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ABSTRACT: Oxide-supported single-atom Pt materials are
prepared by combining surface organometallic chemisorption
with atomic layer deposition (ALD). Here Pt is supported as a
discrete monatomic “pincer” complex, stabilized by an atomic
layer deposition (ALD) derived oxide overcoat, and then
calcined at 400 °C under O2. ALD-derived Al2O3, TiO2, and
ZnO overlayers are effective in suppressing Pt sintering and
significantly stabilizing single Pt atoms. Furthermore, this
procedure decreases the overall Pt nuclearity (∼1 nm average
particle diameter) versus bare Pt (∼3.8 nm average diameter),
as assayed by aberration corrected HAADF-STEM. The TiO2
and ZnO overcoats are significantly more effective at stabilizing
single-atom Pt species and decreasing the overall Pt nuclearity than Al2O3 overcoats. Vibrational spectroscopy of adsorbed CO
also shows that oxidized Pt species commonly thought to be single Pt atoms are inactive for catalytic oxidation of adsorbed CO.
CO chemisorption measurements show site blockage by the ALD overcoats.

■ INTRODUCTION

The study of isolated, supported late-transition-metal single-
atom heterogeneous catalysts has recently become an area of
intense research interest due to recent promising applications in
catalytic CO oxidation,1−6 methanol steam re-forming,7−9

selective alcohol oxidation,10 ethanol dehydration,11 olefin
and alkyne hydrogenation,12−16 and the water-gas shift
reaction,17−28 as well as in other transformations.29−36 Despite
this rapid progress, the synthesis of such catalysts is not well-
controlled or general. Known approaches include utilizing
highly reducible supports,1,4,6,17,29,30,32 supports with high
defect densities,2,10,37,38 addition of alkali-metal and f-element
dopants,3,19,21,22,39 cyanide-based metal leaching proto-
cols,20,22,28,40 and introduction of strongly binding N,S donor
atoms into the support.12,35,41 Considering both the recent and
projected future growth of this promising area of science and
technology, it is of interest to explore rational and generalizable
methods for synthesizing such single-atom species. The primary
challenges in such a synthetic effort are to deposit the late-
transition-metal atoms on moderate-surface-area oxide supports

as monatomic species and to then develop strategies that
mitigate sintering, even under high-temperature oxidative
calcination. Furthermore, such methods should be applicable
to supports that do not have high surface areas or high defect
densities, since atomic isolation of metal atoms at extremely
low surface densities is kinetically favorable.
There are a number of available strategies for depositing well-

defined monatomic late-transition-metal species onto oxide
supports. These include metal evaporation, “soft landing”,42−44

and the chemisorption of intact organometallic species.45−80 Of
these approaches, organometallic chemisorption was chosen
here due to its ability to deliver well-defined metal precursors to
high-surface-area supports with uniform nuclearity. Paired with
a strategy for mitigating sintering, a robust synthetic procedure
can be envisaged whereby deposited Pt organometallic
complexes remain monatomic even upon high-temperature
thermal treatment and ligand removal.
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ALD overcoating is a highly effective method for suppressing
nanoparticle agglomeration and could conceivably be used to
stabilize single atoms. Recently, it has been shown that Pd
nanoparticles can be protected from sintering by overcoating
with ALD-derived Al2O3. The resulting material does not
exhibit observable thermal sintering on heating to 500 °C and
under ethane oxidative dehydrogenation (ODH) conditions at
600 °C,81−83 whereas control samples without the ALD
overcoats exhibit extensive particle agglomeration under
identical conditions. In addition to the stability imparted to
these nanoparticles, the ALD methodology offers the advantage
of selectively depositing variable numbers of oxide overcoat
layers even under thermally mild conditions (50 °C),84−90

which should prevent premature thermal decomposition of
deposited organometallic species. This approach has been
utilized by other research groups, although the overcoats were
not necessarily prepared by ALD.91−101

Recent work in this laboratory has shown that highly
dispersed low-coordinate Pd sites can be efficiently prepared by
surface organometallic chemisorption.102 Since low coordina-
tion of metal centers can only be fully achieved when they are
atomically dispersed,36 we envisioned that, by combining this
methodology with ALD, the synthesis of oxide-supported
single-atom catalysts could be explored in a rational fashion.
Here we report a synthetic approach to stabilizing Pt single
atoms on Al2O3 by combining surface organometallic
chemisorption with ALD techniques (Scheme 1). First, the
complex (PhPCP)Pt-OH is chemisorbed on Al2O3 from
solution. The resulting material is next overcoated with oxide

layers by ALD to suppress agglomeration and then calcined
under flowing O2 at 400 °C to remove the ancillary ligands.
The final materials are then characterized by aberration-
corrected HAADF STEM (AC-HAADF STEM), CO adsorp-
tion/diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), and XPS.

■ RESULTS
(PhPCP)Pt-OH Chemisorption. The organometallic pre-

cursor (PhPCP)Pt-OH was selected for this study for both the
kinetically robust coordination offered by the PCP ligand and
the air stability of the resulting Pt-OH complex (Scheme 1).103

Moreover, (PhPCP)Pt-OH contains ligand framework P atoms
which allow tracking the state of the supported complex during
the chemisorption, ALD, and calcination processes by 31P
CPMAS solid-state NMR spectroscopy. (PhPCP)Pt-OH is also
a good precursor candidate due to its protonolytic reactivity.104

Analogous complexes such as (tBuPCP)Pd-OH are known to
exchange the −OH ligand with alcohols to yield alkox-
ides.105,106 Upon reaction of the Al2O3 powder with a
benzene-d6 solution of the precursor, adsorption of a significant
amount of the precursor is observed in the solution-phase 1H
NMR, with no evidence of Al2O3-induced decomposition
(Figure S1 in the Supporting Information). This indicates that
the precursor is indeed bound to the Al2O3 surface. Further
evidence of successful chemisorption is indicated by solution-
phase and solid-state CPMAS 31P NMR studies. The 31P
chemical shift in benzene-d6 of the P centers in the intact
(PhPCP)Pt-OH complex is observed at δ 30 ppm (Figure 1A).

