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ABSTRACT

High Resolution Transmission Electron Microscopy (HR TEM) is used to identify the size, shape, and interface structure of plat-
inum nanoparticles and carbon support of a fuel cell catalyst. Using these insights, models accessible to quantum chemical
methods are designed in order to rationalize the observed features. Thus, basal plane and prism face models of the carbon black
material are considered, interacting with Pt clusters of sizes up to 1 nm. Particular attention is paid to the electronic structure
of the carbon support, namely, the radical character of graphene zig-zag edges. The results show that a stronger interaction is
found when the nanoparticle is at the zig-zag edge of a basal plane due to the combination of dispersion interaction with the
support structure and covalent interaction with carbon atoms at the edge. In this case, a distortion of both the Pt nanoparticle
and the carbon support is observed, which corresponds to the observations from the HR TEM investigation. Furthermore, the
analysis of the charge transfer upon interaction and the influence of the potential on the charge states and structure is carried
out on our model systems. In all cases, a clear charge transfer is observed from the carbon support to the Pt nanoparticle. Finally,
we show that changing the potential not only can change the charge state of the system but can also affect the nature of the
interaction between Pt nanoparticles and carbon supports.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5047666

I. INTRODUCTION diversity of carbon structures with different intrinsic proper-

ties is available, such as graphene, carbon black (CB), meso-

In heterogeneous catalysis, noble metals have been uti-
lized extensively due to their high catalytic activity. However,
their low availability and high cost prohibit their use as bulk
metals. Hence, to reduce the catalyst loading, supported noble
metal nanoparticles (NPs) have been developed and commer-
cially used and it is now possible to control the size, shape,
and composition of metal NPs and alloys.'* In electrochem-
istry, these catalysts are commonly supported on conductive
and porous materials. The choice of the support is far from
being anodyne as it has consequences on stability, activity, and
cost of the catalyst.> In many applications, carbon based sup-
ports are used as they provide crucial support properties such
as high surface area and high electric conductivity, and they
are easily functionalized and comparatively cheap. A broad

porous carbon, carbon nanotubes, or carbon nanofibers.5°
However, despite all the qualities of carbon-based materi-
als, their corrosion can become problematic especially under
oxidative conditions as often encountered in electrocatalysis.
In this respect, carbon supports with high graphitic nature,
e.g., carbon nanotubes and carbon nanofibers, are reported to
be more stable.>10

One of the main applications of noble metals supported
on carbon-based materials in electrocatalysis is in the field of
fuel cells and, in particular, in polymer electrolyte membrane
fuel cells (PEMFCs)."" The most commonly used catalysts for
PEMFCs are Pt or Pt-alloy nanoparticles supported on CB.
These systems can be put under harsh conditions especially
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during start-up and shut-down where the potential can reach
values up to 1.5V, leading to the degradation of the catalyst.
The degradation mechanism is manifold: at these high poten-
tials, the carbon support is thermodynamically driven to be
oxidized to CO, and CO;'? experimental investigations sug-
gest that dissolution, aggregation, and Oswald ripening are
responsible for the degradation of the nanoparticles. In addi-
tion to that, detachment of the nanoparticles from the support
has also been observed.'*'# In an attempt to increase the sta-
bility of the catalyst, other carbon supports have been consid-
ered like nitrogen-doped carbon black's or Hollow Graphitic
Spheres (HGSs).'¢

Among many aspects that have to be considered, the
nature and the strength of the interaction between the metal
NP and the support plays an important role for the cat-
alytic efficiency, the catalyst loss, and the charge trans-
fer properties. Thus, understanding the interaction between
these metal clusters and the different carbon-based sup-
ports is paramount. Yet, due to the size, the irregular shapes,
and the large difference in the chemical nature of the
components of these materials, only little information can
be collected on the interaction between the two moieties.
Nonetheless, microscopy technics like high-resolution trans-
mission electron microscopy (HR TEM) are able to provide
crucial information on the size and shape of the NPs as well
as their approximate positions on the support. It can also
give insight into the support structure and particularly on its
graphitic content. Subsequently, these valuable data can be
used to build smaller models accessible to atomistic simu-
lations in order to approach features that cannot be probed
otherwise.

Thus, theoretical work aiming to understand the basics
of the interaction between Pt clusters and graphitic supports
has been the focus of many studies in the last 15 years.'7-2°
However, from a computational point of view, modeling such
systems remains very challenging. Even when considering a
very small portion of the actual electrocatalyst, still a few
hundred atoms should be included in the model. Therefore,
the vast majority of the studies were performed using den-
sity functional theory (DFT) with a plane-wave basis and peri-
odic boundary conditions to reduce the number of carbon
atoms and to mimic the properties of an extended graphene
sheet support. Additionally, most of the early work used small
metal clusters, up to 13 platinum atoms, as NP models. In
this context, following the work of Xiao and Wang on the
relative stability of planar and three-dimensional Pt clusters
in vacuum,'” Okazaki-Maeda et al.'® showed that for clus-
ters with less than 10 atoms, planar and three-dimensional
structures were close in energy on a graphene support and
that for larger clusters, the three-dimensional structures were
unambiguously more stable than the planar ones. More
recently, Verga et al.’® were able to perform a study on clus-
ters of up to 309 Pt atoms and confirmed and extended
what Okazaki-Maeda et al. had found. Beside these structural
changes, it was found that the size of the NPs also influences
the nature of their interaction with graphene basal planes.
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Indeed, with the availability of correction schemes for dis-
persion interactions,?°3' in one of our previous studies,?’
we showed that there is a transition between an interaction
with covalent character for smaller clusters and a dispersion-
dominated interaction for larger particles on the graphene
basal plane. The same observations were made in the stud-
ies of Ramos-Sanchez and Balbuena?? and Verga et al.’® These
conclusions are in agreement with experimental observations
of rather mobile nanoparticles on graphene basal planes,3? as
dispersion interactions are inherently non-directional.

