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Platinum is one of the most important catalysts currently used
in various chemical processes, such as the removal of pollutants
from automobile exhaust gas,® manufacturing of hydrogen by
electrolysis,>* generation of electricity using fuel cells* and the
production of commodity raw materials via petrochemical
processing.>® In conventional applications, the Pt catalyst is
supported on porous materials with high specific surface areas,
such as carbon, silica (SiO,), alumina (Al,0;), titania (TiO,), and
ceria (CeO,). The role of the supports is to disperse Pt into tiny
nanoparticles so that a high fraction of Pt atoms can be exposed
to the surface for catalytic reactions. The surface-exposed frac-
tion of the metal atoms is called ‘catalyst dispersion’, which
approaches 100% as the diameter decreases to less than 1 nm.
The catalysts, consisting of only a few Pt atoms, have attracted
specific attention in heterogeneous catalysis for several decades
due to the discretization of electronic energy levels from
continuous bands of bulk metal. In recent years, this cutting-
edge interest has been shifting to the complete dispersion of
Pt metal catalysts into single atoms.

The single-atom catalyst (SAC) is emerging as a new, exciting
frontier in catalysis.”® The single-atom nature, lacking metal-
metal bonds with neighboring atoms, is also considered to
provide distinct coordination environments for reactant mole-
cules compared with those around bulk surface atoms. The SAC
may resemble a homogeneous catalyst anchored to the surface
of a porous solid. Recent investigations on SAC have reported
superior selectivity and conversion rates compared with those
of bulk metal catalysts or nanoparticles. These studies were
often focused on SACs supported on porous carbons,>"
Ce0,,"*? and other transition metal oxides, which could exert
strong metal-support interactions (SMSI).**** Regarding the
carbon-supported SACs, there is a general agreement that the
catalyst is metal ion-stabilized through coordination bonding
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for olefin hydrogenation. The Pt(0) state was changed to Pt(iv) by ambient O,, which led to doubt about
oxidation catalytic abilities as Pt(0).

with carbon frameworks.”* In the case of the metal oxide
support, the catalytic atoms can be stabilized through bonding
with oxygen on the oxide surfaces.”*** The catalytic function in
these SAC systems could predominantly arise from catalyst
atoms existing in an ionic state or oxide. Particularly, in the case
of Pt/CeO,, the electron transfer from Pt atoms to ceria alters
the electronic nature of the catalyst atoms substantially.*"*>*®
This phenomenon raises questions about whether the catalysis
can truly be attributed to the SAC of metals in the zero oxidation
state.

To obtain single Pt atoms in the metal-like zero oxidation
state, ie., the Pt(0) SAC, it is important to disperse Pt on the
surface of an inert support that does not have SMSI. Porous
silica is ideal as an inert support, but the lack of SMSI makes it
difficult for the silica surface to stabilize singly dispersed Pt(0)
atoms without agglomeration. The dilemma between the
inertness requirement and the prevention of Pt agglomeration
has been a challenge to date to study the nature of the Pt(0) SAC.
In this regard, we adopted an approach utilizing the entropic
dispersion effect while decreasing the Pt loading (i.e., Pt content
in wt%) on SiO, to extremely low values. This entropic effect at
ultralow Pt loading was monitored by hydrogen chemisorption,
for which a special volumetric adsorption apparatus was built.
Images of the dispersed Pt atoms were obtained by atomic-
resolution scanning transmission electron microscopy
(STEM). Based on this approach, appropriate experimental
conditions to disperse the Pt(0) SAC on SiO, were established.
The Pt oxidation state, thus obtained, was probed by X-ray
absorption near-edge structure (XANES) under H, and after
exposure to air. Extended X-ray absorption fine structure
(EXAFS) was used to confirm the single atomic Pt environment.
Above all, we paid particular attention to whether the Pt(0) SAC
obtained in this manner could chemisorb hydrogen and
therefore catalyze the hydrogenation of olefins, such as n-hex-
ene (n-Cg), propylene (Cs), and ethylene (C,).
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The dispersion of Pt/SiO, was performed by following an
incipient wetness-impregnation process, which was conven-
tionally used to achieve high dispersion of Pt catalysts on
porous solids (see SI for sample preparation). In this process,
a preset amount of aqueous Pt(NH3)4(NOj;), solution was
impregnated into porous silica to have a desired Pt loading in
the range of 0.01-1.0 wt% Pt. The Pt precursor was converted to
PtO, while heating in O,. The Pt(iv) oxide was then converted to
Pt(0) by heating in H,. The Pt(0) could be dispersed into single
atoms or aggregated, depending on the Pt loading and the
treatment temperatures in O, and H,. The resultant effects on
Pt dispersion were analyzed using H chemisorption, STEM, and
XANES.