Scheme 1. Overall Schematic for Proposed Single Pt Atom Synthetic Methodology Combining Surface Organometallic
Chemisorption and ALD Approaches
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In comparison, a similarly positioned peak at δ 35 ppm is
observed in solid-state CPMAS 31P NMR of (PhPCP)Pt-Al2O3
(Figure 1B), arguing that the (PhPCP)Pt-O− framework is
indeed intact. Thus, similarly sized 31P NMR shifts of surface-
bound organometallics relative to those of the corresponding
intact solution-phase precursors were previously observed by
Alper in studies of Pd phosphine complexes supported on
SiO2.

107 The present resonance has a full-width at half-
maximum of approximately 2250 Hz. This is attributed to
overlap of the main isotropic resonance with 195Pt satellites that
arise from 1JPt−P scalar coupling. For reference, the magnitude
of 1JPt−P scalar coupling reported by Bennett et al. for the intact
(PhPCP)Pt-OH was approximately 3064 Hz.103 Scalar JPt−P
coupling in the solid state has also been observed by other
researchers.59,108−110 Despite repeated toluene washes in the
synthetic procedure, the present Pt species remain immobilized
on the oxide support, arguing for chemisorption rather than
physisorption. On the basis of this evidence, it is likely that the
chemisorption process proceeds via protonolytic exchange with
Al2O3 support hydroxyl protons, as depicted in Scheme 1.
Stability of the Supported Organometallic Complex

under ALD and Calcination Conditions. The stability of the
supported Pt complex against reductive decomposition under
ALD conditions was first examined. Various decomposition
pathways are conceivable, since several of the ALD precursors
used in this study contain polarized alkyl groups or strongly
donating anionic ligands which might alkylate and/or reduce
the (PhPCP)Pt-Al2O3 complex. Thus, all ALD experiments were
carried out at 50 °C to minimize thermally induced
decomposition. The consequences of the ALD overcoating
were assessed by solid-state 31P NMR spectroscopy of the
freshly Al2O3 overcoated (20 cycles) material acquired under
the same conditions as for the uncoated sample.
As shown in Figure 1C, the 31P chemical shift remains

essentially unchanged. Upon high-temperature (400 °C)
treatment under O2, a new peak at δ −15 ppm is observed,
indicating the formation of oxidized phosphate species on the
Al2O3 surface.

111−113 Therefore, even after ALD, O2 is still able
to access the (PhPCP)Pt-Al2O3 species and oxidatively
decompose the PhPCP ligand. Analogously, the same experi-
ments were performed with TiO2 and ZnO overcoats and

similar results are observed (Figures S2 and S3 in the
Supporting Information).

AC-HAADF-STEM Study. Images of large areas of
uncalcined (PhPCP)Pt-Al2O3 taken by HAADF-STEM (without
aberration correction) show no evidence of nanoparticle
formation (Figure S4 in the Supporting Information). Higher
magnification images obtained by AC-HAADF-STEM (Figure
2A) reveal the presence of single Pt atoms and the absence of
nanoparticles, although electron-beam-induced mobility, a
common phenomenon in such experiments, was ob-
served.114−118 In some cases, for example, images taken of
the same area reveal different spatial arrangements of single
atoms. This is consistent with Pt remaining as an isolated
organometallic species upon supporting on Al2O3. After
calcination at 400 °C, (PhPCP)Pt-Al2O3 exhibits significant
sintering, and Pt nanoparticles up to 10 nm in size are
observed.
However, a detailed particle count reveals that the majority

of the observed Pt species are single atoms. Specifically, on the
basis of the TEM images (Figure 2B), ca. 70% of the imaged Pt
species are in single-atom form, while particles up to 10 nm are
also observed. In order to obtain a meaningful analysis of the
sizes of the nanoparticles observed in each sample, particle size
distributions were obtained by analyzing the nanoparticle Pt
domains (i.e., all Pt domains that were not in single atom
form). In this nomenclature, each instance of physically isolated
Pt cluster or nanoparticle is counted as one domain. Thus, after
calcination, in addition to single Pt atoms, (PhPCP)Pt-Al2O3
forms nanoparticles that are 3.8 nm in diameter on average,
with particles as large as 10 nm observed as well.
For the Al2O3-overcoated sample, sintering is once again

evident and particles up to ca. 10 nm are observed by AC-
HAADF-STEM (Figure 2C). As in the previous nonovercoated
samples, ca. 70% of the imaged Pt species are in single-atom
form. However, an analysis of the nanoparticle fraction of the
Pt species (Figure 3) shows that the ALD Al2O3 overcoats are
modestly effective at reducing the average particle size. This is
in agreement with previous studies showing that ALD Al2O3
overcoats selectively block reactive edges and corner sites to
stabilize small 1−2 nm Pd particles against thermal sintering.83