In addition to pristine graphene basal planes, defective
basal planes have also been studied. Several studies on Pt;3
report that the presence of defects on a basal plane, such as
a carbon vacancy and 5- or 7-membered rings, increases the
interaction between the metal cluster and the carbon sup-
port.262729 [n our previous work, defects such as 5- or 7-
membered rings and the substitution of a carbon atom by
a heteroatom (namely, N, O, and S) on a basal plane were
also considered in interaction with a Pts; cluster. The results
showed that these defects increase the covalent contribution
to the interaction but can also increase the average distance
between the metal cluster and the support. This decreases
the dispersion interaction, thus resulting in an equal or lower
interaction energy compared to that on a pristine basal
plane.

As already mentioned, most of the theoretical studies on
the interaction between Pt NPs and carbon supports were
done using extended graphene sheets. However, it is clear
that the structure of most carbon-based supports is far from
the ideal extended graphene basal plane. Yet these mod-
els reveal the predominance of dispersion interactions for
large NPs in contact with graphitic structures, thus explain-
ing their mobility on these surfaces. Additionally, an experi-
mental study on few layer graphene using TEM showed that
Pt nanoparticles were preferentially located at topographical
defects such as steps and edges after deposition.>*> On this
basis, in order to broaden our understanding of the interac-
tions and degradation mechanisms present in the real catalyst
material, topographical defects have to be considered in the
design of the support models. Moreover, CB is still the most
commonly used carbon support for PEMFCs. Hence, trying
to build a model based on its structure would be of great
interest.

In the literature, carbon black is described as spheri-
cal particles of 10-50 nm diameter. These particles are com-
posed of stacks of polycyclic aromatic hydrocarbons (PAHs).>*
While the macroscopic characteristics of this material are well
known, little is known about the precise size and shape of
these PAHs and the interaction sites with metallic nanopar-
ticles. As mentioned above, TEM can be a powerful tool to
unravel specific structural aspects of these materials. Thus,
we will use TEM images to define relevant carbon model
structures. From the analysis of the TEM images, we will
discuss and justify the use of PAHs in a given size range
instead of extended graphene sheets as carbon support mod-
els for the description of this type of electrocatalyst. An
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evaluation of the sizes and potential locations of the Pt
nanoparticles will also be done to further improve the com-
putational model.

The fact that CB and most carbon-based supports are
composed of PAHs or at least non-extended graphene sheets
demonstrates the relevance of understanding their specific
properties. It is now well known that the electronic ground
state of PAHs can have radical character.3>3¢ This was first
considered to explain the instability of large polyacenes and
nanoribbons.” Theoretical studies showed that, depending on
their size and shape, PAHs could exhibit a wide range of elec-
tronic spin states (closed or open shell singlet, triplet. . .).38%3
In recent years, large polyacenes and nanoribbon analogs were
synthetized and studied, confirming the presence of a radical
ground state in these systems.>>374% In this study, we will dis-
cuss the influence of the shape of the carbon support on its
electronic ground state and its impact on the interaction with
Pt nanoparticles. The charge transfer occurring upon interac-
tion will also be examined and compared to trends reported in
the literature. Furthermore, as these are molecular properties,
all our calculations will be carried out using a cluster approach
rather than periodic boundary conditions.

In the last part of this work, we will address a feature spe-
cific to electrochemistry: the presence of an applied electrode
potential, for convenience referred to as potential in the fol-
lowing. When modeling electrocatalytic systems, the potential
is often only taken into account in the cases of faradic reac-
tions. Yet changing the potential can result in the change of
the charge state of the system, i.e., its reduction (low poten-
tials) or its oxidation (high potentials), which in turn can affect
its stability and its change transfer properties. Computation-
ally, a constant potential can be included either by directly
converging the system at a given potential (using a fractional
charge SCF scheme)“> or by using an interpolation scheme
between integer charge states.“® In the present work, we will
only consider potential domains at which the different charge
states of our “molecular” systems are calculated to be stable.
Thus, we will start by looking at its influence on one of our
support models and a Pt cluster separately and then on the
interacting system.

A. Computational details and theory

The calculations were carried out using the ORCA 4.0
program package.*” The B3LYP“849 density functional with
the RIJCOSX>? approximation and the D3 dispersion correc-
tion®157 was used with the def2-SVP and def2-TZVP>2 basis
sets and def2/J auxiliary basis set.>> For platinum atoms,
an effective core potential for 60 electrons was used.>* The
geometries of the carbon support models and the Pt nanopar-
ticles were separately optimized at the RIJCOSX-B3LYP-
D3/def2-SVP level of theory. Note that a spin search was
performed on each platinum nanoparticle. Subsequently, the
Pt clusters were placed over the supports and the geome-
tries were optimized at the same level of theory. From these
geometries, single-point calculations were carried out at the
RIJCOSX-B3LYP-D3/def2-TZVP level of theory.

