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Abstract

Since over a century platinum oxides find technologically relevant applications in various fields
ranging from catalysis to electrochemistry and nanoelectronics. We have performed a Density
Functional Theory study of the PtO, Pt30O4 and PtOy bulk oxide phases. In our calculations
PtO and Pt3O4 present metallic character at the simple GGA level. The application of Hubbard
corrections to the Kohn-Sham Hamiltonian opens a small gap in the electronic band structure of
PtO, but not of Pt304, in which metallic Pt-Pt bonds are revealed by a Bader Analysis of the
calculated electronic structure. These results, together with the non-integer oxidation number of
the Pt ions, point towards a true metallicity of the Pt3O4 phase which may be consistent with
the known metallic character of platinum bronzes. Moreover, we have calculated the relative
thermodynamic stabilities of platinum oxide Wulff’s particles and discussed the results in the
context of catalysis. Finally, we have predicted that the formation of a-PtO2 nanotubes could be
energetically feasible. This result is of potential interest both for nanotechnological and catalytic
applications, and may explain the formation of curled a-PtOy sheets observed in high-resolution

TEM images.

PACS numbers:



I. INTRODUCTION

Historically, interest on the structure and properties of platinum oxides arose in the
second half of the 19" century from the observed reactivity of the generally inert platinum
metal under particularly aggressive chemical conditions.! A series of early studies on the
crystal structures and the thermodynamical stabilities of different oxides®® culminated in
the clear identification of five pure platinum oxide phases, namely PtO, Pt304, a-PtO,,
(-PtOy and (#-PtO,, as well as a large number of platinate compounds. The existence
of other bulk structures, such as Pt,O7 or Pt30s,° remains uncertain. The technological
importance of platinum oxides is large and multifold, and covers fields of application ranging
from catalysis to electrochemistry and nanoelectronics. In particular, the catalytic activities
of platinum oxides have been investigated for more than a century (see e.g. Ref. 8 and
references therein). Modern examples of applications comprise the catalytic hydrosilylation
of functionalized alkenes® and aryl alkynes,'® the oxidation of ethanol to acetic acid,'! the
oxidation of ammonia to nitrogen(Il) oxide.'? Finally, superficial oxide phases can form
on platinum nanoparticles under oxidizing conditions (e. g. in automobile catalysts) and
may trigger the oxidation of carbon compounds according to Mars-van-Krevelen reaction
mechanisms. 314

In electrochemical applications involving platinum electrodes, the formation of a thin
oxide film on the metal surface affects the mechanism and kinetics of various anodic pro-
cesses (see Ref. 15 and references therein). As a particular case, superficial oxidation of
platinum-based electrochemical biosensors influences the adsorption mode of protein probes
on the electrode’s surface.'® In nanoelectronics, thin films of (amorphous) platinum oxides

1718 and in super-resolution near-field

find application as electrodes for memory capacitors
structure disks.'®?* The versatility of PtO, films lies above all in the possibility of tuning
the electronic properties of the films with the film deposition conditions.?"?? Depending
on their structure and composition, platinum oxide films present metallic, semiconducting
or insulating behavior, the latter particularly evident in the case of fully oxidized PtO,
films.2523 This variability of the physical properties of platinum oxides is known since long
time (as reviewed, for instance, in Ref. 24). Particularly interesting appears to be a class

of compounds with the generic formula M,Pt30, (platinum bronzes), where M is an alkali

or transition metal, and 0 < o < 1.25°27 Most of these compounds present clear metallic



character as a combined consequence of their structure, where square planar PtO, motifs
are stacked in infinite columns with Pt-Pt distances of ~2.85A, and of their non-integer
oxidation state, indicative of delocalized electrons. A particular case is represented by pure
Pt304, which appears also to be very attractive due to its catalytic activity, both as a main
component of the so-called Adams’ catalyst,?® and as a superficial oxide phase potentially
active towards the oxidation of carbon compounds.?”

While an amount of theoretical investigations have been carried out recently to address
the structure and chemical properties of thin oxide films formed on Pt surfaces in the context

29-34

of catalysis, computational studies on bulk platinum oxide crystals are relatively scarce.