However, because ALD overcoating in this study is performed
prior to decomposition of the Pt precursor to nanoparticles, it
is unclear if this mechanism is operative here. The dispersion of
the present supported Pt species can also be increased by
adding a more reducible metal oxide phase. This approach has
been previously exploited to stabilize small Pt nanoparticle
domains,91−101 and it is known that the sintering rates of single-
atom Pt are support dependent and that supports which
interact more strongly with Pt can significantly inhibit
sintering.119,120 Thus, studies were performed here in which
(PhPCP)Pt-Al2O3 was overcoated with an oxide other than
Al2O3 with the goal of introducing a phase that interacts
differently with Pt in comparison to the support. In this case,
both ZnO and TiO2 overcoats were investigated by employing
well-established procedures84−90 to target similar overcoat
thickness compared to the Al2O3-coated sample for a fair
comparison across samples.
For (PhPCP)Pt-Al2O3 centers overcoated with ZnO and

TiO2, followed by calcination under O2 at 400 °C, no
nanoparticles significantly larger than 2 nm are observed,
implying a significant stabilizing effect. Particle size distribu-
tions, with the single-atom fraction excluded, are shown in
Figure 3. As can be seen for the overcoated samples, the vast

Figure 1. (A) 31P NMR spectrum of (PhPCP)Pt-OH (400 MHz,
C6D6). (B−D) 31P CPMAS solid state NMR stackplot spectra (MAS
rate, 10 kHz; contact time, 5 ms; recycle delay time, 5 s; NS, 5000
scans) of (B) (PhPCP)Pt-Al2O3 without calcination, (C) 20Al-
(PhPCP)Pt-Al2O3 prior to calcination, and (D) 20Al-(PhPCP)Pt-
Al2O3-400 cal (Pt omitted for clarity).
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majority of nanoparticles are in the 0−2 nm size range. The
overcoated samples also display universally lower mean particle
sizes (ca. 1 nm).
Note, however, that the TiO2- and ZnO-containing samples

are not uniformly overcoated, as determined by AC- HAADF-
STEM. The 40Ti-(PhPCP)Pt-Al2O3-400 cal sample shows
several discrete TiO2 nanoparticles, as well as possibly
inhomogeneous TiO2 coatings on the Al2O3 nanospheres

(Figure S5 in the Supporting Information). This behavior has
been previously observed by de Resende, who prepared TiO2-
coated Al2O3 supports by solution-phase methods. In that
study, it was observed that at a sufficiently high weight loading,
33% of the surface density of TiO2 used in this study, anatase
crystallites along with a surface coating were formed on the
Al2O3 support.

121 Similarly, ZnO domains are observed here on
20Zn-(PhPCP)Pt-Al2O3-400 cal, and the overcoats are not of
uniform thickness (Figure S5). EDS analysis of the “uncoated”
domains in 40Ti-(PhPCP)Pt-Al2O3-400 cal nevertheless shows
deposition of varying, smaller amounts of TiO2 (Figure S6 in
the Supporting Information). A weight-based distribution of
the observed Pt species is also obtained. For this analysis, the
percentage of Pt in single-atom form in each sample is
estimated by obtaining the area density of single Pt atoms
observed ((atoms of Pt)/(nm2 sample area)) in high-
magnification images by AC-HAADF-STEM. This number is
then multiplied by the total sample area imaged by AC-
HAADF-STEM at lower magnification, where nanoparticles
and clusters, but not necessarily single atoms, are observable, to
obtain an estimated count of single atoms present. The number
of Pt atoms allocated to each nanoparticle observed is then
estimated by assuming each has a hemispherical shape.122

This analysis shows that the quantity of Pt in single-atom
form increases in the order (PhPCP)Pt-Al2O3-400 cal (5%) <
20Al-(PhPCP)Pt-Al2O3-400 cal (18%) < 20Zn-(PhPCP)Pt-
Al2O3-400 cal (35%) < 40Ti-(PhPCP)Pt-Al2O3-400 cal
(>95%). Pt atom percentage distributions derived by this
method are shown in Figure S7 in the Supporting Information.
Although these percentages are estimates, as a metric they
provide a pragmatic approach to evaluating the extent to which
single atoms are stabilized by the ALD overcoating materials
used in this study. It should also be noted, however, that for the
20Zn-(PhPCP)Pt-Al2O3-400 cal sample fully formed nano-
particles (>2 nm) are found to be selectively concentrated on
unovercoated Al2O3 nanospheres. Some subnanometer and 1
nm rafts are also observed over some discrete crystalline ZnO
domains. Overall, this indicates significant Pt single-atom and
small-domain stabilization by ZnO overcoating.

CO Adsorption/DRIFTS Analysis. Structural character-
ization of Pt center structures by CO chemisorption is an
established method2,5,123−136 for analyzing Pt species, including

Figure 2. HAADF images of (A) (PhPCP)Pt-Al2O3 prior to
calcination, (B) (PhPCP)Pt-Al2O3-400 cal, (C) 20Al-(PhPCP)Pt-
Al2O3-400 cal, (D) 40Ti-(PhPCP)Pt-Al2O3-400 cal, and (E) 20Zn-
(PhPCP)Pt-Al2O3-400 cal. Select single atoms are encircled in yellow.