The results indicated that the dispersed state of Pt atoms,
i.e., either single atoms or agglomeration into nanoparticles,
depended critically on the treatment temperatures in O, and
H,, as well as Pt loadings. Above all, the precursor had to be
impregnated to give an ultralow concentration of Pt, so that
Pt(NH;3)4(NO3), could be well dispersed in a single-molecular
manner. The single-molecularly dispersed Pt precursor could
be converted to PtO, by heating to above 290 °C in O,, similar to
the cases of Pt/zeolite and Pt/alumina."”* The dispersion into
single PtO, molecules or agglomeration on the present SiO,
depended critically on the O, temperature. After heating in O, at
around 290-300 °C, the resultant PtO, was confirmed to be
atomically dispersed. High-temperature heating above 350 °C
resulted in Pt agglomeration, which could be attributed to the
volatility of the metal oxide.”® The resultant PtO,/SiO,, in
a single molecular dispersion, was readily converted into the
Pt(0) state by heating to 200 °C in H, [see the H,-temperature-
programmed reduction (TPR) profiles in SI and Fig. S1]. Here,
limiting the reduction temperature to below 200 °C was critical
to maintain the single atomic Pt(0) dispersion on SiO,. H,
treatment at an excessively high temperature led to thermal
agglomeration of the resultant Pt(0) atoms. Considering all
these factors, we optimized the Pt SAC-dispersing conditions as
follows: Pt loading on SiO, = 0.02 wt% (determined by ICP-
AES), O, treatment at 300 °C, and a subsequent H, treatment
at 200 °C.
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Fig.1 Hydrogen chemisorption expressed as H/Pt ratios for various Pt
loadings on SiO,.
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The entropic dilution effect for the Pt/SiO, dispersion can be
checked with H chemisorption, as shown in Fig. 1. The H/Pt
ratio on the y-axis represents the atomic ratio between chem-
isorbed H atoms and total Pt atoms, determined by extrapo-
lating volumetrically measured H adsorption isotherms to zero
pressure. Normally, such a volumetric adsorption measurement
is difficult to apply for Pt loadings below 0.5 wt% since the
extraction of a small H/Pt ratio from the large amount of
physisorption on SiO, may not be accurate in the extrapolation
process. To extend the application range to 0.01-0.02 wt% Pt,
we utilized a laboratory-built borosilicate glass adsorption
apparatus. In this apparatus, adsorption quantities were
measured by monitoring pressure changes with a Baratron
capacitance manometer. However, in this gauge, the capaci-
tance diaphragm deflects depending on the dosing gas pres-
sure. Even a slight deflection can cause a significant error in H
chemisorption when the Pt loading is lower than 0.5 wt%.
Hence, the deflection effect was corrected in the present work
on ultralow Pt loadings (see SI for H chemisorption
measurements).

As Fig. 1 shows, the H/Pt ratio increased from 0.7 to 2.0 as the
Pt loading decreased from 1.0 to 0.1 wt% on SiO,. Upon further
decrease, the H/Pt ratio remained around 2.0 despite a 10-fold
reduction in the Pt concentration (the corresponding H
adsorption isotherms are shown in Fig. S2). The plateaued
values over 0.1-0.01 wt% Pt suggest that 2.0H/Pt could be the
maximum limit for Pt. Assuming 100% dispersion at this
plateau, all the Pt atoms would be surface-exposed and chemi-
sorb two hydrogen atoms each. Three possibilities may be
considered for such dispersed Pt: monolayered rafts, nano-
particles consisting of a few atoms, and single atomic
dispersion.