ARTICLE scitation.org/journalljcp

The interaction energies Ei; were calculated as the
energy of the whole system Epygsyp minus that of the plat-
inum nanoparticle Ep¢ and the support Eg,y at their respective
optimum geometries,

Eim = EPt@Sup - EPt - ESup- (1)

In order to discuss the influence of the potential on our
systems, we will use the following definitions of the electron
chemical potential, u, and of the reduction potential, u°. By
definition, the electron chemical potential u of a given sys-
tem is the derivative of the energy with respect to the num-
ber of electrons [Eq. (2)]. Hence it can be approximated by
calculating E for various charge states Q [Eq. (3)],

SoE
H=35N @)
EQ—l _ EQ+1
R 3)

The reduction potential u° of a couple MQ1/MQ
can be approximated by the electronic energy difference
E[MQ] — E[M?"]. In a molecular picture, a system M will be in
a charge state Q for values of potential between u°[MQ/MQ]
and u°[M? /MQ]. The electron chemical potentials and the
reduction potentials thus obtained can be converted to a dif-
ference of potential U versus the standard hydrogen electrode
(SHE) by following the ansatz originated by Trasatti [Egs. (4)
and (5)],%°

U(VusSHE) = —u® - 4.44(eV), 4)
E°(VusSHE) = —u° — 4.44(eV). (5)

B. Experimental details

For the analysis of the platinum and carbon structure, the
chromatically corrected high resolution transmission elec-
tron microscope Titan 50-300 PICO (FEI Company) was used
at 80 kV. To achieve a strong image contrast, the negative-
spherical-aberration imaging (NCSI) technique was applied.>®
The images were acquired with a Gatan OneView camera.
For the sample preparation, a gold TEM finder grid (S147A9,
Plano GmbH) was drop casted with a highly diluted disper-
sion (ultrapure water, 18.2 M, 4 ppm TOC, Millipore) of the
catalyst HiSPEC 2000 (Johnson Matthey) and dried in air.
The platinum particle size distribution was determined man-
ually from at least 200 individual particles with the software
Image J.

Il. HR TEM IMAGES OF PLATINUM NANOPARTICLES
SUPPORTED ON CARBON BLACK

As a reference catalyst, Johnson Matthey’s HiSPEC 2000
catalyst was chosen. Here, the active material platinum is
supported on the widely used carbon black Vulcan XC 72R.
Due to the low loading of 10 wt. % platinum, the probability
of overlapping platinum particles is reduced and the view on
the platinum carbon interface is not obscured.
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Figures 1(a) and 1(d) show representative HR TEM images
of Johnson Matthey’s fuel cell catalyst Hispec 2000. Platinum
particles with an average size of 2.1 nm + 0.6 nm are sup-
ported on the commercial carbon black Vulcan XC 72R. From
Figs. 1(d) and 1(g), the structure of the carbon black can be
deducted as onion-like. The analysis of the different shells
of those onion structures reveals contrast variations within
the shells. The onion shells consist of smaller segments which
can be attributed to PAH. The observed length of these PAHs
shows huge fluctuations with ranges from sub nm up to sev-
eral nm. The distance between the various layers corresponds
to the graphite (002) d-spacing of 3.34 A.

Most of the platinum particles show the presence of sur-
face facets (Iig. 1). The particle in Fig. 1(b), which is oriented
with the beam direction along its [110] direction, shows {111}
and {001} facets which are characteristic for a cuboctahe-
dral or truncated-octahedral shape. At the interface between
the particles and the carbon support, however, distortions
and/or deviation from the well-faceted shape are observed
[see Figs. 1(b), 1(c), and 1(e)]. The platinum particles are flat-
tened, and the platinum atoms in contact with the PAHs mimic
the shape and curvature of the carbon structure leading to a
zig zag shape of the platinum interface. Also, the analysis of
the Pt/C interface of various particles indicates a preference
of the platinum (111) planes as the contact sites. The hexag-
onal carbon network close to the (001) graphite plane has a
periodicity of 2.84 A. Due to the similarity of the graphite peri-
odicity and the Pt-Pt distance in the (111) plane (2.77 Angstrom),
there might be a preference for epitaxial growth between the
Pt (111) planes and (001) graphite planes as Willinger et al.
pointed out.>7 It is noteworthy that besides a distortion of the
platinum contact area, perturbations of the graphite PAH lay-
ers next to platinum particles are present (see red arrows in
Fig. 1). An investigation of the PAHs “covered” by platinum [see
Fig. 1(b)] shows an increase of the curvature of the graphite
layers compared to graphite layers without platinum in the
vicinity. This might indicate a direct or indirect effect of the
platinum particles on the graphite structure and its electron
density—or, vice versa, the necessity of defects to be present
for the formation of platinum particles at a given site on the
support.

BN

LR T4
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lll. THE COMPUTATIONAL MODELS

For computational feasibility reasons, it is obviously not
possible to calculate an extended region of a Pt cluster at
the carbon system, as depicted in Fig. 1. One therefore needs
to create models that include most of the essential observed
features of the experimental system and thus have access to
properties that cannot be probed, such as interaction energies
and mechanisms.

A. Pt nanoparticles

The HR TEM images of Pt NPs supported on CB reveal the
presence of cuboctahedral or truncated-octahedral shaped
NPs with the Pt(111) face as the preferential interaction sur-
face. In one of our previous studies,?’ platinum clusters
containing 10, 18, and 37 atoms were used as catalyst mod-
els. The latter, of hemispherical cuboctahedral shape, has a
hexagonal bottom plane (111 face), thus reproducing the main
shape features of the observed NPs. Its size is of about 1 nm,
which is slightly smaller than the experimental NPs. How-
ever, our previous study showed that this size was sufficient
to reproduce the non-directional interaction (dominated by
dispersion) with graphene basal planes explaining the mobility
of larger Pt NPs on this surface. It will hence be used as the Pt
NP model of larger NPs in this study. The other two clusters
will also be considered to evaluate the behavior of smaller NPs
on the interaction with support models (see Fig. 2).