Figure 3. Particle size distributions (excluding single atoms) of (A)
(PhPCP)Pt-Al2O3-400 cal, (B) 20Al-(PhPCP)Pt-Al2O3, (C) 40Ti-
(PhPCP)Pt-Al2O3-400 cal, and (D) 20Zn-(PhPCP)Pt-Al2O3-400 cal.
In this analysis, any physically isolated Pt cluster or nanoparticle
counts as one “domain”, regardless of the size.
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single Pt atoms. Two C−O stretching modes having two
different frequencies are commonly studied: that of CO
adsorbed linearly to one Pt atom and that of CO adsorbed in
a bridging fashion to two Pt atoms. Due to the breadth of the
bridging peak, the linear CO stretch is more informative and
allows probing of single atom and nanoparticle species. On the
basis of literature reports, CO adsorbed on Pt nanoparticles has
C−O stretching frequencies in the 2050−2100 cm−1 range.
Peaks at frequencies higher than 2100 cm−1 are assigned to
oxidized cationic Pt species, the chemical state in which single
Pt atoms are known to exist.2,5,123−135 For an illustration of
linear CO binding modes and IR frequency band assignments,
see Table 1. For (PhPCP)Pt-Al2O3-400 cal, two peaks are

observed at 2118 and 2088 cm−1, both corresponding to linear
C−O stretching modes (Figure 4). From literature precedent,
the 2118 cm−1 peak is assigned to CO adsorbed to single-atom
Pt species, while that at 2088 cm−1 is assigned to Pt
nanoparticles. When the sample is heated to 100 °C under
O2, the peak at 2088 cm−1 disappears, and the peak
corresponding to CO adsorbed to single atoms remains. This
result indicates that, at 100 °C, single-atom Pt on Al2O3 is less
capable of oxidizing CO, in accord with the conclusions of
Moses-DeBusk et al.2 In that study, the light-off temperature for
CO oxidation over a Pt/Al2O3 catalyst containing only single-
atom Pt was reported to be 200 °C, whereas nanoparticle-
containing catalysts mediated CO oxidation at far lower
temperatures.2 Also, recent work by Ding et al. shows that
the single-atom Pt species on non-reducible oxides are not
active sites for CO oxidation or the water-gas shift reaction.135

For the overcoated material 20Al-(PhPCP)Pt-Al2O3-400 cal,
two peaks at 2110 and 2088 cm−1 are similarly observed. These
peaks are assigned analogously to those observed for (PhPCP)-
Pt-Al2O3-400 cal. For this material, the ratio of the intensities
between the peak assigned to single-atom Pt and the peak
assigned to Pt nanoparticles is much greater. This result implies
that the Al2O3 overcoating significantly decreases the number
of the exposed Pt nanoparticles by physically restricting access
to these sites. Upon heating to 100 °C under O2 for 5 min, the
single-atom peak remains, albeit slightly decreased in intensity,
and the peak assigned to Pt nanoparticles is no longer observed.
For 40Ti-(PhPCP)Pt-Al2O3-400 cal, a peak at 2110 cm−1 is

observed and a smaller peak is observed at the region assigned

to reduced Pt nanoparticles (<2100 cm−1). The peak at 2110
cm−1 is indicative of an oxidized Pt species on TiO2 and is thus
assigned to the Pt single-atom species.137 This is in agreement
with the HAADF-STEM data, where very few Pt nanoparticles
are observed. Upon heating in O2 to 100 °C, the peak at 2110
cm−1 remains, while the shoulder at 2090 cm−1 decreases in
intensity. This indicates that highly oxidized single-atom species
are less reactive than Pt nanoclusters for oxidizing adsorbed
CO.2,135

The DRIFTS spectrum of CO adsorbed on 20Zn-(PhPCP)-
Pt-Al2O3 also reveals a peak at 2090 cm−1 and an overlapping
peak at 2120 cm−1 (Figure 4D). The lower frequency peak is
assigned to reduced Pt nanoparticles. When the sampled is
heated to 100 °C under O2, this peak vanishes while the higher
frequency peak at 2120 cm−1 remains, similarly to that of the
TiO2-coated sample.

XPS Analysis. Pt 4d5/2 XPS studies were also performed on
the supported Pt materials (Figure 5). Prior to calcination,
(PhPCP)Pt-Al2O3 exhibits a spectral feature at approximately
316.0 eV. Because Pt 4d5/2 binding energies due to Pt0 species
are commonly observed as high as 314.7 eV, this peak is
assigned to the intact supported Pt2+ organometallic. For bare
calcined (PhPCP)Pt-Al2O3-400 cal, features at 314.0 eV (70%)
and 318.6 eV (30%) are observed and can be assigned to
reduced Pt and oxidized Pt species, respectively.125,137−140 On
the basis of the intensity profiles, it is apparent that Pt0

dominates on the bare material, indicating a preponderance
of nanoparticle Pt species. For 20Al-(PhPCP)Pt-Al2O3-400 cal,
peaks at 317.0 eV (42%) and 313.9 eV (58%) are apparent and
similarly assigned.
The XPS spectrum of 40Ti-(PhPCP)Pt-Al2O3-400 cal exhibits

a single feature at 316.3 eV, which is assigned to Pt2+

complexes.137−140 This implies that the material contains a
large amount of oxidized species. Because both nanoparticles
and single Pt atoms are observed by HAADF-STEM for this
sample, it is reasonable to assign the feature to oxidized forms

Table 1. Illustration of CO Linearly Bound on Pt and
Corresponding Spectroscopic Assignments

Pt site oxidation state frequency (cm−1)

nanoparticles 0 2030−2100
nanoparticles cationic (2+ or δ+) 2080−2120
single atoms cationic (2+ or δ+) 2080−2120

Figure 4. DRIFTS spectra (blue) of CO adsorbed on (A) (PhPCP)Pt-
Al2O3-400 cal, (B) 20Al-(

