0.54 eV, with Pt adopting a formal
charge of +1.9 (Figure S4 and Table Sla,b).

In this unusual interstitial geometry (see Figure 5), the Pt atom is
buried beneath the CeO,(111) surface in a fourfold coordination
with surrounding O*- ions, rendering it inaccessible to CO. As a
consequence, a nearby surface Ce** cation is displaced upwards
by 1.3 A (see Figure 5c), becoming reduced to Ce** together with
an adjacent Ce atom (Figure S5). This redox process facilitates the
oxidation of Pt° to Pt'#+. CO binds to the protruding Ce3* site with
a slightly tilted geometry (74°), showing an adsorption energy of
E,4> CO = -0.29 eV and a vibrational frequency of n(CO) =
2174 cm™ (Table 2), closely matching our experimental data.
Notably, the calculated oxidation state of subsurface Pt aligns well
with XPS measurements, while surface-bound Pt remains less
oxidized. Furthermore, we find that CO adsorption on distinct
positively charged surface Pt single-atom sites at coverages of
0.12 and 0.25 ML—including configurations with one or two
CO molecules per Pt site—leads to a red shift in the calculated
stretching frequencies, in marked contrast to our experimental
observations (see Table 2).

The 0.38 eV difference in subsurface interstitial Pt stability
between 1/4 and 1/9 ML (Table 1) arises from strain and relaxation.
In the smaller (2 x 2) cell, overlapping displacement fields
hinder subsurface insertion, whereas the larger (3x3) cell better
accommodates lattice distortions, stabilizing subsurface Pt at low
coverage.

To assess the thermal stability of Pt single atoms on CeO,, it
is essential to compare their energies to bulk Pt as a reference
state (see Table 1). On this basis, all configurations studied—both
surface and subsurface—are thermodynamically unstable with
respect to bulk Pt. However, subsurface Pt is consistently more
stable than surface-bound Pt atoms, and this relative stability
increases further at lower coverages.

The computed activation barrier for Pt diffusion into the subsur-
face interstitial site (2.03 eV, see Supporting Information, Figures
S6 and S7) is consistent with the mild 700 K annealing applied
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TABLE 2 | Calculated CO binding energies (in eV), vibrational frequencies (scaled and in cm™!), and vibration intensities for Pt/CeO,(111) with Pt

single atoms on the surface and in subsurface interstitial sites. CO has been scaled with a factor of 1.008.

Vibration frequency Intensity
AHc, (cm™) ((D/A)?/amu)
1/4 ML Pt—in subsurface —0.30 2156 3.6426
1/4 ML Pt—on top surface —2.28 2047 32.6469
1/4 ML Pt—on top surface? —1.46° 2120/2050° 19.6347/0.0764¢
1/9 ML Pt—in subsurface -0.29 2174 3.9740
1/9 ML Pt—on top surface -2.35 2031 38.0939
1/9 ML Pt—on top surface? —-1.29° 2118/2067° 24.2305/0.0007¢
2Adsorption of 2 CO molecules
bDifferential heat of adsorption of second CO molecule
¢Symmetric and asymmetric CO vibrations
dIntensities of symmetric and asymmetric CO vibration modes.
a C-01.134

FIGURE 5 | DFT-optimized structure of single-atom Pt/CeO,(111) model catalyst. (a) Side view, (b) top view, and (c) specific bond distances and
angles of the optimized geometry of CO on Ce atoms on top interstitial Pt stabilized in the subsurface of CeO,(111).

after deposition, comparable to temperatures used in ceria-based
catalysts. Assuming a standard attempt frequency of 10 s, Pt
incorporation at 700 K is expected to occur within 1 min, well
below the experimental annealing time.

3 | Conclusion

Our combined IR spectroscopic and DFT study reveals that,
contrary to prevailing assumptions, single Pt atoms deposited
on Ce0,(111) surfaces are not present in detectable amounts
at the surface at low coverages, consistent with migration into
subsurface sites. This previously unrecognized configuration
gives rise to a distinct, blue-shifted CO vibrational band, reflecting
a weakly bound CO species and minimal back-donation from the
embedded Pt atom. Thermodynamically, buried interstitial Pt is
predicted to be more stable than surface-bound Pt, particularly
at low coverages, a trend supported by both experiment and
theory. These findings redefine the structural landscape of single-
atom catalysts on reducible oxides and underscore the important
role of considering subsurface incorporation, in particular at
interstitial sites, as an intrinsic design parameter. Given the
generality of strain, redox, and coordination effects across oxide
supports, similar subsurface interstitial stabilization may occur
for other metal-oxide combinations [44], suggesting a broader

need to reassess surface-bound assumptions in the design of the
next-generation SACs. The catalytic activity of such subsurface
interstitial sites will be addressed in future work on powder
samples, as direct catalytic measurements are not feasible for
single-crystal model systems.
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