B. The carbon models

According to the above HR TEM images of Pt NPs on car-
bon black, a wide range of local structures can be accessible to
a nanoparticle. The contact seems to be made either on a PAH
basal plane, at its edges, or, to a lesser extent, on a prism face
of a stack. For each of the previous cases, different topolo-
gies (zig-zag vs armchair edge) and defects (heteroatoms and
functional groups) might be found, leading to a broad spec-
trum of possible interaction sites. In this study, we will use
two PAHs of different shapes as carbon models for NPs inter-
acting with a basal plane. We will then consider two stack-
ings of PAHs as a model for prism faces. First, we will start

FIG. 1. [(a) and (d)] Representative HR
TEM of platinum particles supported by Vul-
can XC 72R (scale bar 3 nm). (b), (c),
(e), and (f) show the interface between the
carbon support and the platinum particles.
(9) Onion-like structure of a carbon black
support particle.
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with some general considerations on the electronic ground
state of PAHs.

1. On the electronic structure of PAHs

From the information obtained from the HR TEM images,
the carbon support model can be built from one or several
PAHs in the size range of 1 to a few nm (i.e., 4 to more
than 8 benzene rings). Thus, the construction of a basal plane
model can be seen as a fairly simple 2D problem with only
two parameters, the shape and the width of the sheet(s).
However, the nature and size of its edges can have a great
impact on the electronic structure of the model. For instance,
the two families of linear PAHs, which are the acenes (with zig-
zag edges) and the phenacenes (with armchair edges), exhibit
very different electronic properties as the number of rings
increases. Plasser et al. showed, using the multireference aver-
aged quadratic coupled-cluster (MR-AQCC), that on the one
hand, acenes with more than 5 rings have a radical charac-
ter, i.e., open shell singlet ground state, which increases with
the length of the system,*® consistent with pentacene being
the largest well-characterized acene.>® On the other hand,

5z1a

1z5a

5z5a

Relative Energies (eV)

ARTICLE scitation.org/journalljcp

FIG. 2. From left to right: Ptyo, Ptis, and
side and bottom (111 surface) view of Pts;
clusters.

no radical character was found in the phenacene series they
studied (up to 10 rings). They also studied the influence of
the size and the shape of two-dimensional PAH families, the
periacenes and the circumacenes. In both cases, the radical
character increased with the size of the systems, but despite
their resemblance, different degrees of radical character were
obtained.

To make sure our level of theory was appropriate to
describe this specific feature of PAHs, we investigated two
isomeric series: 5zNa and Nz5a (see Fig. 3), with Nz and Na
being the number of benzene rings at the zig-zag edge and
armchair edge, respectively, with N going from 1 to 5. As in the
study of Plasser et al., our results suggest an increase of the
radical character with the size of the system. Another
interesting observation is that in these series, PAHs with
longer armchair edges than zigzag ones are calculated to
be both more stable and have no or a smaller radical char-
acter than their isomer, as shown in Fig. 3. A common
trend in PAHs is that the unpaired electrons are always
localized at the zig-zag edges. Thus, one can expect a
large difference in reactivity between zigzag and armchair
edges.

35
Broken Symmetry e
Closed Shell Singlet o
L Triplet o
3 ~ Nz5a
\ 5zNa ------
25
2 - -
L]
1.5 °
1
=81
o-
0.5 B
0 [ Y . .
-0.5 |- R
| 1 1 | 1
CaoHiy CaqHie CaeHig CsgHao C7oH22

FIG. 3. Left: 5z2Na and Nz5a structures. Right: Relative closed shell singlet and triplet end broken symmetry energies of Nz5a and 5zNa PAHs with respect to that of Nz5a

closed shell singlet states (B3LYP/def2-TZVP).
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2. Basal plane models

To study the influence of the radical character, i.e., the
closed or open shell singlet ground state of PAHs on the inter-
action with Pt nanoparticles at the basal plane, we used the
following models: (i) a D6h symmetry one, CggHp4 (B1), cal-
culated to be a close shell singlet ground state and (ii) a C2v
symmetry one, Ci26Hso (B2), calculated to be an open shell sin-
glet ground state (see Iig. 4). Both supports have about the
same “length” and “width” and are in the size range of the
observed PAHs in carbon black, ~1.7 nm and 1.6 nm, respec-
tively. From the difference in energy with the close shell sin-
glet, 0.76 eV, and the (S?) value, 1.82, of the broken symmetry
solution (see Table 1), it is clear that B2 has a radical character.
To estimate the number of unpaired electrons, one can use
the natural orbital occupations, n, and the formalism of Ref. 59
with the recommended formula n?(2 — n;)?. Using this method,
the calculated number of unpaired electrons in B2 is about 2.6.
Also, as shown in Fig. 4, the unpaired electrons are localized
at the zig-zag edges of the support. Furthermore, in order to
assess their potential relative abundance in the CB material,
one needs to estimate their relative stability. For this purpose,
the energy per carbon of the complete oxidation (C,Hp + (n +
m/4)0, — nCO, + m/2 H,0) was computed for both systems,
along with that of smaller PAHs of the same symmetries (see
Fig. S1 of the supplementary material). The results reveal that
the support models Bl and B2 are fairly close in energy per
C atom and can thus be viewed as equally thermodynamically
stable.

In graphitic carbon materials, these PAHs would inter-
act with the rest of the carbon support through stacking
and covalent interactions at their edges. Therefore, some
of the carbon atoms were kept fixed during the geome-
try optimization process, while allowing the atoms in the
vicinity of the nanoparticle to relax (see pink carbon atoms in
Fig. 4).