These comprise Density Functional Theory (DFT) investigations on the thermodynamic
stability of PtO, allotropes®>3%, and a few studies on the electronic structure of PtQ.3740
In this work we present a computational study of the PtO,, Pt304 and PtO platinum oxide
phases, whose crystal structures are reported in Figure 1. After a brief description of the
methods employed (Section IT), we will address the presence of metallic vs. semiconducting
character of PtO and Pt30,4 phases at the GGA+U level of theory, combined with a Bader’s
analysis of the bond properties of the solids (Section III). Moreover, in Section IV we inves-
tigate how the finite size of nanoscopic structures influences the thermodynamic stability of
the oxides. First, we study the effect of particle size on the oxidation state of ideal Wulff’s
particle.*! Second, motivated by experimental HRTEM images of a-PtO, samples, which are
also reported in this paper, we investigate the possibility of formation of a-PtOy nanotubes

as potentially interesting structures in nanotechnological and catalytic applications. The

main results will be finally summarized in Section V.

II. METHODS
A. Computational Details

Total energies calculations and structural optimization of bulk structures, surfaces and
oxide nanotubes have been performed under periodic boundary conditions within the DFT
using the PW91 exchange-correlation potential*? and separable norm-conserving Troullier-

44,45

Martins pseudopotentials,*® as implemented in the LAUTREC code and extensively tested

in previous works.?%4647 Special k-points for integration in the first Brillouin zone have been



produced with the method of Monkhorst and Pack® and checked for convergence in all cases.
Kinetic-energy cutoffs to the plane-wave wavefunction expansions of 50 Ry and 70 Ry have
been used for structural minimizations and total energy calculations, respectively. The
Bader analysis has been performed starting from the charge density calculated with the
ABINIT code using the post-processing program AIM.*® GGA+U calculations®°! have been
performed using the Quantum-ESPRESSO package® using ultrasoft pseudopotentials®® at
a kinetic-energy cutoff of 40 Ry. Although the GGA+U method was originally introduced
to deal with magnetic Mott-Hubbard insulators, some authors have recently applied this
approach also to systems which are not strongly correlated (such as the CO molecule), as
an empirical tool to correct the position of selected orbitals or bands.?*?> This relies on the
fact that an effect of the U correction is to shift fully occupied electronic states to lower
energies and completely empty states to higher energies.

The Gibbs’ free energies of formation of the oxide phases, AGétOz, have been calculated
combining DFT total energies and standard thermodynamic data for enthalpy and entropy
of the oxygen gas,’¢ according to:

DG, (T.p) = gt (T.p) = gi* (T.p) = 5952 (T.p) (1)

bulk

where g8, is the free energy of a dioxygen molecule in gas phase and ¢g**'* are the free energy

of each bulk phase (calculated as in reference 29).

B. Experimental details

a-PtO, samples were prepared as reported elsewhere.!’ We have considered both “as
produced” samples and samples which had been annealed for 3 hours at 350°C in a Ny
atmosphere. High-resolution transmission electron microscopy (HRTEM) images were col-

lected at an applied potential difference of 100 keV on a JEM-2010 electron microscope.

III. BULK PLATINUM OXIDE PHASES

We have calculated the structural and thermodynamic properties of the PtO, Pt30y,
a-PtO; and 3-PtO, in a previous work.?? We summarize them in Table I and very briefly

here below, before describing the details of their electronic properties in the next couple



of sections. According to the coordinations of the Pt ions in the bulk, the four oxides can
be classified in two categories. The first comprises the two PtO, allotropes, in which the
Pt atoms are coordinated octahedrally by six O atoms. The second comprises Pt30, and
PtO, in which the Pt atoms are coordinated by four O atoms in a square-planar geometry.
In each category the oxide structures differ from each other by the arrangement of these
basic structural elements. These structural differences are also associated with profound
differences in the electronic and dielectric properties of the oxides.?* Fully oxidized platinum

21,23,35

oxides are either semiconductors or insulators, whereas oxides containing partially

2527 or quasi-

oxidized Pt ions in square-planar oxygen coordination are found to be metallic
metallic.?”

The thermodynamically stable phase at low temperature is a-PtO,.% At increasing tem-
peratures, decomposition of the oxide occurs via the transitions a-PtOQy —Pt30, —Pt.5859
In Ref. 29, the computed transition temperatures at 1 atm of oxygen pressure are 870 and
970 K, without including any vibrational entropy contributions to the free energy. These
are roughly consistent with the measured transition temperatures of 910 and 1070 K in the
case of oxidized supported nanoparticles subject to thermal annealing.® The 3 and 3’ PtO,

allotropes are stable only at high temperatures and high oxygen pressures.’%

A. PtO; allotropes

a-PtOy presents a laminar crystal structure consisting of stacked O-Pt-O trilayers which
are covalently bonded in plane, while the interactions between trilayers are of Van der
Waals type.>3236 While a good agreement between the experimental and computed edge of
the hexagonal cell could be achieved (Table I), the GGA approximation heavily underesti-
mates the interlayer forces,%? similarly as in the case of graphite.%® 3-PtO, crystallizes in an
orthorhombic CaCl, structure, which is closely related to the rutile structure, differing from
the latter only through a rotation of the oxygen pairs around the central Pt atom. We found
that the rutile structure is metastable with respect to the CaCly structure and lies 89 meV
per formula unit higher in energy (without considering zero-point energy contribution). For
the same structures, Wu and Weber found a difference of ~200 meV without optimization of
the b/a and c/a parameters.?® This small energy difference is compatible with the observed

phase transition which occurs at high pressures. Contrary to experimental evidence, but



