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ABSTRACT: Atomically dispersed metals on metal oxide supports are a rapidly
growing class of catalysts. Developing an understanding of where and how the metals
are bonded to the supports is challenging because support surfaces are heterogeneous,
and most reports lack a detailed consideration of these points. Herein, we report two
atomically dispersed CO oxidation catalysts having markedly different metal−support
interactions: platinum in the first layer of crystalline MgO powder and platinum in the
second layer of this support. Structural models have been determined on the basis of
data and computations, including those determined by extended X-ray absorption fine
structure and X-ray absorption near edge structure spectroscopies, infrared
spectroscopy of adsorbed CO, and scanning transmission electron microscopy. The
data demonstrate the transformation of surface to subsurface platinum as the
temperature of sample calcination increased. Catalyst performance data demonstrate the lower activity but greater stability of the
subsurface platinum than of the surface platinum.

Atomically dispersed noble metals on supports offer new
catalytic properties as well as efficient use of the metals,

but there is a lack of understanding of how these properties
depend on the structures of the anchoring sites and the metal−
support bonding.1−4 Atomically dispersed supported metals
are more nearly uniform than typical supported metal catalysts
and therefore offer better opportunities for fundamental
understanding.1−4 In operando spectroscopies and high-
resolution imaging have emerged as the most informative
characterization methods,3,5−11 but the characterization
challenges are formidable, complicated by the support surface
heterogeneity and the strong tendency of atomically dispersed
noble metals to be converted into metal clusters/nanoparticles
under reducing conditions.11,12 In most of the reported work
with atomically dispersed metals on metal oxide supports, the
nature of the metal−support bonding has been overlooked,
and only a few reports have recognized the importance of
metal atoms occupying subsurface positions in supports.13−15

Herein, we report results of X-ray absorption spectroscopy
(XAS), atomic-resolution electron microscopy, and density
functional theory (DFT) calculations that demonstrate two
distinct sites for atomically dispersed platinum on MgO. In
addition to a recently reported site13 for bonding platinum in
the second layer of MgOwithin the latticewe now report
platinum in a more accessible site in the first MgO layer. This
newly discovered site is characterized by relatively high
catalytic activity for CO oxidation but low stability. Further,

we show that high-temperature calcination drives the platinum
from the first MgO layer irreversibly into the second layer,
where it is more stably bonded but barely accessible. These
results demonstrate trade-offs between catalytic activity and
stability.
Pt/MgO400 (the subscript is the calcination temperature in

°C) was synthesized from K2PtCl4 slurried with MgO powder
in ethanol−water solutions, then dried, and calcined in 20% O2

in N2 at 400 °C (Supporting Information).13 Low metal
loadings (≈0.05 wt %) were used in an attempt to minimize
the number of different bonding sites for platinum on the
support. Some of the Pt/MgO400 samples were subsequently
calcined under more severe conditions, at 700 °C, giving Pt/
MgO700.
Transmission electron microscopy (TEM) images and X-ray

diffraction (XRD) patterns show that the MgO was present as
the cubic phase, consisting of ∼100 nm diameter crystallites;
there was no evidence of crystalline metallic platinum or PtO2

(Figure S1). Infrared (IR) bands of MgO surface OH groups
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(at 3766 and 3726 cm−1) decreased in intensity as the
calcination temperature increased to 700 °C (Figure S2); the
resultant MgO was highly dehydroxylated.6,13 O 1s X-ray
photoelectron spectroscopy (XPS) peaks at 529.8 and 532.0
eV provide evidence of oxygen atoms in the MgO lattice and
surface OH groups, respectively (Figure S3).16−18 The
intensity of the 532.0 eV peak characterizing Pt/MgO700 is
less than that characterizing Pt/MgO400, consistent with IR
data showing that MgO dehydroxylation took place during
calcination (Figure S4 and Table S1). BET surface area
measurements are consistent with these results.19