3. Prism face models

Contrary to the 2D basal plane models, the 3D nature of
stacked prism faces makes its modeling substantially more
complex. The topology of the PAH edge can either be zig-
zag or armchair, which has, again, direct consequences on the
electronic structure in its vicinity, and it also induces different
geometric constraints for heteroatoms and chemical groups.
As the nanoparticle is to be in contact with several PAHs, one

S j)jjj P! : P!
g
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TABLE . Relative energies, in eV, of the first triplet (T) and the broken symmetry
state (BS) with respect to the close shell singlet (CSS) state of the two basal plane
models calculated at the B3LYP/def2-TZVP level.

Bl B2

E (eV) (8% E (eV) (%
Css 0.00 0.00 0.00 0.00
T 145 2.03 ~0.60 213
BS .. . ~0.76 1.82

has to choose which stacking to use. The most stable one
known for graphene is the hexagonal ABA stacking with an
ideal interlayer distance of 3.34 A. However, the low inter-
layer binding energy allows for a broad distribution of stacking
variants and orientation angles. Also, variations in the inter-
layer distance from 2.90 to 4.00 A can be observed in highly
defective systems.

Due to the computational cost of calculating several large
PAHs in interaction, the number of sheets and the size of
each individual layer have to be minimized while having a
total edge area larger than the radius of the platinum NPs
we are considering (up to 1 nm). In this work, we choose to
focus on the zig-zag edge prism face. In this context, the
smallest, yet pertinent with respect to the HR TEM images,
model of prism face would have to have the same shape as the
bottom surface of the hemispherical cuboctahedral nanopar-
ticle (see Fig. 2). Choosing sheets of 7, 6, and 5 rings assem-
bled in a zig-zag edge fashion lead to the desired prism
face model with the widths of about 1.7, 1.5, and 1.2 nm,
respectively.

The thickness of the stack, or the number of rows
of 6-membered rings of each sheet, also has to be care-
fully considered. Several constraints have to be taken into
account:

(i) the electronic structure of each model sheet has to
resemble that of a bigger, more realistic one, i.e., in our
case of zig-zag edges, having an open shell character in
the ground state;

(ii) during the geometry optimization of the whole system
(support plus nanoparticle), the position of the bottom
atoms of the sheets has to remain fixed to mimic the
effect of the stacking of a bigger system, thus taking

_ FIG. 4. Left: B1 (D6h symmetry), middle:

B2 (C2v symmetry), and right: the spin den-

:1 = sity of the broken symmetry solution of B2

j j/ (isovalue of +0.005). Highlighted carbons
~ correspond to the non-constrained ones.

1

J. Chem. Phys. 150, 041705 (2019); doi: 10.1063/1.5047666
Published under license by AIP Publishing

150, 041705-6


https://scitation.org/journal/jcp
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-150-005991

The Journal of

Chemical Physics

TABLE . Relative energies, in eV, of the first triplet (T) and the broken symmetry
state (BS) with respect to the close shell singlet (CSS) state of the three different
units composing the prism face model calculated at the B3LYP/def2-TZVP level.

C34Hye CyoHisg CaeHao
E (eV) (S E (eV) (%) E (eV) (S%)
CSS 0.00 0.00 0.00 0.00 0.00 0.00
T 0.50 2.05 0.20 2.06 —0.02 2.07
BS —0.02 0.39 —0.11 0.82 —0.25 1.1

only one row would not allow enough flexibility to the
top atoms;

(ili) the high computational cost of optimizing the geometry
of such a big system is an important limitation to the
number of rows that can be used.

After consideration of these three points, the use of two
rows of 6-membered rings for each sheet appeared to be the
best compromise. Indeed, all three of them show an open shell
singlet ground state character (see Table 1I). Constraining the
position of the bottom carbon atoms still allows for some flex-
ibility for the middle and top ones, and with 282 atoms in total
for the support plus at most 37 platinum atoms, this model
system is still in the range of what can be calculated using a
cluster approach.

A fixed distance between the sheets has to be imposed
due to the constraints on the bottom atoms of each sheet. As
mentioned above, the geometry optimizations are carried out
at the B3LYP-D3/def2-SVP level followed by a single point
calculation at the B3LYP-D3/def2-TZVP level. We optimized
the C34Hjg dimer at these two levels and obtained interplane
distances of 3.29 and 3.39 A, respectively. These values are
close to the ideal interlayer stacking of graphene, 3.34 A, the
value which we ultimately chose to use as interplane distance
for our models. Finally, we used the ABA stacking in two dif-
ferent arrangements for our models of the graphite prism face,
one in a planar prism face arrangement (P1) and the other in a
wavy prism face arrangement (P2; see Fig. 5). Thus, each sheet

B ——

FIG. 5. The two prism face support models. Left: in a planar prism face arrange-
ment P1; right: in a wavy prism face arrangement P2.
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was individually optimized and placed 3.34 A from each other
in an ABA stacking.

IV. RESULTS AND DISCUSSION

In Sec. IV A, we will start by looking at the struc-
tural differences between Pt NPs interacting with a closed
shell basal plane and an open shell one. We will then
discuss the implications on the interaction energies and
natures.

A. Pt nanoparticles at the graphene basal plane

Considering the Pts; at Bl, whether the geometry opti-
mization is done with all the carbon atoms fixed or allowing
some to relax (as shown in Fig. 4), the NP remains close to
the center of the support at a minimum distance of 2.9 A. On
the other hand, when the NP is on top of the B2 support, in
both cases (fixed or partially relaxed carbons), it migrates to
one of the zig-zag edges of the PAH (see Iig. 6). A deviation
from the planarity of the sp? hybridization towards the tetra-
hedral sp® hybridization is observed on two of the carbons
from this edge. Their distances to the closest Pt atom are only
2.2 A, which is much shorter than in the previous case. This
indicates the formation of covalent bonds between the Pts3;
nanoparticle and the sheet. Thus, upon interaction of a Pt NP
with a radical zig-zag edge, a distortion of both the NP and the
PAH is observed which corresponds to the observations of dis-
tortions between NPs and PAHs in the HR TEM investigation
[Fig. 1(b)].