PtO* Pt304 b a-PtOs b G-PtOs ©

structure PdS, tetragonal  simple cubic  Cdls, hexagonal = CaCls, orthorombic

a (A) 3.10 (3.08) 5.65 (5.59) 3.14 (3.10) 4.49 (4.48)
b/a - - - 1.05 (1.01)
c/a 1.745 (1.735) - 1.85 (1.38-1.42) 0.70 (0.70)

Pt-O (A) 2.06 (2.04) 2.00 (1.97) 2.05 2.03 (1.99)
Pt-Pt (A) 3.10 (3.08) 2.83 (2.79) 3.14 (3.10) 3.15 (3.14)
B (GPa) 368 262 - 246 (265)4
AHy (eV) -0.76 -1.42 -2.05 -2.06
Eyap (eV) 0.0, 0.38°¢ 0.0, 0.0° 1.49 0.43

aRef. 60. "Ref. 5. ‘Ref. 61. “Calculated with DFT, Ref. 35. ‘GGA+U, U=9¢eV

TABLE I: Calculated physical properties of bulk platinum oxide phases. Experimental data are

reported in brackets.

in agreement with previous DFT calculations,® we found that a-PtO, is less stable than
B-PtOy by about 10 meV/Pt atom. In Ref. 36 the correct stability could be recovered by
taking into account the zero-point vibrational energy differences between the two structures.
In addition, destabilization of the « allotrope could also be due to the underestimation of
the interlayer binding energy, which at the GGA level amounts to only 37 meV per formula
unit.

The calculated electronic band structures of the a and 3 allotropes reveal their semicon-
ducting character (Figure 2). a-PtOs presents a indirect energy gap of 1.49 eV, which is
to be compared with the experimental value of 1.84 eV measured in Ref. 11. The gap of
B-PtOy is considerably smaller (0.43 eV), which is compatible with the pseudogap found
in a previous DFT calculation.®® The presence of a band gap in both compounds can be
understood as a consequence of the octahedral oxygen coordination of the Pt(II) ions. In
such coordination, ligand-field theory predicts the t, orbitals d,,, d,. and d,. to be degen-
erate and to lie in energy well below the e, orbitals, d.» and d,2_,2.%* Given the formal d°
configuration of the Pt atoms, it follows that the ty, states are occupied and separated in

energy from the empty e, states, thus leading to an non-magnetic, insulating band structure.



B. PtO and Pt304

As described for the first time by Moore and Pauling,? PtO crystallizes in the tetrago-
nal PtS crystal structure and is isostructural to the only stable palladium oxide, PdO. At
the GGA level we find a spin-paired ground state for the electronic structure of PtO, and
the calculated band structure displays metallic character (Fig. 3(a)). This finding and the
qualitative shape of the band structure agree well with previous calculations where local ap-
proximations to the exchange-correlation functional have been employed.3®4 The available
experimental literature is scarce, and describe PtO either as a poorly conducting metal®”
or, more reliably, as a small-gap semiconductor.®® Indeed, in the most recent theoretical
study available, a gap of 0.86 eV has been calculated using a hybrid functional with exact
exchange.?® Here we find that the electronic band structure of PtO can be corrected, at least
qualitatively, by addition of a simple Hubbard term U to the Kohn-Sham Hamiltonian.?%:5!
Namely, at the GGA+U level a gap of 0.38 eV (U=9 eV) opens at the M point of the
Brillouin zone (Fig. 3(c)), in agreement with the results in Ref. 40. As in the case of the
PtOsy compounds, ligand-field theory is able to qualitatively rationalize the non-magnetic
insulating band structure of PtO. In this compound the Pt ions are square-planar coordi-

nated to four O atoms. For this geometry, ligand-field theory predicts the d,2_,2 orbital to

y
lie considerably higher in energy than the other d orbitals,®* and since Pt ions have a formal
d® configuration, this results in a gap between occupied and unoccupied states.