The high-angle annular dark-field (HAADF) STEM images of
the 0.02 wt% Pt/SiO, sample revealed single-atomically
dispersed Pt atoms (Fig. 2 and S3a for the corresponding
high-contrast HAADF-STEM image), which was further
confirmed by the corresponding line-scanning analysis

Fig. 2 HAADF-STEM image of 0.02 wt% Pt/SiO, showing single Pt
atoms.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S3b). No significant amounts of Pt agglomerates were
detected in the 0.02 wt% Pt/SiO, (Fig. S4). Increasing the Pt
loading to 0.05 and 0.1 wt% caused conspicuous Pt agglomer-
ation into small clusters (5-15 atoms/cluster) (Fig. S5). Here, all
HAADF-STEM images were obtained after stabilization of the
dispersed Pt atoms via passivation under a 0.1% O,/N, flow,
preventing Pt agglomeration upon sudden exposure to air. The
passivated Pt/SiO, samples could be safely re-reduced in flowing
H, at 200 °C after degassing at room temperature (RT). The
reduction at higher temperatures caused the agglomeration of
Pt atoms (Fig. S6).

The Pt oxidation state was monitored by obtaining PtL; edge
XANES spectra in each preparation step of the single atomically
dispersed 0.02 wt% Pt/SiO,. The three PtL; XANES data shown
in Fig. 3a were taken in three representative steps of the sample
preparation, following the precursor impregnation. The XANES
data in the dashed line were obtained under O, at RT after
treatment in O, at 300 °C. The XANES in solid lines was taken in
H, after subsequent heating in H, at 200 °C. This H,-treated
sample was the single-atomically dispersed 0.02 wt% Pt/SiO,
shown in the HAADF-STEM image in Fig. 2. The third XANES
presented in dotted lines in Fig. 3a was taken after passivation
of the single atomic 0.02 wt% Pt/SiO, in 0.1% O,/N, at RT,
which was almost identical to the O,-treated stage.

All the PtL; XANES spectra presented in Fig. 3a exhibited
a sharp, intense peak over 11564-11574 eV. This peak,
continuously rising from the absorption edge at 11564 €V, is
called ‘white line’. The white line is related to electronic tran-
sitions from the core 2p;/, level to empty 5d;,,, 5ds,, and 6s
valence states. Hence, the white line intensity can be used to
probe the unoccupied electron densities in the valence atomic
orbitals. In particular, Pt oxidation states can be determined in
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Fig. 3 Normalized XANES data obtained at the PtLs edge at RT. (a)
0.02 wt% Pt/SiO, at different steps of preparation: (—) exposed to air
after the O, treatment of Pt(NH3)4(NOs3),/SiO, at 300 °C, (—) under H,
gas after the H, treatment at 200 °C, following the O, treatment at
300 °C, and (- - -) passivated after the H, treatment with 0.1% O,/N, at
200 °C. (b) Pt reference samples: Pt foil, Pt(NHz)4(NOs),, H,PtClg, and
PtO,, representing the oxidation states of Pt(0), Pt(i), Pt(iv) and Pt(v),
respectively.
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comparison to the reference compounds of Pt foil, Pt(NH;),(-
NOj3),, H,PtClg, and PtO,, as shown in Fig. 3b. On this ground,
the XANES result presented in the dashed line in Fig. 3a may be
interpreted by the change of the Pt oxidation state to Pt(1v) from
the Pt(u) state of the Pt(NH;),(NO3), precursor when treated in
O, at 300 °C (Fig. S7a and b). This is probably due to the
formation of a single molecularly dispersed PtO, species on the
silica surface. Upon subsequent treatment in H, at 200 °C, the
oxidation state appeared to be lowered to Pt(0), as in the
metallic Pt foil. The reduced Pt(0) species is considered to
remain atomically dispersed on the silica surface, as judged by
this XANES analysis in combination with HAADF-STEM images.
The analysis results indicated that the single atomic Pt(0) was
stable under H,, but immediately converted to PtO, when
exposed to air at RT. Once passivated with 0.1% O,/N, at RT, the
stabilized PtO, species could be safely re-reduced back to the
single atomic Pt(0) state. The re-reduced 0.02 wt% Pt(0)/SiO,
exhibited identical properties of H chemisorption and XANES,
as compared to the freshly prepared sample. The EXAFS anal-
ysis also indicated no detectable Pt-Pt coordination (Fig. S7c).