PhPCP)Pt-Al2O3-400 cal, (C) 40Ti-(
PhPCP)-

Pt-Al2O3-400 cal, (D) 20Zn-(PhPCP)Pt-Al2O3-400 cal, and accom-
panying spectra (brown) after desorption under O2 at 100 °C. Peak
assignments for single atoms (S.A.) are in areas shaded in green and
nanoparticles (NPs) in areas shaded in red.
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of both Pt species. The noticeably higher proportion of
oxidized species is also consistent with the estimated
percentage of single atoms in the TiO2-overcoated sample
(95%). XPS analysis of 20Zn-(PhPCP)Pt-Al2O3-400 cal could
not be acquired due to overlap with a Zn Auger peak.141

■ DISCUSSION
The 31P NMR experiments performed in this study allow
informative tracking of the state of the Pt precursor through the
sequence of synthetic steps. First, by solution-phase NMR, we
can confirm chemisorption of the intact (PhPCP)Pt-O− entity
on Al2O3. Known chemistries regarding similar Pd com-
plexes,105 and the fact that several washes with toluene do not
leach the supported Pt species, argue that the deposition
process is chemisorption and not physisorption. In either case,
strong binding is confirmed by solid-state 31P NMR and ICP-
AES analysis. In addition, the reactivity of the pincer complex
on the surface is monitored by the solid-state 31P NMR
experiments. Using this technique, it is found that the pincer
complex retains its structural integrity throughout the ALD
process. Thus, observing only phosphate species on the
calcined materials by solid-state 31P NMR indicates that
calcination under O2 at 400 °C completely decomposes the
pincer ligand. Furthermore, imaging of the precalcined material
by AC-HAADF-STEM reveals no Pt nanoparticles. Both lines
of evidence indicate that sintering takes place exclusively during
calcination. Note that while surface dopants such as Na19,142

and La3 are known to stabilize Pt single atoms, surface
phosphate species do not play a major role in the stabilization
of Pt single atoms against sintering in the present system, as
shown in the case of (PhPCP)Pt-Al2O3-400 cal. While it is likely
that surface phosphates can potentially alter the electronics of
Pt species, it is clear from the present results that sintering is
inevitable unless an ALD overcoat is applied.
The synthetic strategy applied here selectively yields catalysts

that predominantly contain single Pt atoms. For the bare/
nonovercoated and the Al2O3-overcoated Pt centers, calcination
at 400 °C under O2 results in significant sintering, and particles
up to 10 nm can be observed by AC-HAADF-STEM. Al2O3-

overcoated samples, however, exhibit significantly smaller
average nanoparticle sizes relative to the bare sample (1.7 vs
3.8 nm). For Pt centers overcoated with TiO2 and ZnO, the
largest Pt nanoparticles observed by AC-HAADF-STEM are ca.
2 and 5 nm, respectively. For the TiO2-overcoated samples, an
even greater single-atom Pt stabilization is observed and the
area averaged estimates of the atom percentage of single-atom
Pt support this assessment. Furthermore, although the area-
density-based count of single atoms indicates that only ca. 41%
of the Pt is in single-atom form in the ZnO-coated sample, it
should be noted that only a small minority of the Pt
nanoparticles 2 nm or greater (ca. 2% of the total imaged)
are observed in areas where ZnO overcoats are clearly visible
(10% of total area observed), implying that these overlayers are
very effective for Pt single-atom stabilization. A similar study by
Flytzani-Stephanopoulos et al. reported similar stabilization of
Au single atoms and the inhibition of nanoparticle growth by
ZnO domains on ZrO2.

8,11 Note that the synthetic strategy
employed here does not require the support to have a high
surface area and can conceivably be applied to other oxides as
well. Although our Pt loading is modest, in terms of surface
metal density, the result (∼0.09 Pt per nm2) is comparable to
that of other oxide-supported Pt single-atom systems (0.01−
0.16 Pt/nm2).1,2,7,19,33,37

DRIFTS spectra of adsorbed CO reveal a similar trend. Thus,
the bare Pt centers exhibit a much larger peak corresponding to
Pt nanoparticles versus the overcoated Pt centers, although it
should be noted that, because a significant portion of the Pt
species are rendered physically inaccessible by the overcoats,
qualitatively lower overall IR signal intensities are observed for
the overcoated samples. The similarity in CO adsorption peak
positions of the samples, bare and overcoated, suggests that the
chemical environments of the exposed metal species are
comparable. Furthermore, strong metal−support interactions
(SMSI) between Pt and oxide layers such as TiO2 resulting in
Pt encapsulation or migration into the overcoat is not likely,
since reduction of the sample is a prerequisite for this to occur.
Single Pt atoms supported on redox-active supports such as
FeOx and TiO2 are known to exhibit CO oxidation activity even
at room temperature.1,142 However, all samples in our study
exhibit similar trends in CO oxidation experiments where CO
adsorbed on single-atom Pt is more difficult to oxidize than CO
adsorbed on Pt nanoparticles, even at 100 °C. Our results are in
agreement with the work of Moses-DeBusk et al.2 and Ding et
al.,135 where Pt single atoms were exclusively supported on a
non-redox-active oxide. Therefore, we believe that the Pt
species we observe primarily reside on the support and possibly
at the support−overcoat interface rather than migrating into
the overcoat oxide layer.
Analysis of the XPS spectra of uncalcined (PhPCP)Pt-Al2O3

reveals a single feature at 316.0 eV, which supports the scenario
that a discrete organometallic complex is adsorbed on the Al2O3
support. After calcination, XPS of (PhPCP)Pt-Al2O3-400 cal and
20Al-(PhPCP)Pt-Al2O3-400 cal indicates the presence of both
reduced and oxidized Pt species. While the presence of Pt0 is
undoubtedly an indication that nanoparticles are formed, the
presence of Pt2+ or Pt4+ can be assigned to isolated single
atoms, subnanometer clusters or interfacial sites, and nano-
particle surface sites. Thus, the exact proportions of Pt2+ and
Pt4+ do not yield meaningful conclusions about the speciation
of surface Pt and were not fitted explicitly. In contrast, the XPS
spectrum of the TiO2-overcoated 40Ti-(PhPCP)Pt-Al2O3-400
cal sample shows exclusively oxidized Pt species. The presence