To evaluate the influence of the particle size and the pres-
ence of defects on larger particles on the nature of the inter-
action, a Ptjg cluster and a Ptjg cluster were also studied. Pt;g
and Pt;p do not have this well-defined bottom surface, and the
coordination number of the platinum atoms at the interface is
smaller. As already discussed in our previous study, the smaller
the NP, the more covalently it interacts with a closed shell
graphene basal plane, as can be seen in the structures of Pt

e
709
S

FIG. 6. Optimized structures of Ptyo, Ptig, and Pt; interacting with B1 (left) and
B2 (right).
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and Ptjg interacting with the closed shell Bl support. Indeed,
the shortest distances between Pt atoms and the support lie
between 2.4 and 2.6 A for the Ptjg cluster and decrease from
2.3 to 2.5 A for the Ptjg cluster. In the case of the open shell
support (B2), as for the larger NP, the minimum energy struc-
ture is found when the NP is at one of the zig-zag edges of the
PAH. The shortest distance between Pt atoms and the support
is now 2.2 A for the Pt;s NP and 2.1 A for the Pty NP, indicating
stronger covalent interactions with this support, as in the case
of the larger Pt3; NP.

The calculated interaction energies as well as their
decomposition in terms of dispersive and covalent charac-
ter are displayed in Fig. 7 (values can be found in Table S1).
One can see that for these two supports, the overall interac-
tion increases with the size of the NP. Another common trend
observed as the particles get larger is the increase of the dis-
persion contribution to the interaction and the decrease of
its covalent counterpart. The former can be attributed to the
increase of the number of platinum atoms in contact with the
support while the latter can be attributed to the increase of
the coordination number of these atoms. As expected from the
analysis of the optimized structures, an increase in the cova-
lent contribution to the interaction is observed when going
from the closed shell support to the open shell one while
its dispersive counterpart remains fairly constant. Thus, the
interaction of Pt NPs is calculated to be stronger at the zig-zag
edges of an open shell support than on a basal plane. Addi-
tionally, for large particles, the interaction is non-directional
on the basal plane, while that at the zig-zag edges involves
covalent bonds and so provides an anchor to the NPs. This

Interaction energies vs Pt NPs size

Interaction Energy (eV)

v

2 B1 B2 P1

P1 P2

4l V4 ]
B1 B2

B1 B2 P1

! ! !

Ptio Pt,g Pty
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can explain why after deposition Pt NPs were observed at
graphene edges rather than on basal planes.>3

B. Pt nanoparticles at the graphite prism face

The optimized geometry of the Pts; cluster on P1 shows
very little displacement of the non-constrained carbon and
hydrogen atoms on the support and no significant change
in the C-H bond lengths due to the presence of the Pt
nanoparticle (see Fig. 8). The interaction energy is calculated
to be very close to the one obtained for the interaction of
Pt3; on Bl (see [ig. 7). However, from the decomposition of
the interaction energy, one can see that the nature of the
interaction is not exactly the same. Indeed, the dispersion
contribution has decreased due to the fact that in this case,
the flat lower surface of the NP is on top of 13 hydrogen atoms
at ~2.0 A and 13 carbon atoms at ~3.0 A, whereas it was directly
on top of 33 carbon atoms at ~2.9 A on B1. Going from this pla-
nar prism face to that of the P2 support, only a small deforma-
tion of the lower Pts; (111) face is observed, resulting in higher
Pt-support distances, thus lower dispersion interaction.

For the Pyjg cluster, as can be seen in Fig. 7, the top of
the sheets below the NP is slightly bent. More interestingly,
the hydrogens below the platinum atoms moved off the plane
of the sheet to make room for the Pt-C interactions. Indeed,
while the Pt-H distances remain the same as in the previous
cases, the minimum Pt-C distances are now about 2.6 A. This
is reflected in the interaction energy by a slightly attractive
contribution of the covalent interaction. A lower value of the
dispersion interaction is found compared to the Pts; systems

Interaction energies vs Support
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-8 | | 4
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FIG. 7. Black dots: interaction energies between the Pt NPs and the different supports (B1 and B2 are the non-radical and radical basal planes and P1 and P2 are the planar
and wavy prism faces); red boxes: dispersive contribution to the interaction energy; blue boxes: covalent contributions to the interaction energy. Right: interaction energies
and their decompositions for each NP size as a function of the support. Left: interaction energies and their decompositions for each support as a function of as a function of

the NP particle size.
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and can again be attributed to the decrease of the number
of platinum atoms in the particle. Yet, the overall interaction
energy is calculated to be close to the one of the Pt3; clusters.
These phenomena are accentuated in the case of the Pt;o clus-
ter as the NP penetrates deeper between the support layers
(see Fig. 8). The minimum Pt-C distances are about 2.1 A, which
is comparable to what was obtained for the Pt particles at the
zig-zag edges (B2). The covalent contribution to the interac-
tion energy represents 44% of the total interaction energy.
Even with the significant decrease of the dispersion interac-
tion, due to fewer atoms that are involved, the total interaction
energy between Ptjyp and P1 is calculated to be the highest in
the series. It is worth noting that in all cases, no cleavage of
a C-H bond is observed and that their lengths remain almost
unchanged by the presence of the NPs.