Catalytic properties of 0.02 wt% Pt(0)/SiO, SAC for n-Cs
hydrogenation are presented in Fig. 4, in comparison to the
catalytic activity of agglomerated Pt atoms (i.e., nanoparticles).
As shown in the results, the nanoparticle catalyst exhibited
a steady conversion of n-C4 at —20 °C during the entire 60 min
measurement time. In contrast, the SAC exhibited no conver-
sion. Upon increasing the reaction temperature to 0 °C or 20 °C
(Fig. S8), the SAC maintained zero conversion or suddenly
jumped into high conversions during the reaction time (about
5% conversion at 15 min in the case of 0 °C reaction shown in
Fig. 4). We attribute the sudden change to the result of Pt
agglomeration by a thermal runaway (STEM and EXAFS in
Fig. S9), which could be initiated due to the heat of reaction
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Fig. 4 Hydrogenation of n-hexene with 20 mg of the catalyst
measured at the reactant feeding rate of WHSV = 1700 h~!and Hy/n-
hexene = 164. 'SAC’' denotes the 0.02 wt% Pt/SiO, single-atom
catalyst shown in Fig. 2, which was prepared by heating at 200 °Cin H>.
‘Pt cluster’ refers to the agglomeration of Pt atoms into nanoparticles
via heating at 400 °C in H; (Fig. S6b). Numbers followed by °C indicate
the reaction temperatures. Arrows indicate the error ranges confirmed
with 3 different runs.
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occurring at surfaces of Pt clusters that might exist sparsely
among single Pt atoms. Such thermal runaways immediately
occurred at the start of the reaction or during measurements,
depending on reaction temperatures, olefin species and
concentrations. To avoid the problem, the reaction temperature
and the olefin feeding rate had to be set as low as possible.
When the hydrogenation was measured without the thermal
runaway effect, all the C,, C; and n-Cg olefins exhibited zero
conversion under the present conditions (Table S1). As the
result indicates, the Pt(0) SAC supported on SiO, is catalytically
inactive for the hydrogenation reaction. However, catalytic
activity may be markedly different when Pt atoms are dispersed
on other metal surfaces (e.g., Au) or reducible metal oxides (e.g.,
Fe,0; and Ce0,)."*** Pt atoms, coordinated to the surface metal
atoms, may be catalytically active, similar to the result in Pt
clusters.

To ensure that the formation of the Pt(0) SAC on silica was
free from impurity-related effects, we prepared another series of
0.02 wt% Pt/SiO, catalysts using high-purity silica, which was
synthesized in the form of hierarchically meso-microporous
MFI zeolite developed in our laboratory (Fig. $S10).>” The ICP
analysis indicated that the lab-made zeolitic silica contained
much lower levels of impurities (mainly Na") than those present
in the Davisil silica used in the present work (Table S2). Despite
the conspicuous difference in impurity levels and silica struc-
tures, the 0.02 wt% Pt loading on the two silica samples showed
identical results in H chemisorption, and exhibited no catalytic
activity differences in hydrogenation reactions (Fig. S11). In this
manner, we confirmed that the unique characteristics of the
Pt(0) SAC were not influenced by impurity effects.

The present work shows that a conventional impregnation
method can readily be applied to prepare a cutting-edge Pt/SiO,
material in which the Pt element truly exists in the single-
atomically dispersed Pt(0) state. The Pt(0)/SiO, SAC exhibited
strong chemisorption of 2.0H/Pt, but still, the Pt atoms without
Pt-Pt ensembles could not perform the catalytic hydrogenation
of C,, C; and n-Cg olefins. Another noteworthy point is that the
Pt(0) SAC was sensitive to O,, so that the Pt was immediately
oxidized into a Pt(iv) state even by a brief contact with air at
room temperature. The O, sensitivity suggests that the Pt(0) SAC
would not be a catalytically active site for oxidation reactions
under O,, but probably, the catalytic state could be Pt(iv). These
findings could further motivate future mechanistic studies to
explore the catalytic relevance of oxidized Pt species, including
Pt(1v), in reactions under oxidative environments.
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