High-angle annular dark field (HAADF)-scanning TEM
(STEM) images, Figure 1, show the presence of atomically
dispersed platinum and the absence of clusters/nanoparticles
in both Pt/MgO400 and Pt/MgO700. The bright spots in yellow
circles in Figure 1a,d are illustrative, clearly showing that
isolated platinum atoms are located atop or nearly atop
columns of Mg cations along a zone axis.13 Intensity profiles
along the X−Y lines in the images of Figure 1b,e reinforce the
conclusions (Figure 1c,f).
To investigate the local bonding environments of the

platinum in these two samples, we used XAS, with in operando
spectra recorded at the platinum LIII edge during the
calcination as the temperature was ramped at 5 °C/min
from room temperature to 700 °C with the sample in 20% O2

in helium flowing at a rate of 20 mL(NTP)/min. The X-ray
absorption near edge structure (XANES) spectra include
isosbestic points, indicating that the changes were stoichio-
metrically simple (Figure 2a and Figure S5). The white line
intensity at the platinum LIII edge characterizing the sample at
room temperature in flowing helium, recorded after the 700 °C
calcination, is markedly greater than that of the initial sample
(Figure 2b), implying that the platinum species with lower

oxidation state used in the synthesis was oxidized during the
subsequent calcination.
Extended X-ray absorption fine structure (EXAFS) spectra

at the platinum LIII edge were recorded to determine the local
bonding environment of the platinum before and after
calcination (Figure 2e,f). Analysis of the data characterizing
Pt/MgO400 was performed with a fitting procedure (referred to
as QuantEXAFS)13,20 that included all the relevant scattering
paths in structures determined to be plausible by DFT.21 The
candidate models in the database included 47 DFT-optimized
structures. The temperature-dependent phase diagram was
constructed (using pMuTT, harmonic approximation for
vibrational entropy) for each site (Figure S6).13,21−23 The
DFT-optimized geometries (Figure 2c) and corresponding
best fits of the data (Figure 2e and Table 1) indicate average
Pt−O and Pt−Mg coordination numbers (CNPt−O and
CNPt−Mg) of 6 and 8, respectively. The model that agrees
best with the data, [100]/sub0/*O2 (Figure 2e and Table 1
see caption of Figure 2 for explanation of notation),
corresponds to isolated platinum atoms on the stoichiometric
[100] surface and bonded to five oxygen atoms of the MgO
support and one oxygen atom inferred to have formed from O2
in the calcination treatment. In contrast, the data character-
izing the sample calcined at 700 °C, PtMgO700, which were
analyzed by the above-mentioned method (as already
reported13), show that platinum was present in the first
subsurface layer located in the [100] MgO facet at Mg vacancy
sites, with the coordination numbers CNPt−O and CNPt−Mg
being 6 and 11, respectively (Figure 2f and Table 1). The
corresponding DFT-optimized geometries ([100]Mg‑vac/sub1)
are shown in Figure 2d. Candidate EXAFS models that
included a Pt−Pt scattering path led to nonsensical results
indicating that there was no evidence of platinum clusters or
nanoparticles.

