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Abstract: A stable site-isolated mononuclear platinum catalyst
with a well-defined structure is presented. Platinum complexes
supported in zeolite KLTL were synthesized from [Pt(NH3)4]-
(NO3)2, oxidized at 633 K, and used to catalyze CO oxidation.
IR and X-ray absorption spectra and electron micrographs
determine the structures and locations of the platinum
complexes in the zeolite pores, demonstrate the platinum-
support bonding, and show that the platinum remained site
isolated after oxidation and catalysis.

Single-site noble metals on metal oxide supports have
gained wide attention because of the new opportunities they
offer in catalysis.[1–3] Site-isolated Pt atoms have been
observed along with small platinum clusters in catalysts such
as those applied in industry at temperatures as high as about
783 K,[4] and isolated Pt atoms on Al2O3 are stable at 533 K.[5]

The metal atoms in some such catalysts have been imaged by
aberration-corrected scanning transmission electron micros-
copy (STEM).[1–5] Because the support surfaces are nonuni-
form, the structures of the catalytic species are also nonuni-
form and challenging to characterize.

In contrast, when the supports are crystalline, they present
nearly uniform surface sites for bonding of catalytic species,
allowing determination of their locations in the pores, for
example, for mononuclear gold in zeolite NaY.[6] However,
this catalyst is unstable at temperatures higher than room
temperature, because the gold sinters into clusters.

Now we report a site-isolated noble metal catalyst with
a well-defined structure that is stable at high temperatures.
The metal is platinum; the support is zeolite LTL. This zeolite
was chosen because it is applied industrially as a support for

platinum, present in clusters of only a few atoms each, in
catalysts used for alkane dehydrocyclization.[7] The zeolites in
the industrial catalysts are basic, incorporating exchange ions
such as K+ or Ba2+.

Our catalysts were synthesized from zeolite KLTL and
aqueous [Pt(NH3)4](NO3)2, resulting in supported [Pt-
(NH3)4]

2+ complexes,[8,9] which were oxidized at temperatures
as high as 633 K and characterized (by IR, extended X-ray
absorption fine structure (EXAFS), and X-ray absorption
near-edge structure (XANES) spectroscopies and by STEM)
and tested as catalysts for CO oxidation. Experimental details
are in Supporting Information. Our goals were to determine
the structure and bonding locations of the supported platinum
species and to relate catalytic activity to structure.

IR spectra (see the Supporting Information) of the
calcined zeolite and the samples made from it indicate that
after calcination it contained little water or acidic OH groups,
consistent with the initial K/Al atomic ratio of essentially
unity, determined by elemental analysis (for details, see the
Supporting Information). N�H deformation bands in the IR
spectra (1350 and 1390 cm�1) show that [Pt(NH3)4]

2+ com-
plexes were present in the zeolite, as expected.[10] The bands in
the nOH region representing OH groups in the zeolite frame-
work decreased in intensity upon incorporation and oxidation
of the platinum complexes. After oxidation, the band at
3743 cm�1, assigned to zeolite silanol groups,[11] was the only
nOH band remaining, consistent with the expectation that the
platinum complexes had preferentially undergone ion
exchange with K+ ions located near zeolite Al atoms rather
than Si atoms.[12, 13]
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Pt LIII edge EXAFS spectra of this catalyst (Table 1; for
fitting details, see the Supporting Information) are in accord
with the IR data, indicating a Pt�N shell with a coordination
number of nearly 4. The Pt�Osupport coordination number of
nearly 2 indicates that each Pt atom was bonded, on average,
to two zeolite surface oxygen atoms. The absence of
a detectable Pt�Pt shell indicates that the platinum species
were mononuclear. The Pt�Al coordination number of nearly
1 confirms that the platinum was present in cation-exchange
sites.

XANES spectra of the as-prepared sample and that
oxidized in 10 % O2 in He at 633 K indicate Pt LIII edge
energies of 11 567.2 and 11 566.8 eV, respectively. The former
value is greater than that characterizing bulk platinum
(11 564 eV) and similar to those characterizing PtII com-
plexes,[14] including those supported on Al2O3.

[15] The white
line intensity and XANES features of the as-prepared sample

at approximately 11 580 eV nearly match those of PtII tetra-
amine complexes.[15] The white line intensity increased during
oxidation (Supporting Information, Figure S3), indicating an
increase in the number of oxygen donor atoms without
a change in the platinum oxidation state,[16, 17] corresponding
to the unchanged edge energy[18] and the increase from 2 to 3
of the Pt�O coordination number representing oxygen atoms
bonded to Pt after the oxidation (Table 1).

When the supported [Pt(NH3)4]
2+ complexes were oxi-

dized in flowing 10 % O2 in He as the temperature was
ramped from 298 to 633 K at 3 K min�1, most of the NH3

ligands were oxidized. IR band intensities show that about
15% of these ligands remained unoxidized after 4 h at 633 K
(Supporting Information). We stopped short of further
oxidation because our goal was to investigate mononuclear
platinum species, and reported results[19] show that the fully
deaminated platinum complex in zeolite NaX underwent
autoreduction. As the sample was oxidized, mass spectra of
the effluent gases showed that water evolution started at
about 323 K and N2 and NO evolution at 466 K, confirming
the oxidation of the ligands (Supporting Information).[19]

EXAFS data characterizing the oxidized sample PtOx/
KLTL zeolite (Table 1) indicate average Pt�N and Pt�O
coordination numbers of 0.6 and nearly 3, respectively, and
thus a mixture of oxidized and unoxidized platinum com-
plexes, consistent with the remaining NH3 deformation bands
in the IR spectra and the Pt�Olong and Pt�Al coordination
numbers of approximately 6 and 1 at distances of 2.6 and
3.2 �, respectively.