Figure 5. Pt 4d5/2 XPS spectra of (A) (PhPCP)Pt-Al2O3, (B)
(PhPCP)Pt-Al2O3-400 cal, (C) 20Al-(PhPCP)Pt-Al2O3-400 cal, and
(D) 40Ti-(PhPCP)Pt-Al2O3-400 cal: red, overall fit; green, reduced Pt
fit; blue, oxidized Pt fit.
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of the Pt0 peak indicates Pt sintering and the formation of large
Pt domains, while a symmetric Pt2+ peak strongly suggests the
presence of a single surface species. Note that, however, while
the proportion of surface Pt2+ seemly correlates with increased
single-atom population, the correlation between XPS-derived
oxidation states for surface Pt species and their coordination
environment or thermal stability has not been unambiguously
established. Although it is difficult to draw definitive
conclusions regarding what exact oxidation state is more stable
than the other, it is apparent that ALD overcoats in general
increase the population of Pt single atoms and small Pt
domains. For the bare and Al2O3-coated samples, these results
corroborate the presence of a mixture of Pt nanoparticles and
the divergence of the Pt XPS peak from Pt2+ is an indication of
increased heterogeneity of surface Pt species. On the basis of
the DRIFTS and AC-HAADF-STEM data, the presence of only
oxidized Pt species on the TiO2-overcoated sample is entirely
consistent with the presence of a large percentage of single Pt
atoms.
The percentage of accessible Pt sites was probed by

measuring the quantity of CO adsorbed on the prepared
materials. Thus, bare (PhPCP)Pt-Al2O3-400 cal shows a
dispersion of 26%, while 20Al-(PhPCP)Pt-Al2O3-400 cal
shows an even lower dispersion of 12%, which likely results
from the Al2O3 overcoats obstructing CO access to the Pt sites.
Upon overcoating with TiO2, an increase in dispersion to 62%
is observed, indicating the presence of far smaller Pt
nuclearities. This high Pt surface accessibility can also be
attributed to the fact that both TiO2 crystallite formation and
uniform overcoating are observed, which result, on average, in
thinner overcoats (some of which are not easily observable by
AC-HAADF-STEM). For the ZnO-coated samples, significant
site blocking is observed, and only 26% of Pt sites are exposed,
despite indications by HAADF-STEM that this material
contains a large number of single Pt atoms and smaller
nanoparticles. Apart from physical blocking by the ZnO
overcoat, an alternative explanation that has been frequently
advanced in the literature is Pt-Zn alloy formation, which is
known to decrease CO uptake by Pt/ZnO catalysts.143 Pt0 and
Zn0 in close physical contact form intermetallic compounds at
temperatures as low as 127 °C,144 and H2-induced reduction
and subsequent Pt-Zn alloy formation from Pt supported on
ZnO can occur at 227 °C.145,146 As discussed previously,
sintering of surface Pt takes place exclusively during the
calcination process; however, we further reduced the samples to
show the effectiveness of the overcoats. As expected, CO
adsorption measurements on 20Zn-(PhPCP)Pt-Al2O3-400 cal
reduced with H2 at 250 °C indeed result in extensive adsorbed
CO signal loss, indicative of alloy formation (Figure S8 in the
Supporting Information). Similar CO adsorption measure-
ments performed on other samples reduced in a similar fashion,
however, give results similar (Figure S8) to those of the
calcined samples: the CO adsorption peak assigned to CO
adsorbed on Pt single atoms is more evident in the TiO2-
overcoated sample, suggesting that TiO2 overcoats are more
effective at stabilizing Pt single atoms than Al2O3 overcoats.
While SMSI between Pt and TiO2 can potentially play a role in
the stabilization of the Pt single atoms, this nevertheless
exemplifies the stabilization capacity of ALD-overcoated layers
under conditions relevant to reactions such as the low-
temperature water-gas shift22,135 process. Such catalytic studies
are beyond the scope of this paper, where we focus on the
synthetic methodology of such potential catalysts.

The above data therefore suggest not only that the ALD
overcoats increase the density of single Pt atoms and small Pt
domains relative to larger Pt nanoparticles but also that they
disproportionately reduce access to the Pt nanoparticles.
Considering that sintering occurs despite the fact that the
deposited monometallic Pt precursor is overcoated before it is
calcined, it is likely that thermally induced migration of the Pt
single atoms across the overcoats occurs. This is also a possible
mechanism by which CO can gain access to overcoated single-
atom Pt. While decreasing the number of ALD cycles may
increase the quantity of accessible Pt, the relatively thick (1−2
nm) overcoats were deliberately selected to avoid significant
“pinhole” densities present in thin TiO2 and ZnO overcoats,
especially at low temperature (50 °C). More importantly,
selective sintering and agglomeration of Pt species were
observed in the ZnO-coated sample, where the support was
not fully coated. It is possible that sparse ZnO coverages
(equivalent to a few ALD cycles) are present, but this cannot be
rigorously confirmed by HAADF-STEM. While thinner ALD
coatings may indeed provide stabilization of surface Pt, this is
very difficult to prove, in contrast to the thicker coatings that
can be readily verified by microscopy and other supporting
data.
Finally, we note that the TiO2 and ZnO overcoats are

significantly more effective in stabilizing Pt single atoms and
small Pt domains than are Al2O3 overcoats. While the reason
for this is currently not completely obvious, it is consistent with
literature examples where heteroatom metal−oxo species
dispersed onto oxide carriers are known to stabilize single
noble metal atom species.3,8,11,19,21 The stabilization of small Pt
nanoparticles and single atoms by Al2O3 overcoats may possibly
arise from additional defect sites on the overcoat, since defect
sites on Al2O3 have previously been shown to stabilize single-
atom Pt.2,37,38