Figure 1. (a) HAADF-STEM image of Pt/MgO400 along the (111) zone axis. Platinum atoms are highlighted in yellow circles; the inset shows the
corresponding fast Fourier transform (FFT) pattern. (b) Magnified HAADF-STEM image of Pt/MgO400. (c) Intensity profile along the X−Y axis
in (b). (d) HAADF-STEM image of Pt/MgO700 along the (110) zone axis. Platinum atoms are highlighted in yellow circles; the inset shows the
corresponding FFT pattern. (e) Magnified HAADF-STEM image of Pt/MgO700. (f) Intensity profile along the line X−Y axis in (e).
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Figure 2. (a) Conventional XANES spectra characterizing Pt/MgO at various temperatures, representing structural changes taking place during
calcination. The sample was heated from room temperature to 700 °C at a rate of 5 °C/min as the sample was exposed to 20% O2 in helium
flowing at a rate of 20 mL(NTP)/min for 0.5 h. (b) XANES spectra characterizing Pt/MgO400 and Pt/MgO700, each in helium flowing at 20
mL(NTP)/min at room temperature. The DFT-optimized geometries of the most stable (c) surface structure: [100]/sub0/*O2 side view and top
view and (d) subsurface structure [100]Mg‑vac/sub1 side view and top view. EXAFS spectra characterizing (e) Pt/MgO400 and (f) Pt/MgO700 in
helium flowing at 20 mL (NTP)/min at room temperature in R-space (k3-weighted) with the corresponding EXAFS fits based on [100]/sub0/*O2
and [100]Mg‑vac/sub1 structures, respectively, showing the magnitude (fit: blue; experiment: black) and imaginary portions (fit: green; experiment:
black) of Fourier transforms of the data. The k-range of 2.2−12.5 Å−1 and the R-range of 1.0−5.0 Å were used for the fits. Colors: Mg (green), O
(red), and Pt (gray) (The nearest neighbors of Pt are shown in bright colors, and the other atoms are shown in faded colors.). The purple sphere
represents the subsurface magnesium vacancy. Simulated (blue) and experimental (black) HERFD-XANES spectra of (g) Pt/MgO400 in helium
flowing at 20 mL (NTP)/min at room temperature determined for the best-fit EXAFS data from the DFT-optimized structure [100]/sub0/*O2
and (h) Pt/MgO700 in helium flowing at 20 mL (NTP)/min at room temperature determined for the best-fit DFT structure [100]Mg‑vac/sub1.
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The central point shown by comparing the EXAFS data
characterizing the two differently calcined samples is that the
Pt−O and Pt−Mg coordination numbers changed significantly
as the calcination temperature increased from 400 to 700 °C,
and the location of platinum changed from a bonding site in
the first MgO layer to a bonding site in the second MgO layer.
To gain further insight into the structures and to help

overcome the limitations associated with core-hole lifetime
broadening in conventional XANES spectroscopy,24,25 we also

collected high energy resolution fluorescence detection
(HERFD)-XANES data. These data, when combined with
simulated spectra, provide additional insight into the structure
of the supported platinum. The HERFD-XANES data were
compared with FEFF-simulated XANES spectra calculated
from the above-mentioned DFT-optimized geometries (Figure
2g,h).13,26,27 The structure [100]/sub0/*O2 is in good
agreement with the HERFD-XANES data characterizing this
sample (Figure 2g), with a Frećhet distance of 0.155. (Frećhet

Table 1. EXAFS Fitting Parameters for Pt/MgO400 and Pt/MgO700 Modeled Using QuantEXAFS with the Respective
Structures with the Pt−O and Pt−Mg Coordination Numbersa

aThe numbers on the spheres represent Pt−O and Pt−Mg bond distances in Å. Color scheme: O (red), Pt (gray), Mg (green), and Mg-vac
(purple). Notation: ΔE0 is the energy alignment parameter, and σ is the disorder term.

Figure 3. (a) IR spectra in the νCO region characterizing Pt/MgO400 recorded after the sample had been in contact with flowing 10% CO in helium
for 30 min, followed by a purge of the IR cell with helium for 1, 5, and 30 min. After each of these treatments, IR spectra were recorded after
exposure of the sample to a 2 min pulse of flowing 13CO, followed by a purge of the IR cell with the helium for 1, 5, and 30 min. (b) Calculated
positions of peaks for possible CO and 13CO adsorbed on the [100]/sub0/*O2 structure. (c) IR spectra in the νCO region characterizing Pt/
MgO700 recorded after the sample had been in contact with flowing 10% CO in helium for 30 min, followed by a purge of the IR cell with helium
for 1, 5, and 30 min. (d) Light-off curves characterizing CO oxidation catalyzed by Pt/MgO400 and PtMgO700. Error bars represent standard
deviations determined from three independent measurements. The once-through plug-flow reactor was heated from room temperature to 300 °C at
a rate of 2 °C/min. The feed was 5.0% CO in helium flowing at 4.0 mL (NTP)/min + 5.0% O2 in helium flowing at 16.0 mL (NTP)/min; the
catalyst mass in each experiment was 100 mg (Data characterizing the supports MgO400 and MgO700 are shown for comparison.).
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distances have been used previously to quantify the similarity
between the experimental and simulated spectra.13) Further,
the structure of [100]Mg‑vac/sub1 is in good agreement with the
HERFD-XANES results characterizing Pt/MgO700, as we
reported before (Figure 2h).13 Details are presented in Figure
S7.
The oxidation state of platinum in the subsurface sites,

