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Noble metal oxide surfaces with metals of the platinum
group are of prime importance for catalytic reactions
such as the reduction of nitrogen oxides' and the catalytic
combustion of methane.” Pt;0, is theoretically highly efficient
for the conversion of methane® but is stable only in a narrow
range of temperatures around 900 K. To overcome that
problem, solid solutions of Pt;O, and sodium can be stabilized
in Na,Pt;0, compounds with 0 < x < 1. The ternary compound
is one of the most intriguing oxides with a unique combination
of peculiar physical and chemical properties such as a
bifunctional catalytic behavior, electronic conductivity, and
mixed valency. Its study remains difficult due to very small
amounts of the material produced by extremely severe
conditions of synthesis. We present a simple and easily
upscalable way to synthesize large quantities of Na,Pt;0,. So
far Na,Pt;0, was formed only under very high pressure,” but
we show here that it can be produced with a purity higher than
95% by deposition of platinum oxides (PtO,) on a Na*
conductor such as soda lime glass followed by annealing in
air at atmospheric pressure. While PtO, films deposited on
silicon further oxidize if annealed in air at 300 °C and then
decompose to Pt and O, above 500 °C, PtO, films deposited
on soda lime glass (SLG) can incorporate sodium from the
substrate and only partially decompose when annealed up to
about 550 °C. Above that temperature, the reduction is limited
and high yields of Na,Pt;0, can be produced.

Platinum is often qualified as a noble metal from the
chemical viewpoint, but it has been known for a long time to
react to form oxides.” In the early period the difficulties to
synthesize and characterize platinum oxide compounds led to
many controversies about the existence and structure of PtO,
PtO,, Pt;0,, and Pt;O4 phases owing to their poor crystallinity
(a review of early works can be found in the paper of Muller
and Royé). Most influential was the discovery and definition of
the crystalline structure of the first platinum bronze Na,Pt;0,,
0 <x < 1, by Wiser and McClanahan in 1951.” The cubic
“NaPt;O, structure” or Waserite is an archetype structure
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which turned out to be ubiquitous in ternary platinum and
palladium oxides containing alkali (Li, K), alkaline earth (Mg,
Ca, Ba), and transition metals (Co, Ni, Zn, Cu, Cd, Pt) as an
electron donor counterion.® Na,Pt,0, crystallizes in the Pmyn
space group and is a solid solution of Na in Pt;0,. Its discovery
motivated many studies until the early 1980s due to a unique
combination of metallic conductivity,” nonstoichiometry, good
catalytic activity, and chemical stability (even in boiling aqua
regiaSb). Catalytic applications of Na,Pt;O, were the most
promising owing to its high efficiency for the electrolytic
production of chlorine and caustic soda'® and to a bifunctional
behavior when used as oxygen electrodes for rechargeable
alkaline fuel cells."" It is also active for hydrogenating organic
compounds and is supposed to be the main active component
of the Adams catalyst.'> Later on, the interests for Na,Pt;0,
vanished due to restrictive conditions of synthesis.

To the best of our knowledge, the hydrothermal synthesis is
the only known route to produce Na,Pt;O, of good purity. It
consists in heating a mixture of PtO,, NaOH, KCIO;, and H,0O
in a platinum crucible for about a day close to 1000 K and
under 3000 atm of oxygen.* The amount of sodium platinum
bronze produced this way is very small (typically few
milligrams).

Physical vapor deposition methods allow condensing a metal
vapor on a surface near room temperature in a reactive
atmosphere to synthesize metal compounds far from
thermodynamics equilibrium. Hence, amorphous platinum
oxide PtO, films can be formed by reactive magnetron
sputtering of a platinum target in an oxygen-containing
atmosphere."” In the absence of a reaction with the surrounding
medium, PtO, films readily thermally decompose into metal
platinum and molecular gaseous oxygen around 500 °C. Pt;0,
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can be detected in very small amounts in the films as an
intermediate product.