The situation is quite different for Pt3O4, which crystallizes in the simple cubic waserite
structure.>>?® In the GGA calculations also Pt30, is found to have metallic character
(Fig.3(d)), similarly to PtO. However, in this case the absence of a band gap could not
be corrected at the GGA+U level. The addition of a Hubbard term up to 9 eV has a no-
ticeable effect on the relative positions of the calculated bands (Fig.3(f)), but the electronic
structure remains metallic.®> This shows that metallicity in Pt3O, is stable towards the
introduction of an empirical Hubbard U term in the Hamiltonian. Indeed, the fractional
formal oxidation state of the square-planar coordinated Pt ions is expected to lead to par-
tial occupation of the d states within ligand-field theory,%* without considering hybridization
between neighboring Pt ions. Thus, the computed metallicity may not originate only from
an error in the position of the d states, as in PtO, but could be an intrinsic feature of this

compound.



p(re)  V2p(r.) '3 A Ao A3 Aol/Xs Gl(re)  Glre)/p(re)

Pt-O
a-PtO2  0.120 0.346 0.347 -0.142 -0.165 0.653 0.253 0.141 1.175
B-PtO2  0.121 0.381 0.318 -0.142 -0.162 0.685 0.236 0.148 1.223
Pt304 0.128 0.436 0.294 -0.150 -0.157 0.743 0.211 0.166 1.297
PtO 0.107 0.381 0.281 -0.072 -0.130 0.583 0.223 0.133 1.243

Pt-Pt
Pt304 0.051 0.059 0.864 -0.038 -0.040 0.137 0.291 0.030 0.588
PtO 0.029 0.044 0.659 -0.019 -0.019 0.082 0.231 0.015 0.517
Pt 0.052 0.079 0.658 -0.028 -0.034 0.141 0.241 0.034 0.654

TABLE II: Bader analysis results for the Bond Critical Points (BCP): density p, Laplacian of the
density V2p(r), their ratio &, eigenvalues of the Hessian (VZp(r) = 3, \;), estimated kinetic energy

G (see text), ratio kinetic energy/density. All quantities in atomic units.

C. Bader Analysis of Bulk Platinum Oxides

In this section we analyze the interactions between atoms in the various platinum oxide
phases by using the “Atoms in Molecules” theory originally developed by Bader.%® In Bader’s
approach, point charges on the atoms are calculated as the difference between the nuclear
charges and the integrated electron density in the regions of space belonging to each atom
(atomic basins). These regions are defined by the envelope of surfaces through which the
flux of the gradient of the electron density, Vp, is zero. For the oxide phases described in
the previous sections, we found that the calculated Bader charges on the Pt atoms (in units
of the electron charge) are roughly proportional to the nominal value of the oxidation state
of the Pt ion: 1.53 for a-PtO,, 1.62 for 3-PtO,, 1.13 for Pt304, 0.86 for PtO. For the O
atoms the charges remain roughly constant: -0.76 for a-PtO,, -0.81 for 5-PtO,, -0.85 for
Pt304, -0.86 for PtO.

The existence of chemical bonds can be inferred by the presence of saddle points of the
electron density p between pairs of atoms, the so-called bond critical points, r.. At r. bond
properties can be quantified by the values of the electron density and of its Laplacian, which

can be expressed as the sum of the eigenvalue of the Hessian of the density, A\; +Xa+A3 = V2.



For instance, the ratio between the more negative and the positive eigenvalues of the Hessian
of the density, |A2|/A3, indicates to which extent the electron density is spread away from
the internuclear bond. The higher this ratio, the softer the bond.%™%® If the bond is metallic,
this can be also considered as a qualitative indicator of the bond metallicity.5” Metallicity
of a bond, however, is better characterized by the ratio é=p(r.)/V?p(r.).°” Namely, values
of ¢ considerably lower than 1.0 indicate non-metallic bonds, whereas values close to unit
indicate metallic bonds. Moreover, covalent and ionic interactions can be distinguished by
the kinetic energy per electron at the bond critical point, i.e. the ratio between the kinetic-
energy density G(r.) and the density p(r.) itself.® G(r.)/p(r.) should be less than 1.0 for
covalent interactions, and larger than 1.0 for ionic interactions. In the internuclear region,
the slow variation of the density allows us to write the kinetic energy density as a series
expansion around the Thomas-Fermi result:*™ G(r.) = 2.8713[p(r.)]*/® + V2p(r.) /6, where
all quantities are expressed in atomic units.