determined from DFT calculations using Bader charge
analysis13 (qBader = +1.35e), is close to that of Pt4+ in
H2Pt(OH)6 (qBader = +1.41e). Comparable calculations
showed that the oxidation state of platinum in the first MgO
layer (qBader = +1.17e) is between those of Pt2+ (qBader = +0.86e
for Pt(acetylacetonato)2) and Pt4+ and thus lower than that of
platinum in the second layer. These results are in good
agreement with the XANES data showing that the white line
intensity increased as the calcination temperature was raised
from 400 to 700 °C (Figure 2a,b,g,h), and they are in good
agreement with XANES data characterizing reference com-
pounds (Figure S8).
To repeat for emphasis: a comparison of the results

determined for the samples calcined at 400 and at 700 °C
shows that during the calcination as the temperature was raised
to 700 °C, in the interval from 400 to 700 °C, the atomically
dispersed platinum was converted from surface to subsurface
species.
The platinum in the subsurface sites is clearly characterized

by stronger metal−support interactions than platinum in the
surface sites, lacking sites with coordinative unsaturation to
react directly with adsorbates such as CO at room temperature
and requiring reaction steps such as removal of a surface
oxygen atom for CO oxidation catalysis, as discussed in the
reported work.13 The results of locally projected density of
states calculations shown in Figure S7 bolster the conclusion.
The expectation that the different surroundings of the

platinum in Pt/MgO400 and Pt/MgO700 are characterized by
markedly different reactivities was confirmed by IR spectra of
samples exposed to CO. CO was adsorbed on Pt/MgO400 at
room temperature and found to be characterized by a band at
2085 cm−1 (Figure 3a), with a full width at half-maximum
(fwhm) value of only 17 cm−1, which is assigned to CO on
atomically dispersed Ptδ+.28 The narrowness of the band
implies that the species were nearly uniform in structure.29

This band shifted to 2034 cm−1 when the sample at room
temperature was exposed to 13CO, as this ligand displaced
12CO; the frequencies are consistent with the harmonic
approximation and confirm the identification of terminally
bonded CO on the platinum (Figure 3a).30 These results are
confirmed by the DFT-predicted 12CO and 13CO frequencies
(Figure 3b, Figure S9, and Table S2).24,31

In sharp contrast to these results, the IR spectra provide no
evidence of room-temperature CO adsorption on the sample
with the subsurface platinum (Figure 3c).13 Thus, the IR data
are in good agreement with the XAS data showing that the
highly coordinated Pt4+ species in the second layer of MgO
([100]Mg‑vac/sub1) were less accessible to reactants than those
in the first layer ([100]/sub0/*O2).
These two samples incorporating differently coordinated

platinum were compared as catalysts for CO oxidation in a
conventional once-through plug-flow reactor operated at
atmospheric pressure; the CO/O2 molar ratio in the feed
was 1:4 (Figure 3d). As the temperature of Pt/MgO400 in the
reactor was ramped from room temperature at a rate of 2 °C/
min, CO oxidation activity was first observed at about 120 °C

(and the CO conversion approached 100% at 210 °C). When
the catalyst was Pt/MgO700, a much higher temperature was
required for the onset of catalysis, 180 °C (Figure 3d).13