■ CONCLUSIONS

A novel rational synthetic methodology combining surface
organometallic chemistry and overcoating by atomic layer
deposition has been developed for the preparation of single-
atom Pt catalysts on a commercially available Al2O3 support
with moderate surface area. It is shown that solution-phase
grafting of the organometallic Pt precursor can atomically
disperse the metal species on the support surface, while
overcoating generally increases dispersion and increases the
population of Pt single atoms even after harsh thermal
treatment. In addition, TiO2 overcoats stabilize smaller Pt
species markedly more than Al2O3 or ZnO overcoats, achieving
>95% Pt single-atom population. This represents a widely
applicable strategy of synthesizing supported single atoms
without the need for high-surface-area supports and is
potentially extendable to the synthesis of other supported
single-atom catalyst systems with different organometallic
precursor and oxide support combinations.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations of air- and moisture-

sensitive compounds were carried out with rigorous exclusion of O2
and moisture in flame- or oven-dried Schlenk-type glassware interfaced
to a dual-manifold Schlenk line or a high-vacuum (10−5−10−6 Torr)
line or in an Ar filled MBraun Labstar glovebox with a high-capacity
recirculator (<0.5 ppm of O2). All hydrocarbon solvents (n-pentane,
benzene, and toluene) were purified using a Grubbs solvent system.147

Diethyl ether and THF were distilled from Na/benzophenone ketyl.
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All other starting materials were purchased from Sigma-Aldrich
Chemical Co., Strem Chemicals Inc., or Alfa Aesar and used without
further purification unless otherwise noted. The spherical Al2O3
support (NanoArc, Alfa Aesar) used in this work is a 70:30 mixture
of δ- and γ-alumina, respectively, is nonporous, and has a surface area
of 30−40 m2/g. All gases were purchased from Airgas or Matheson
Tri-Gas. The complex (PhPCP)Pt-OH103 was prepared by a
modification of known literature methods (see the Supporting
Information) and characterized by 1H and 31P NMR.
Support Pretreatment. Prior to any synthetic steps, the NanoArc

Al2O3 was pretreated by calcination for 4 h under O2 at 400 °C and
then rehydroxylated overnight by flowing water vapor at 25 °C,
delivered via a saturator. Finally, it was dried at 120 °C under high
vacuum (ca. 10−6 Torr) and then stored in an Ar-filled glovebox.
Synthesis of Supported Organometallic Complex (PhPCP)Pt-

Al2O3. In a typical procedure for the chemisorption of (PhPCP)Pt-OH
on Al2O3, 25 mg of the (PhPCP)Pt-OH complex was loaded into a
Schlenk flask. Separately, 6.0 g of NanoArc Al2O3 was loaded into a
flask, which was then attached onto a swivel-frit setup. The NanoArc
Al2O3 was slurried in 200 mL of toluene, after which a 100 mL toluene
solution of (PhPCP)Pt-OH was added via cannula filter dropwise into
the Al2O3 slurry with vigorous magnetic stirring. The sample was
stirred overnight, the supernatant liquid removed via filtration, and the
powder washed four times with 60 mL of toluene to remove any
precursor that was not chemically bound to the Al2O3 support. The
resulting (PhPCP)Pt-Al2O3 powder was dried under vacuum overnight
and stored in a glovebox. To measure the Pt content, samples were
sent to Galbraith Laboratories for ICP-AES analysis. Samples used in
this work were 0.09−0.1 wt % Pt unless otherwise stated.148

ALD Overcoating of (PhPCP)Pt-Al2O3. All ALD overcoating
processes were performed in a home-built viscous flow reactor.149 The
reactor was maintained at a pressure of 1−2 Torr and was under
constant ultrahigh-purity N2 flow at 200 sccm for the duration of the
ALD processes. Al(CH3)3 (TMA) and deionized water were used to
grow Al2O3 layers, Zn(C2H5)2 and deionized water were used to grow
ZnO layers, and Ti[N(CH3)2]4 (TDMAT) and deionized water were
used to grow TiO2 overcoats. To obtain sufficient vapor pressure and
growth, the TDMAT precursor was dosed from a stainless steel
saturator at room temperature. All films were grown at a reactor
temperature of 50 °C. Mass gains were quantified by weighing the
sample tray before and after the overcoating process.
Timing sequences for the ALD cycles are expressed in the form t1−

t2−t3−t4, where t1 is the duration of the “A” precursor, t2 is the
duration (in s) of the corresponding purge, t3 is the duration of the
“B” precursor, and t4 is then the duration of its corresponding purge.
For TMA/H2O, 1.0 g of substrate was loaded onto the reactor and a
timing sequence of 600−600−600−600 was used. For Zn(C2H5)2/
H2O, 0.5 g of substrate was loaded into the reactor and a
corresponding timing sequence of 300−600−300−600 was used.
For TDMAT/H2O, 0.5 g of substrate was loaded into the reactor and
a timing sequence of 150−450−150−450 was used.
Calcination. To remove the remaining ligands and organics and

obtain the final activated material, both uncoated and overcoated
samples were calcined in a Lindberg/Blue-M TF55035A tube furnace
at 400 °C (unless otherwise stated) under flowing O2 for 4 h.
Henceforth, the materials nomenclature will specify the number of
oxide ALD overcoating cycles, the material, and the calcination
temperature under O2 in °C.
Solid-State 31P NMR. 31P cross-polarization magic angle spinning