As reported in Tab. II, we found that the Pt-O bonds in all oxide phases are clearly
of ionic nature (the ratios G(r.)/p(r.) are always larger than 1.0), and similar across the
different phases. As far as Pt-Pt interactions are concerned, we have found the presence of
Pt-Pt bond critical points not only in metallic platinum, but also in PtO and Pt304. In
both PtO, phases, where the Pt-Pt distances are about 3.15 A, no Pt-Pt bond critical point
has been found. In PtO uninterrupted rows of Pt-Pt bonds run along the a and b axes of
the tetragonal unit cell (Figure 4(a)). The Pt-Pt distance is 3.10 A, and p(r.) is about 60 %
of the corresponding value in metallic platinum (Table II). In Pt;04 Pt-Pt bond rows run
along all three crystallographic directions. The computed Pt-Pt distance is only 2.83 A,
very similar to that in metallic platinum (2.82 A). Accordingly, the p(r.) values of the Pt-Pt
bonds are nearly the same in both cases (Table II). The other Bader indicators suggest that
the Pt-Pt bond in Pt30, is also the softest (highest |[A2]/A3) and the most metallic (highest
£).

It is noticeable that the analysis above reveals the presence of metallic Pt-Pt bonds
aligned in infinite rows in PtO and Pt30,, for which no gap in the electronic band structure
has been found in our GGA calculations. In the case of PtO, this seems to be an artifact
of the local exchange-correlation functional, which could be corrected by addition of an
empirical Hubbard term in the Kohn-Sham Hamiltonian. However, the Hubbard correction

is not able to open a gap in the band structure of Pt30O4, where a network of metallic

10



Pt-Pt bonds with very similar properties to Pt-Pt bonds in metallic platinum extends in
all three crystallographic directions. While a conclusive proof of the metallic character of
Pt30,4 would require investigations at a more accurate level, these results may suggests that
metallicity may be an intrinsic feature of the compound as a consequence of short Pt-Pt
distances between infinite square planar stacking of PtO, motifs combined with a non-integer
formal valence of the Pt ions. This would be consistent with the prediction of metallicity

and the measured high conductivity of M,Pt30, platinum bronzes.?> 27

IV. PLATINUM OXIDE NANOSTRUCTURES

After the investigations on the properties of bulk platinum oxides presented in the first
part of this paper, we now move on to study the effect of finite size on the thermodynamical
stability of the various oxide phases. This is motivated by the fact that in the majority of
the existing technological applications, most notably in catalysis, platinum and its oxides
are present in the form of nanoscopic particles, whose size and shape have a considerable
influence on their stability and functional properties. This is due partly to the poorly

crystallized nature of the platinum oxides,>?*

and especially to the intrinsic interest in
producing oxide samples with a large surface-to-volume ratio to increase their catalytic

efficiency.

A. Nanoparticles

In general shape and size of nanoparticles are the result of an interplay between energetic
and kinetic factors.”"™ In particular the surface energy of particles plays an important role
in the time evolution of sintering processes.”™ In a first approximation one can consider each
particle as being isolated from the others (so that its number of Pt atoms is constant) and
in thermodynamic equilibrium with the atmosphere environment, considered as an oxygen
reservoir.

Under these assumptions, the equilibrium shape of a nanoparticle can be estimated by
means of the Wulff’s construction*! from the calculated surface energies of different crystal-
lographic terminations. This approach relies on the fact that, if a particle is large enough,

the energy of 0-D and 1-D defects (i.e. of vertices and edges) can be neglected, and the
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particle’s equilibrium shape at a given volume is the one that minimizes the total surface
energy. For instance, in the case of Cu, it has been shown using empirical potentials that
the Wulff’s polyhedron (a truncated octahedron) indeed presents the lowest total energy per
atom for particles with more than ~2500 atoms, corresponding to a particle size of 3.8 nm.™
In smaller particles the effect of edges becomes important, and the preferred shape is an
icosahedron with (111) faces.™™

By using the surface energies v previously calculated and reported in Ref. 29 we have
determined the Wullf’s particle shape in the case of Pt and Pt304. As reported in Ref. 29,
for each facet different possible terminations have been considered, as well as possibility of
surface oxygen vacancy formation. The Wulff’s polyhedron of metallic Pt is a truncated
octahedron, where irregular hexagons with (111) orientation (y = 103meV/A?) share the
short edges with (100) squares (y = 131 meV/A?). The ratio between long and short edges
is 1.58, and the surface fraction with (100) orientation is 14 %. The Wulff’s polyhedron
of Pt30, is a simple cube oriented along the principal axis of the crystal structure, since
the surface energy of the (100) surface is much smaller than that of other crystallographic
orientations, in particular (110), both for Pt-terminated (128 vs. 187 meV/A?) and O-
terminated surfaces (27 vs. 77 meV/A?). The third stable platinum oxide phase, a-PtOs,
is a particular case due to its peculiar layered structure and the resulting very small surface
energy of the (0001) surface. In this case, isolated O-Pt-O trilayers can be considered as
standalone “particles”.