The nature of the substrate has been shown to have a
sensitive impact on the growth and evolution of compounds in
thin film form.'"* The thermal decomposition of PtO, films is
likely to strongly modify film—substrate interactions, more
particularly if an element of the substrate is mobile. The latter is
particularly true with ion conducting substrates.

We have deposited PtO, films on silicon and SLG slides
(Menzel Glizer, 10 atom % Na). Chemical and structural
evolutions of the films upon annealing in air were probed by X-
ray absorption near edge structure (XANES) at the Pt-L; edge,
X-ray diffraction (XRD), and high resolution transmission
electron microscopy (HRTEM). Figure la displays the
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platinum foil illustrates that the film deposited on silicon
decomposes into metallic platinum and oxygen between 500
and 550 °C, which is in line with previous studies.” Using XRD
we verified the appearance of diffraction lines of fcc platinum
when annealing in air above 500 °C. In contrast, the films
deposited on SLG progressively transform into a different
compound. In oxidized platinum, a transfer of Sd electrons
from platinum to oxygen occurs, leading to emptying of the 5d
states and rising of the resonance located at 11559—11562 eV.
Following the procedure described in ref 1S, the area of the
resonance is exploited to determine the average oxidation state
of platinum for each annealing condition. The evolution upon
annealing is shown in Figure 1b (see Supporting Information
Section II).

An average oxidation state of 3.2 is derived from the XANES
signal of the as-deposited films, corresponding to stoichiometry
PtO, 6 This reflects the fact that sputter-deposited PtO, films
are mixtures of PtO and PtO, phases at the nanometer scale, as
we showed recently.'® Hence, the as-deposited films are
mixtures of approximately 60 mol % PtO, and 40 mol %
PtO. Thus, platinum is present as Pt(II) and Pt(IV). When
using a silicon substrate, further oxidation of the film is
observed up to an average oxidation state of 3.6 upon annealing
at 300 °C, corresponding to a mixture of 80 mol % PtO, and 20
mol % PtO. XRD analyses indicated that the film remained
nanocrystalline during the process. Annealing to 400 °C or
higher promotes the decomposition of the oxide phases, with a
strong acceleration above S00 °C. Decomposition is nearly
complete after annealing at 550 °C .

In contrast, when using a SLG substrate, there is no further
oxidation after low temperature annealing, and progressive
partial reduction proceeds upon annealing up to 570 °C
without leading to Pt(0). Meanwhile, the well adherent films
change from transparent brownish to fully absorbent dark
instead of showing the characteristic metallic reflection of
Pt(0). This reveals a strong chemical interaction of the film
with the substrate. An average oxidation state of 2.25 is then
obtained, which is close to 2.33 for NaPt;0,. This state is
maintained after annealing at 630 °C. Significant film stress is
observed as evident by bending of the SLG slides at this
temperature. The X-ray diffractogramms of Figure 2 show that
though reduction has started, the nanocrystalline character was
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Figure 1. Pt-L; edge X-ray absorption near edge structure of platinum
oxide thin films deposited on silicon (a), on soda lime glass (b), and
annealed in air at various temperatures; corresponding oxidation states
of platinum (c).

evolution of the electronic structure of PtO, films deposited
on silicon and SLG during annealing for two hours in air, as
probed by Pt-L; total fluorescence yield X-ray absorption
spectroscopy. The region which extends from a few eV before
the main inflection point (absorption threshold at 11550 V) to
about 20 eV above and corrersponding to the XANES signal is
assigned to the density of empty Sd;, and Sdg/, states.”> The
region starting from about 25 eV above the absorption
threshold is dominated by extended X-ray absorption fine
structure (EXAFS) oscillations and is very sensitive to the
symmetry of the films. The evolution of the electronic structure
upon annealing and comparison with the structure of a
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Figure 2. X-ray diffractogramms of PtO, films as-deposited on SLG
and air annealed at different temperatures. Open squares indicate the
diffraction lines of Na,Pt;0,.
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kept after treatment at 330 °C. In contrast to the situation
when using a silicon substrate, progressive growth of Na,Pt;0,
is observed from 530 to 570 °C. The signature of crystalline
metallic platinum is also found from 530 °C, but its magnitude
does not significantly evolve as Na, Pt;O, forms.