A precise determination of the nuclearity of the platinum
species is provided by STEM images (Figure 1), which
confirm the absence of platinum clusters and show exclusively
site-isolated single Pt atom species both before and after
oxidation.

In contrast to images of site-isolated Pt atoms reported
previously,[1, 3] ours determine the precise locations within the

Table 1: EXAFS parameters[a] characterizing platinum complexes in KLTL
zeolite before and after oxidation.[b]

Sample Coordination
shell

N R [�] 103 � Ds2 [�2] DE0 [eV]

Pt(NH3)4
2+/

KLTL zeolite (as-
prepared)

Pt�N 4.0 2.00 4.2 -7.3
Pt�Oshort 2.0 2.05 2.3 8.0
Pt�Olong 6.0 2.68 7.0 3.7
Pt�Al 1.0 3.00 6.5 -11.0

PtOx/
KLTL zeolite (oxi-
dized)

Pt�N 0.6 2.00 1.2 -1.8
Pt�Oshort 2.8 2.01 8.9 -3.8
Pt�Olong 5.9 2.64 10.5 8.0
Pt�Al 1.1 3.19 2.6 11.3

[a] Sample before oxidation (Dk= 4.0–10.6 ��1, DR =0.8–3.3 �). Sample
after oxidation (Dk = 4.1–11.6 ��1, DR = 0.5–3.0 �). [b] Notation: N,
coordination number; R, distance between absorber and backscatterer
atoms; Ds2, disorder term; DE0, inner potential correction. Estimated
error bounds (accuracies): N, �20%; R, �0.02 �; Ds2, �20%; DE0,
�20 %, but these values do not pertain to the Pt�Al contributions, for
which the errors are greater.

Figure 1. STEM images showing site-isolated Pt atoms in KLTL zeolite in the a) oxidized and b) as-prepared samples. White features in dashed
blue circles indicate Pt atoms. Magnified views (c–e) of the highlighted regions in (b), containing one Pt atom each at A/B sites in (c), at C/E
sites in (d), and at D sites in (e). Notation is given in the caption of Figure 2. Simulations (f, g) of the LTL zeolite in the [110] direction
superimposed on the magnified views in (c–e), showing Pt atoms (green) at A/B sites in (f), at C/E sites in (g) (purple), and at D sites in (h)
(red). Pt atoms are located right at the edge of the 12-membered rings of site D; between the two 12-membered rings of sites C/E; and in the
center of three 12-membered rings of sites A/B.
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pore structure of the support. The [Pt(NH3)4]
2+ complexes

present initially were located primarily in D sites in the largest
pores (66%) (Figures 1 and 2). The remainder were in smaller
pores, 23 % in A/B sites and 11% in C/E sites (notation in
caption of Figure 2). Some Pt atoms moved as a result of the
oxidation, with the approximate population present in the
largest pores decreasing to 56%, that in the medium-sized A/
B pores remaining almost unchanged at 24%, and that in the
smallest C/E pores increasing to 20 %. Details of the STEM
calculations are in the Supporting Information. The result
confirms previous reports that platinum complexes located in
the D sites readily migrate to the E sites upon oxidation.[12,13]

The EXAFS data show that the surroundings of the Pt
atoms, on average, also changed as a result of the oxidation, in
agreement with the STEM images. Because the average Pt�O
coordination number at the bonding distance of nearly 2.0 �
increased from 2 to nearly 3 (Table 1), we postulate that the
oxidation led to the formation of platinum oxo species,[20] with
approximately one oxo O atom per Pt atom, corresponding to
the increase in the Pt�O coordination number. These oxo
ligands could be stabilized by the lack of significant electron
accepting ligands (recall that the zeolite acts as a ligand).
Similar results were obtained by EXAFS spectroscopy for
a sample made from [Pt(NH3)4]

2+ in zeolite NaY oxidized at
633 K.[8]

The platinum sites in the zeolite were probed with
a catalytic test reaction, CO oxidation. The zeolite alone
lacked measurable catalytic activity at temperatures up to
423 K, but the platinum-containing zeolite was active both
before and after oxidation under conditions described below.
The data determine the rate of reaction in each catalyst,
measured as turnover frequency (TOF), found by extrapola-
tion of low-conversion data to zero on-stream time. The initial
TOF characterizing the as-prepared sample was 0.0038 s�1 at
423 K with a feed of 1% CO and 5% O2 in He; that
characterizing the oxidized sample was 0.012 s�1; our catalysts
are among the most active for CO oxidation under our
conditions, as shown by the comparison with literature data in
the Supporting Information, Table S4. As expected, the

activity of the former catalyst in O2

increased with time on stream in the flow
reactor, as oxo ligands presumably formed
and facilitated CO oxidation.[20]

Furthermore, IR spectra of the catalyst
before CO oxidation and recorded after
exposure to just CO (see figure in the
Supporting Information) gave no evidence
of CO adsorption on the coordinatively
saturated [Pt(NH3)4]

2+ species at 298 K, but
the oxidized sample was characterized by
a strong, broad CO absorption centered at
2100 cm�1, indicating bonding of CO to the
oxidized, catalytically active platinum
sites.[9,20, 21]

In summary, the data indicate one of the
best-characterized supported platinum cat-
alysts and the first site-isolated platinum
catalyst with the locations of the Pt atoms
defined. The results demonstrate a strong

advantage of crystalline supports for fundamental under-
standing of supported catalysts and opportunities for tailoring
stable single-site catalysts; they point the way to distinguish-
ing atomically dispersed metal catalysts from metal clusters.
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