Given the particle shapes described above, we can now compute the Gibbs’ free energy of

Pt, Pt304 and a-PtO4 particles with the same number of atoms from their relative volume

and surface energy contributions, according to the following formula:
AG}oa?"ticle = NPt(.g;);ilOkm - g?;ilk g%a; Z A’L’yzpto Z AJ’YJ ) (2)

where ¢ is the Gibbs’ free energy per Pt atom of each phase, A is the surface area, and
the sums over i and j run over the different crystallographic orientations of the surfaces
present in PtO, and Pt particles, respectively. The obtained values of AGq4ice at a given
oxygen partial pressure and at different temperatures can be now compared to determine
the thermodynamic stability regions of oxidized particles. We find that the finite size of
the particles has a considerable impact on the temperatures at which the a-PtO;—Pt50,

and Pt30,—Pt transitions take place. The results are summarized in Fig. 5 for an oxygen
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partial pressure of 1 atm taking into account particle sizes for which the Wulft’s polyhedra
can be considered as a reasonable approximation to the actual particle shape.

With respect to the phase diagram of the bulk phases (see Ref. 29), we find that with
decreasing particle size the stability region of a-PtO, expands to higher temperatures at
the expenses of the stability region of Pt304. For relatively small particles, the influence of
finite size on the transition temperatures appears to be surprisingly strong. This result is
particularly important in view of the previously found peculiar catalytic activity of Pt304 to-
wards the oxidation of carbon compounds.?” If the particle size distribution is broad enough,
there will be a considerable amount of a-PtO, (which we found to be catalytically inactive
in the absence of defects®) forming also at temperatures for which the catalytically active
Pt30, phase is expected to be the most stable in the bulk form. This highlights the im-
portance of achieving nearly monodispersed nanoparticle distributions in order to optimize

their catalytic properties.

B. «a-PtO; nanotubes

Despite the expected inactivity of non-defective a-PtOy towards the oxidation of carbon
compounds, its catalytic properties in a number of other cases are intriguing. In fact, a-
PtO, has been found to be a potent catalyst for hydrosilylation reactions,” and can catalyze
the oxidation of ethanol to acetic acid in the presence of air.!! It is thus very desirable
to produce a-PtOy samples with very large specific surface, which would maximize the
number of catalytically active sites. To this aim, a-PtO, particles with nanoscopic sizes
were recently produced by one of the authors.! A TEM analysis of the obtained products
revealed the formation of needle-like a-PtO, crystals with a diameter of roughly 6 nm and
a length of roughly 50 nm.!! Here we report in Figure 6 the results of a higher resolution
TEM study on the same specimens, both as produced and after annealing at 350°C in a
nitrogen atmosphere. Irrespective of the annealing step, the samples investigated contained
single dioxide layers partially curled and rolled up into needle-like structures (Figure 6).

The peculiar appearance of these samples, combined with the graphite-like crystal struc-
ture of a-PtO,, indicates that the formation of platinum dioxide nanotubes may be in
principle possible. Nanotubes can be indeed fabricated by chemical processes in the case

of TiO," ™ and V,05.™ The latter compound is another example of oxide composed by
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8081 The interest of nanotube oxide

compact layers held together by Van der Waals forces.
structures lies above all in the larger accessible specific surface with respect to nanoparticles
(up to five times in the case of TiO5"") which in general leads to an enhancement of the
catalytic efficiency.