Rietveld refinements (see Supporting Information Section
III) indicated a cell parameter of 5.674 A, equivalent to that of
Nay73Pt;0,,* and evaluate the amount of platinum to 3 mol %.
Indeed, few platinum crystals of about 20 nm in diameter were
observed by HRTEM near the SLG—film interface. There was
no evidence of another crystalline phase in the film. Moreover,
Raman scattering analyses prooved the vibrational signature of
the Na,Pt;O, structure (see Supporting Information Section
III). HRTEM analyses (Figure 3) provide a better insight into
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Figure 3. Cross section scanning transmission electron microscopy
picture of a PtO, ¢4 film deposited on SLG and annealed at 570 °C as
observed by HRTEM (a). Local structures of the top (b) and bottom
(d) zones and correponding electron diffraction patterns (c, ).

the local microstructure. The general view of the sample cross
section of a PtO, ¢ film deposited on SLG and annealed at 570
°C provides evidence of two distinct zones. Agglomerated,
randomly packed nanoparticles of approximately 2 nm in
diameter, organized in an irregular layer of 70—100 nm, are in
contact with SLG (Figure 3d). The film was stable during
analysis.

Energy dispersive X-ray spectroscopy (EDX) measurements
stated a Na/Pt atomic ratio close to 1.5 in this region, which is
far above the ratio in Na,Pt;0,. However, the particles exhibit
the atomic arrangements and electron diffraction spectra of
Na,Pt;0, as shown in Figure 3d,e. The excess of sodium must
therefore be segregated in the grain boundaries, thus explaining
the nanocrystalline character of this region of the film. The
analysis of 100 nm thick films treated in the same conditions
led to the same conclusions. Very fine nanocrystalline Na,Pt;0,
can thus be formed if needed for a specific application. Just
above the interface region with SLG, a 500 nm thick top zone
extends up to the film surface. Secondary ion mass spectros-
copy (SIMS) and EDX measurements (see Supporting
Information Section II) indicate that the Na/Pt ratio is
progressively decreasing with increasing distance from the film/
substrate interface, down to nearly 0.6 at the film surface. The
Na,Pt;0, structure is retained in the top zone (Figure 3b,c) but
with a longer crystalline coherence than in the bottom layer.
The average diameter of the coherence domains has been
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estimated to be approximately 20 nm, which is consistent with
the grain size estimated from XRD. These domains are
monocrystals exhibiting few defects (dislocations) and nano-
strains (Figure 3b). Neighboring domains have different
orientations and are separated by disordered boundaries.

The conductivity of Na* ions in SLG is approximately 107 S
cm ™ at 570 °C,"” making SLG an efficient source of sodium. In
the case of the hydrothermal synthesis,* a narrow range of
reaction temperatures and extreme pressures are necessary to
decompose the reactants producing Na, Pt;O,. With the present
process, sodium is released from the SLG into the platinum
oxide films, thereby facilitating the reduction of platinum to an
appropriate oxidation state to form Na,Pt;0,. Thereby, films of
graded composition are formed. For catalytic applications,
mostly the surface composition is important, which can be set
through the control of the Na,[Pt;O, film thickness. Because
sputtering of PtO, can be easily scaled up and the overall
treatment used in this study is soft and cost-efficient, very large
surface areas of SLG (or other Na ion conductors) function-
alized with Na,Pt;O, could be produced.

Bl ASSOCIATED CONTENT

© Supporting Information

Experimental details, extraction of averaged platinum oxidation
state, Rietveld refinement, Raman analysis, SIMS, and EDS
measurements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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