C. Charge transfer analysis

Charge transfer between Pt nanoparticles and graphitic
supports has been studied to understand structural changes
in the nanoparticle upon interaction. For instance, Ramos-
Sanchez and Balbuena?? and Verga et al.'® reported a small
charge transfer (about 0.1 electron) from the metallic cluster
to the carbon support, an extended graphene sheet (periodic
boundary conditions). In both studies, the charge transfer was
calculated to slightly increase with the increase of the par-
ticle size. Contrary to these studies, in all our cases, a clear
charge transfer was found from the carbon support to the

0 9
) '//,*/.r\v/t\\\\\\
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FIG. 8. Optimized structures of the different
Pt nanoparticles at prism face models.

Pt NP (see Fig. 9), consistent with the fact that in all cases,
the energy of the HOMO of the carbon support is higher
than the electron chemical potential of the Pt nanoparticles

1

0.9
K 8
8
1%
C
o
[
o 07} .
<
©
=
6]
T
o 06Ff .
o
05 8
Bl —e—
B2 —@—
04 P1 ——
1 1 P2\
Ptyo Ptig Pty;

FIG. 9. Carbon support to Pt NP charge transfer for the different systems based
on Hirshfeld charge analysis.
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FIG. 10. Pt NPs and carbon supports occupied (blue) and virtual (red) molecular
orbital energies and the electron chemical potential of the Pt NPs (black dotted
lines) calculated at the RIJCOSX-B3LYP-D3/def2-TZV/P level of theory.

(see Fig. 10). An exact estimate of the trend of the amount
of charge transfer is far from being simple even when using
the same method, such as Hirshfeld charge analysis, as the
nature of the interaction and therefore Pt-C distances vary
from system to system. Thus, correlation between the size
of Pt and C support with the charge transfer is hard to pre-
cisely extrapolate from this dataset. Nonetheless, our results
suggest that the bigger the NP, the larger the charge trans-
fer. Additionally, the charge transfer is mainly localized in the
region between the Pt cluster and the carbon support, as

ARTICLE scitation.org/journalljcp

shown for the Pt37 at the Bl system in Fig. S2 of the supple-
mentary material and thus seems to have a limited influence
on the edges of the support, which are anticipated to be more
vulnerable to degradation.

D. Influence of the potential on the charge state

So far, our models were calculated in vacuum and no
external potential was taken into account. However, as men-
tioned previously, most of the catalyst degradation occurs at
a high potential, either at start-up and shut-down or under
operating conditions of the oxygen reduction reaction (ORR),
1.23 V vs SHE. Thus, if one wants to gain insight into its mech-
anism, the influence of the potential has to be taken into
account. By calculating the different redox potentials of the
metal cluster, the carbon support, and the interacting system,
one can have access to the domain of potential at which each
of their charge states is thermodynamically stable. This has
been done for the Pts; cluster on the Bl model, and the results
are shown in Fig. 11(a) for calculation in vacuum and Fig. 11(b)
using a CPCM model of water at the geometry in the neutral
state. Note that the electrochemical potential, or equally the
Fermi level, of each species is exactly located at the center of
each segment on the graph.

One can see that the carbon support is calculated to be
stable as a neutral species between —2.5 and 1.2 V in vacuum.
The neutral state of the Pts; cluster is reduced and oxidized
at higher potentials than the carbon support, -0.8 and 1.8 V,
respectively. The same trend can be observed for all calculated
charge states. If we now focus on the high potential regime
(above 0 V) and consider the interacting system, the first oxi-
dation potential is calculated to be even lower than that of
the Bl support. As the two moieties are interacting, one can-
not simply consider that the first oxidation can be viewed as
removing an electron from the support. Indeed, as discussed
earlier, already at the neutral state of the interacting system,

3 T T T T

3 ! I L I I I

-4 -3 2 - 0 1 2 3 4 5
U (V vs SHE)

(a)

3 T T

-2 -1.5 -1 -0.5 0 0.5 1
U (V vs SHE)

(b)

FIG. 11. Charge state, Q (integer values), as a function of the potential, U (in V vs SHE), of B1 (green lines), Pts7 (blue lines), and Pts;@B1 (red lines) calculated at their
optimum geometries in (a) vacuum and (b) using CPCM(water) at the D3-B3LYP/def2-TZVP level.
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TABLE 1. Hirshfeld charges of the B1 support and the Pts7 cluster as a function
of the charge at the optimized geometry of the Q = 0 charge state of Pt;;@B1.

Optimized geometry

Geometry Q=0 with less constraints
Q Bl Pt3; Bl Pt3;
2 1.90 0.10 1.89 0.11
1 113 —0.13 143 —043
0 0.77 —0.77 0.75 —0.75
-1 0.49 —1.49 -
-2 0.20 —2.20

the B1 support is partially oxidized and consequently the Pt NP
is partially reduced. Thus, upon oxidation of the neutral inter-
acting system, about two thirds of the charge is removed from
the NP (see Table III). On the other hand, in the second oxi-
dation, about three fourths of the charge is removed from the
support. Yet in all calculated charge states, the Pt NP is more
negative than the carbon support.

When including the solvation model, the support, the NP,
and the interacting system are oxidized at lower potentials,
but the different trends observed in vacuum are rather con-
served. The first oxidation of the carbon support is now at
only 0.3 V. Additionally, its charge is calculated to be larger
than two at a potential of 1 V. Note that it is likely that the
solvation model overestimates the stabilization of the charged
states compared to the actual environment in the experi-
ment setup. However, the carbon support is likely to be oxi-
dized in the range of the potential of the ORR and therefore
deteriorates in the presence of O, or H,O. From a model-
ing point of view, it seems clear that in order to reach a
more accurate description of the system under working con-
ditions, several charge states have to be considered in order
to account for the influence of the potential.