To investigate whether the formation of a-PtO, nanotubes could be energetically feasible
we have performed a series of DFT calculations on single a-PtO, layers rolled up into
tubular structures of increasing diameter, with their axis along a Pt-Pt nearest neighbor
bond (Figure 7). In the calculations, periodic boundary conditions were applied to obtain
infinite tubes along the principal axis and a separation between the periodically repeated
tubes of at least 8 A in all cases. In Figure 8 we report the obtained total energy per
formula unit of the tubes as a function of the tube radius 7 (which is defined by the distance
between the Pt-layer and the center of the tube in the plane perpendicular to the tube axis)
both before and after structural relaxation. In the case of unrelaxed structures we obtain a
continuous curve which can be fitted by a power function £ ~ r~2, which is typical of e.g.
carbon nanotubes.?? After full structural relaxation of the atomic positions, two different
behaviors are obtained for radii larger or smaller than ~7 A (see Figure 7). Larger tubes
maintain their rolled-up PtOs layer structure upon relaxation and the tube’s radius slightly
expands (e.g. from 6.18 to 6.52 A in the case of the nanotube with 14 formula units). Instead,
the structural relaxation of smaller tubes leads to spontaneous breaking of Pt-O bonds and
ejection of half of the oxygen atoms initially present in the inner side of the tube to the outer
side (Figure 7 a,b). The relaxation of a tube with a radius of about 6 A (corresponding to
12 PtO, formula units along the circumference) presents an intermediate behavior. In the
lowest energy structure, which can be reached starting initially from a configuration like in
Figure 7 b, only one fourth of the formula units remain with uncoordinated O atoms outside
the tube. These different behaviors result in a discontinuity in the energy vs. radius curve
(Figure 8). However, the values on the right side of the discontinuity can still be fitted with

2 as shown in Figure 8.

a with a power function £ ~ r—
The computed values E of total energy per formula units at different radii (as reported
in Fig.8) can be related to the work per unit of length W required to form a circular tube

starting from an initially planar sheet by:

Wag = ENy,, (3)
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where Ny, is the number of formula units in the elementary cell of the nanotube and ag is
the length of the elementary cell along the axis of the tube (3.14 A in our case). In the
case of a continuous elastic plate of small thickness h and elastic modulus G, the bending
moment per unit of length is M = (Gh?*)/(12R), where R is the radius of curvature upon
bending.®® Upon bending, a plate of edge length L will assume the form of an arc of angle
a = L/R. Therefore, the energy W required to form a circular tube of radius r = L /27 can
be calculated by a simple integration of M along the angular coordinate a:

2 2 Gh3 Ghr
W= [ M)da= —ada = . 4
/0 (c) da /0 12049 T 12p ()

Since Ny, is proportional to the radius of the tube, the energy per formula unit £ is propor-
tional to W/r. Therefore, if the energy stored in a nanotube obtained by rolling up a planar

2 as obtained

structure results from linear elasticity, then we expect a relationship £ ~ r~
in our calculations and reported in Fig. 8.

We can now calculate the elastic modulus of a planar PtO, sheet either from first prin-
ciples by linear response theory (obtaining a value of 259 GPa) or from equations 3 and 4
using the coefficient of the fitted curve in Fig.8(b). A difficulty here is posed by the choice
of the height h, which is not well-determined in the case of a-PtO, layers. We have used two
limit values of h, the first corresponding to the height difference between the oxygen atoms
above and below the Pt plane (1.90 A) plus twice the covalent radius of oxygen (given by
half of the O-O distance in the oxygen molecule), i.e. h = 3.11 A, the second correspond-
ing to the average experimental value of the height of the hexagonal unit cell of a-PtO,,
i.e. h = 4.35 A. The values of G obtained are 197 GPa for h = 3.11 A and 535 GPa for
h = 4.35 A. The value of 259 GPa obtained from first principles is nicely placed between
these two limits, showing that elastic theory can indeed be used qualitatively to investigate
the energetics of the platinum dioxide nanostructures considered here.

As a concluding remark for this section, we note that the calculated formation energy
per formula unit of the a-PtOy nanotubes with respect to planar a-PtO, layers is as low as
0.2 eV for tubes with radii of about 1 nm. This value is comparable with the elastic energy
stored in carbon nanotubes with a radius of 4 A, which have been produced experimentally
and are stable under normal conditions.®? Thus, on the basis of our calculations, we suggest
that the formation of small a-PtOs nanotubes, which could potentially find a number of

applications in catalysis and nanotechnology, may be in principle possible. A way towards
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their experimental fabrication remains to be investigated, and will probably require the
presence of adequate nucleation centers (e.g. in the form of nanoparticles), and of carefully
chosen chemical conditions.

The low energy required to bend the a-PtO, sheets is consistent with the presence of
intriguing curled structures in the a-PtOy samples investigated via the TEM (Figure 6).
At the present stage, our results do not allow us to draw any firm conclusion about the
driving force for the formation of the observed structures. However, it is known that the
formation energy of oxygen vacancies in a-PtOs is relatively low (a values of 0.28 eV has
been calculated in Ref. 36). We thus speculate that curling of planar O-Pt-O trilayers could
be driven by the preferential clustering of vacancies on only one side of the layers during

their formation.