(CPMAS) solid-state NMR spectra were recorded on a Varian
VXR400 spectrometer, equipped with a 5 mm triple-resonance probe
operated at a MAS rate of 10 kHz. Samples were loaded into
cylindrical zirconia rotors and capped with a solid Teflon cap (in a
glovebox if uncalcined). For routine CPMAS 31P spectra, the following
sequence was used: (i) 90° pulse at the proton frequency (pulse width
3.4 s), (ii) cross-polarization step with a contact time of 5 ms, and (iii)
acquisition of the 31P signal under high-power (50 W) proton
decoupling with a recycle delay time of 5 s, to allow the complete
relaxation of the 1H nuclei. Peaks were referenced to NH4H2PO4,
which is known to have a chemical shift of 0.8 ppm with respect to

85% H3PO4.
150 Approximately 5000−10000 scans were needed to

obtain a satisfactory signal.
CO Adsorption/Diffuse Reflectance Infrared Spectroscopy

(DRIFTS). DRIFTS spectra were obtained on a Nicolet 6700 FT-IR
spectrometer, located at the Northwestern University CleanCat
Facility, with a resolution of 4 cm−1. Samples were held in a Harrick
Praying Mantis cell equipped with either KBr or ZnSe windows. The
cell was equipped with a gas inlet and vent to allow the feeding of
desired reactant or pretreatment gases. In a typical experiment, the
sample was pretreated under zero grade air at 150 °C for 1 h and
cooled to room temperature and the background was allowed to
stabilize for 1−2 h. The stability of the background was evaluated by
taking a background spectrum and then subsequently taking spectra
with this background subtracted. Afterward, the system was placed
under Ar for 5−10 min and a background spectrum was undertaken,
after which 1% CO in N2 was dosed into the cell until no further
growth of peaks corresponding to chemisorbed CO were observed.
Any remaining CO was then purged out with argon gas for 5 min, at
which point infrared bands due to free CO were no longer observable.
Then spectra of the material with adsorbed CO were obtained.

Aberration Corrected High Angle Annular Dark Field
Transmission Electron Microscopy (AC-HAADF-STEM). Images
were obtained on a JEOL JEMARM200CF electron microscope
operating at 200 kV for high spatial resolution HAADF imaging with
an inner collecting angle of 68 mrad and outer collecting angle of 230
mrad. A probe side Cs corrector was used to create a probe size of
approximately 0.078 nm. Under daily operating conditions, the third-
order aberrations remain stable for days while the second-order
aberrations were monitored and corrected as needed during the
experiments. In this mode, species with higher atomic weight appear
brighter than those with lower atomic weight. The samples were either
loaded as dry powder specimens or drop-cast as a suspension in
ethanol onto a Cu grid with a carbon film support. Images were
processed and rendered using Gatan Digital Micrograph software.
Particles and single atoms were manually counted, and particle
diameters were measured manually using ImageJ.151 For all of the
calcined samples, 200−500 domains, including single atoms,
subnanometer clusters, and fully formed nanoparticles were observed.
In some images, occasional Pt “dimers” were observed. These were
counted as separate single atoms, because it could not be ascertained
whether these species form as a consequence of single-atom
movement induced by electron beam exposure.

X-ray Photoelectron Spectroscopy. XPS spectra were collected
on a Thermo Scientific ESCALAB 250Xi instrument, equipped with an
Al Kα radiation source, in a pressure of 10−7 mbar at a pass energy of
50 eV. Because XPS peaks from the Al 2p electrons overlap with the Pt
4f7/2 line, which is the most intense of the Pt lines, binding energies
from the Pt 4d5/2 electrons were investigated instead. Binding energies
were referenced against that of adventitious carbon, which was set at
284.8 eV. Typically, a 100 ms dwell time and 100−200 scans were
used for each spectrum. Spectra were corrected using a Shirley type
background correction. Peaks were fitted with full widths at half-
maximum of 4−6 eV.

Dispersion Measurements. Access to Pt sites was determined by
CO pulse chemisorption152,153 on an AMI-200 TPR/TPO gas
sorption instrument with a TCD detector, located at the Northwestern
University CleanCat Facility. Prior to CO dosing, a sample of known
mass and Pt loading was prereduced at 150 °C under H2. Then, a
known volume of 1% CO/He was dosed at 40 °C. Any CO not
strongly bound to the sample was then purged into the TCD detector.
The pulsing and purging process was repeated 30 times. The signal
detected for the last five pulses, during which time adsorption no
longer occurred, was used as the baseline for zero adsorption.
Assuming a 1:1 CO:Pt ratio, the number of accessible Pt sites was
calculated as the number of moles of CO adsorbed divided by the total
number of moles of Pt, as measured by ICP analysis. For ALD-
overcoated samples, the number of moles of Pt was obtained by using
the Pt weight loading of the un-overcoated material and appropriately
adjusting it, taking into account the measured mass gain from the ALD
process. This protocol was also tested against a Pt/Al2O3 standard with
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34% dispersion provided by Altamira Corp. and was found to be
accurate to within ±10%.
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