While this discussion relates to calculations done at fixed
geometries (that of the neutral states), the last part of this
work will investigate the effect of the charge state on the
geometry and the nature of the interaction between the Pts;
NP and the Bl support.

E. Influence of the potential on the interaction

From the Hirshfeld charge analysis (Table III), one can see
that the carbon support is almost mono-cationic at Q = 1 and
di-cationic at Q = 2 in the interacting system calculated at the
geometry of the Q = 0 state. From the calculation of Bl at these
two charge states, we know that their electronic ground states

ARTICLE scitation.org/journalljcp

are open shell in both cases, doublet and open shell singlet,
respectively. As for the B2 support, the radical(s) are located
at the zig-zag edges of the PAH. So, to see if the same type
of interaction as with the B2 support could be observed, this
cluster was optimized at these two charge states. The thus
obtained structures (Fig. 12) show a covalent type interaction
with one of the edge carbon atom, and the minimum Pt-C dis-
tances are 2.3 and 2.2 A, respectively, hence about the same
as in the B2 case. While the presence of radical PAHs accessi-
ble to the NPs in experiment might be arguable because they
might have already had reacted with O, or H,O molecules,
upon increase of the potential, an originally closed shell PAH
can become an open shell. This will change the nature and the
strength of the Pt NP support interaction.

V. CONCLUSION

State of the art HR TEM images allowed us to have
access to atomically resolved features of Pt NPs on CB
electrocatalysts. For the Pt nanoparticles, cuboctahedral or
truncated-octahedral shaped particles were found with aver-
age sizes between 1.5 and 2.7 nm. Additionally, the preference
for the platinum (111) planes as the contact sites was confirmed.
The carbon flakes (PAHs) constituting the CB material were
found to be between 1 and a few nm large. The morphology
of the contact area could be resolved and showed a congru-
ent deformation of the Pt NPs and the PAHs in their vicinities.
These data were used to construct relevant and computa-
tionally accessible models of both the Pt NPs and the carbon
support.

Our computational study confirmed that the interaction
of Pt NPs and graphene basal plane supports is dominated
by dispersion interaction which is also true, yet to a lesser
extent, for the graphite prism face (Fig. 13). The radical char-
acter of PAH zig-zag edges induces covalent bonds, even for
the large NP, between Pt atoms and carbon edge atoms. The
structure thus obtained shows similar deformations of both
the NP and the carbon support as those observed on the HR
TEM images. Additionally, due to the combination of disper-
sion and covalent interactions, Pt NPs at the basal plane with
radical zig-zag edges are found to have the largest interaction
energy. Hence the distortion from the well-shaped faces of the
NPs observed on the HR TEM images can be rationalized based
on electronic structure calculations. The distance between the
Pt atoms at the interface and the carbon support is rather
difficult to access from HR TEM images. However, from our
computational results, we find Pt-C distances of ~2.9 A for
pure dispersion interaction, which is smaller than the 3.45 A

FIG. 12. Optimized structure of Pts;@B1,
with constraints on the carbon support as
depicted in Fig. 4, at charge states Q = 0
(left), Q=1 (middle), and Q = 2 (right).

J. Chem. Phys. 150, 041705 (2019); doi: 10.1063/1.5047666
Published under license by AIP Publishing

150, 041705-11


https://scitation.org/journal/jcp

The Journal of

Chemical Physics

s
)
=~ -10 |
=g
[0}

<
@ -8 5
15 E
g o 3
o T
£ 4t o
= o
g 1% @
g 2 12 8
c _12
8§ of-----Ere--- v R 0=
5
(&)
5 2r
&

FIG. 13. Black dots: interaction energies between the Pt NPs and the different
supports (B1 and B2 are the non-radical and radical basal planes and P1 is the
planar prism faces); red boxes: dispersive contribution to the interaction energy;
blue boxes: covalent contributions to the interaction energy. Horizontal solid and
dashed black lines correspond to the minimum Pt-C and Pt-H distances (right
y-axis), respectively.

corresponding to the sum of the two van der Waals radii, and
of ~2.2 A for covalent interaction.

Contrary to previous studies, we find a clear charge trans-
fer from the carbon support to the Pt NPs in all cases, thus
resulting in a partial oxidation of the support PAH(s). Further-
more, our study on the influence on the potential shows that
upon increase of the potential, the carbon support is oxidized
sooner than the Pt cluster and that the interacting system
has a lower reduction potential that the PAH alone. Thus, the
carbon support is found to be likely oxidized in the range of
the potential of the ORR and therefore to be deteriorated in
the presence of O, or H,O. Additionally, it was found that
the potential can also change the nature of the interaction
between a Pt NP and a PAH. Indeed, the structures obtained
for charge states corresponding to potentials larger than 0
V show an increase of the covalent character of the Pt NP
carbon support interaction through shorter Pt-C distances at
the PAH edge. Thus, the influence of the potential cannot be
neglected when modeling electrocatalytic systems, especially
in the rather molecular framework of NPs at assembled PAHs,
as one might miss some specific features not present in the
models’ neutral state.

SUPPLEMENTARY MATERIAL

See supplementary material for a figure on combus-
tion energies per carbon for the carbon supports, a detailed
table on Pt@Support interaction (energies, decomposition,
and charge transfer values), the charge density difference
plot of Pt3;@Bl, general Orca input used in this work, and
the optimized structures of all the systems presented in this
study.
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