V. SUMMARY

The main results of our investigation into the physical properties of bulk and nanoscopic
platinum oxide structures can be summarized as follows.
(1) At the GGA-level, a-PtO5 and 3-PtO are found to be semiconductors with band energy
gaps of 1.49 and 0.43 eV, respectively, as qualitatively predicted by ligand-field theory. The
electronic band structures of PtO and Pt30,4 calculated at the GGA level present no gap
between occupied and empty states. In the case of PtO this appears to be an artifact of the
local approximation to the exchange-correlation and can be corrected at the GGA+U level,
as indicated by opening of an energy gap at the M point of the Brillouin zone. This agrees
with a recent calculation performed using an hybrid functional with exact exchange,* and is
qualitatively supported by ligand-field theory. However, in the case of Pt30, the computed
electronic structure at the GGA+U level is still metallic. This seems to be consistent with
the predicted metallic properties of a class of compounds of generic formula M, Pt30, (where
M is an alkali or transition metal), the so-called platinum bronzes.? 2" Metallicity of these
compounds may originate from the non-integer formal valence of the Pt ions combined with
the presence of infinite rows of direct Pt-Pt bonds along the three principal crystallographic
direction, as found by means of a Bader analysis of the computed electron density.
(2) The effect of finite size on the relative thermodynamic stabilities of PtOq, Pt30, and

Pt has been investigated taking into account Wulff’s nanoparticles. With respect to the
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bulk phases,?? we found that with decreasing particle size the stability region of a-PtO,
considerably expands to higher temperatures at the expenses of the stability region of Pt30,.
Since in a previous work we have found that Pt3O, is very active towards the catalytic
oxidation of carbon compounds, whereas PtO, is fully inactive in the absence of defects, our
results highlight the importance of achieving a nearly monodispersed distribution of particle
sizes in order to optimize their catalytic properties.

(3) High-resolution TEM images of a-PtO, samples reveal a very poorly crystalline mate-
rial composed in large majority by thin a-PtOs sheets partially curled and rolled up into
needle-like structures. This observation, combined with the graphite-like nature of a-PtOs,
motivated us to investigate the energetic stability of a-PtOy nanotubes. We have found that
the energy stored into a O-Pt-O trilayer rolled up into an infinite tube can be qualitatively
estimated by elastic theory. Moreover, the small value of energy of formation of tubular
structures with respect to planar sheets suggests that the fabrication of platinum dioxide
nanotubes is energetically possible. This may also explain the spontaneous formation of the
curled a-PtOy structures observed. We speculate that a driving force towards curling of
planar O-Pt-O trilayers could be the preferential clustering of vacancies on only one side of

the layers during their formation.
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FIG. 1: Crystal structures of the investigated Pt oxides: a-PtO2 (a), 8-PtO2 (b), PtO (c) and
Pt304 (d).
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FIG. 2: Electronic band structures of a-PtOs (a) and 3-PtOy (b). The energy values are reported

relatively to the Fermi level.
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FIG. 3: Electronic band structures of PtO and Pt304: (a) PtO within spin-paired GGA; (b) PtO
within GGA+U and U = 4 eV; (¢) PtO within GGA4U and U = 9 eV; (d) Pt304 within spin-
paired GGA; (e) Pt304 within GGA+U and U = 4 eV; (f) Pt304 within GGA4+U and U = 9 eV.

The energy values are reported relatively to the Fermi level.
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FIG. 4: Pt-Pt bonds (black lines) in PtO (a) and Pt304 (b), as found by Bader analysis of the

computed electron densities.
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FIG. 5: Phase transition temperatures as function of Pt particle size at 1 atm oxygen pressure.

The particle size is defined as the distance between two opposite (100) faces in a metallic Wulff’s

nanoparticle.
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FIG. 6: HR-TEM images of a-PtO2 specimens (at 100 keV). (a-b) a-PtOs specimen as produced

in reference 11; (c-d) similar specimen after annealing for 3 hours at 350° C in an N9 atmosphere.
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FIG. 7: a-PtO9 nanotubes. Nanotube with 6 Pt atoms in the unit cell, non-relaxed (a) and relaxed

(b); nanotube with 12 Pt atoms in the unit cell, non-relaxed (c) and relaxed (d).
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FIG. 8: Formation energies of a-PtOy nanotubes of increasing radius. (a) Unrelaxed system;
circles: DFT results; solid line: fitted function 5, with a=33.31 eV-A2; (b) relaxed system; circles:
DFT results; solid line: fitted function 5, with a=19.70 eV-A2. Notice the different energy scales

in the two diagrams.
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