After use in three comparable independent catalysis
experiments, the Pt/MgO400 sample was exposed to CO and
characterized by IR spectroscopy (Figure S10). The band at
2085 cm−1, which is characteristic of CO on atomically
dispersed platinum,28 was still evident, but it was now
accompanied by a broad absorption centered at 2056 cm−1,
which is assigned to CO adsorbed on metallic platinum
(Figure S10).32 The assignment of these bands as carbonyl
bands was confirmed by the band shifts when each sample at
room temperature was exposed to 13CO, which was observed
to replace 12CO ligands on the platinum (Figure S10).
STEM images of the Pt/MgO400 after use as a catalyst and

EXAFS spectra recorded during catalysis confirm that the
platinum sintered (Figure S11, Figure S12 and Figure S13),
evidently having been reduced by CO and having migrated on
the support surface, forming metallic platinum species. These
results are consistent with prior observations of cluster
formation from atomically dispersed supported platinum (or
palladium) catalysts during CO oxidation,33,34 implying that
the atomically dispersed platinum in Pt/MgO400 is not stable
under CO oxidation conditions and that the catalytically active
species were present in a mixture of atomically dispersed and
metallic platinum; the data are consistent with attribution of
the catalytic activity in that sample to the metallic platinum.
In contrast to these results, the IR data characterizing

platinum in the subsurface sites remained unchanged after
catalysis (Figure S14).13 These less accessible platinum atoms
were not only much less active catalytically than those in the
first MgO layer but also much more resistant to sintering than
the platinum in the first MgO layer, as shown by reported XAS,
IR, and STEM data characterizing the used subsurface
platinum catalyst.13

Trade-offs between high catalytic activity and structural
stability are common in catalysis, often explained by roles of
ligands stabilizing a metal center but limiting access of
reactants to that center. Thus, coordinative unsaturation at
metal centers is needed to allow bonding of reactants. The
results reported here show that the platinum in the second
layer of MgO is markedly less reactive with CO than the
platinum in the first layer and correspondingly less active as a
catalyst for CO oxidation. However, the platinum in the
subsurface sites is much more stableresistant to sintering
than the platinum in the first layer. The data point to a trade-
off between activity and stability of these catalysts and lead one
to reflect on a rough analogy to homogeneous organometallic
catalysis, illustrated by olefin hydroformylation with rhodium
complexes, whereby increased encumbrance (ligation) of a
rhodium center leads to lower activity but a higher selectivity
for aldehyde formation.35,36

The observation of atomically dispersed platinum atoms not
only in the first MgO layer but also in the second layer calls to
mind reports of atomically dispersed supported metals in
which the metals have been regarded as support-embed-
ded.37−39 The literature includes many examples of doped
solid catalysts, with dopants in various and difficult-to-
determine subsurface sites.40,41 The term embedded commonly
implies substitution of an additive or doped metal into sites
such as cation vacancies of supports typified by metal oxides,37

but this term is vague because the substitution can occur both
at the surface and within the bulk of the support.42
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Some prior catalysis investigations acknowledge that subsur-
face platinum could contribute to reactivity, but the authors
did not explicitly consider these sites in models (e.g., ref 43).
Kraushofer et al.44 reported rhodium clusters stabilized in the
subsurface of single-crystal Fe2O3. They characterized both
atomically dispersed rhodium on the surface and subsurface
species formed from it by using XPS and He+ low-energy ion
scattering complemented with DFT calculations. Our results
are contrasted with those of Kraushofer et al.,44 because we
report a comparison of first-layer and second-layer metal
catalysts that are both atomically dispersed and characterized
by evidence of their structures under working catalytic
conditions.
We posit that atomically dispersed platinum on MgO

powder may be regarded as a prototypical catalyst for
investigating the interconversions of noble metal structures
with various metal−support interactions. We envision other
noble metal−support combinations that illustrate new proper-
ties including trade-offs between catalyst stability, activity, and
selectivity and perhaps structures that retain stability while
providing better activity and selectivity.
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