THE JOURNAL OF

PHYSICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

Controlled Catalytic Properties of Platinum Clusters on Strained

Graphene

Gyubong Kim,” Yoshiyuki Kawazoe,* and Kwang-Ryeol Lee* "

TComputational Science Center, Korea Institute of Science and Technology, Seoul 136-791, Republic of Korea
*Institute for Materials Research, Tohoku University, Aoba-ku, Sendai, 980-8577, Japan

© Supporting Information

ABSTRACT: We employed graphene under isotropic strain as the supporting material
for Pt clusters (Pt,, x = 1, 4, or 6) and studied the site-resolved molecular adsorption
behaviors of H,, CO, and OH on the clusters using ab initio calculations. It was shown
that the applied strain enhances the binding of the Pt atom or clusters on the graphene,
which lowers the average energy of the d electrons (d-band center). However, for the Pt,
and Pt4 clusters that form two Pt atomic layers on the graphene, only the d-band center of
the bottommost Pt layer can be readily tuned by the external strain on graphene.
However, the site-resolved calculations of molecular binding demonstrate that controlling
the d-band center of the bottommost Pt atoms can be a substantial factor for all the
catalytic activities of the Pt cluster. We also found that the stability of the Pt/graphene

system was enhanced by applying strain to the graphene support.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

P t nanostructures have received particular attention for their
excellent catalytic behavior due to their high surface area
and exceptional chemical reaction properties.'™® An interesting
aspect of Pt nanoparticles is that the supporting substrate
greatly affects their catalytic properties, which has led to a
number of experimental studies on substrate-engineered Pt
catalysts. It was shown that the particular defects in graphene
and carbon nanotubes (CNTs) improve the catalytic perform-
ance of the supported Pt nanoparticles.” > The chemical
reactivity and selectivity of Pt nanoparticles also strongly
depends on the composition of the supporting substrate.”'*
These experiments showed the versatile catalytic properties of
Pt nanoparticles, which could originate from the modification
of the electronic structure of Pt by the supporting
substrate.%”'*

It was demonstrated by first-principles calculations that the
average energy of the d electrons, termed the d-band center
(e4), is strongly correlated with the molecular adsorption
strength on the Pt or Pt alloy surfaces.'>'® These results
provided an optimistic prospect that the chemical properties of
Pt-based catalysts can be controlled by manipulating a simple
parameter, &4. Experimentally observed Pt catalytic behaviors,
which are influenced by the substrate condition, might be
understood in this prospect.””*~'* However, the catalytic
properties of Pt nanostructures are also dependent on the
coordination numbers, orbital symmetry, atomic relaxation, and
so forth."”~?° Furthermore, a recent theoretical study showed
that the graphene substrate appears to only affect the
bottommost (or interfacial) layer of the Pt nanoclusters,”’
implying that the substrate-engineering method might be
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significantly limited in its ability to control the catalytic
properties of the Pt nanoclusters. Although the defects or
mechanical strain on graphene is known to modify the chemical
properties of supported metal catalysts,*>* spatially resolved
analysis of the catalytic behavior and corresponding electronic
structures of these catalytic systems have yet to be addressed.

In the present work, we investigated the catalytic behavior of
Pt nanoclusters on graphene with the isotropic strain, applied
uniformly along both of two lattice vectors of graphene.
Graphene and CNTs have been widely used as the supporting
substrates for metal catalysts because of their excellent
structural stability, high accessible area, and chemical
versatility."””'* In addition, the binding energy of metal
atoms or clusters can be tailored by defects or applying strain
to the graphene or CNTs, both of which modify the electronic
structures of the catalytic metals.”' >* Graphene under the
isotropic strain up to ~12% was realized either by bending the
substrates on which graphene is supported or by pushing a tip
of an atomic force microscope on a free-standing graphene,
which resulted in many interesting modifications of the
electronic structure of the graphene.zé’27 We employed
isotropically strained graphene as the supporting substrate for
small Pt clusters (Pt, with x = 1, 4, or 6) as shown in Figure 1
(hereafter, the term “strain” denotes the “isotropic strain”
unless specified otherwise). Molecular adsorption of H,, CO,
and OH on the Pt,/graphene system was investigated for
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Figure 1. Optimized structures of Pt;, Pt,, and Pt binding (from left to right) on pristine (upper panel, a—c) and 12% strained graphene (lower
panel, d—f). The blue and yellow balls denote the platinum and carbon atoms, respectively. The changes in Pt—Pt and Pt—graphene bond lengths are

at most ~0.1 A within the strain range of 0—12%.

various values of graphene strain. Site-specific reaction analysis
using the molecular binding energy on the Pt nanoclusters
demonstrated that the catalytic reactivity of the supported Pt
clusters can be effectively controlled by the graphene strain.

All calculations were performed using the first-principles total
energy method, as implemented in the Vienna Ab-Initio
Simulation Package,*® and employing the projector augmented
wave pseudopotentials.”® The electron exchange-correlation
was treated within the spin-polarized generalized gradient
approximation in the form of Perdew—Burke—Ernzerhof-type
parametrization.®® The cutoff energy for the planewave-basis
expansion was chosen to be 400 eV, and the atomic relaxation
was continued until the Helmann-Feynman forces acting on the
atoms were less than 0.02 eV/A. Graphene supercells with a
size of 4 X 4 (for Pt;) and 5 X 5 (for Pt, and Pt4) were used
(see Figure 1), and the distance between graphene layers was
set to 20 A. The Brillouin zone was sampled using I'-centered S
X § X 1 k-point mesh and the electronic levels were convoluted
using Gaussian broadening with a width of 0.05 eV.

Figure 1 shows the optimized single Pt atom and Pt
nanoclusters on the pristine and strained graphene substrates.
Hereafter, we designate the strained graphene as STG(x%)
with x being the increase of the lattice constant in % with
respect to the equilibrium lattice of graphene. The atomic
structures of Pt, on the strained graphene support showed only
slight changes of the bond lengths (at most ~0.1 A in both Pt—
Pt and Pt—C bonds) within the strain range of 0—12%. In
general, the reaction of molecular adsorbates on Pt nanoclusters
is more complicated than that of solid Pt surfaces, because the
reactivity of Pt nanoclusters is also affected by their
morphology.">'"~** However, Pt, on the strained graphene
could be a useful model for investigating the relationshilp
between the binding energy of an absorbing molecule (E,™*)
and &4 because the Pt clusters retain their structures under
graphene strain of up to 12% as shown in Figure 1.

We first examined the adsorption of a single Pt atom on the
STGs. Figure 2a shows the correlation between the applied
strain and the binding energy of Pt (E,™). The E,™ on the STG
increased as the strain increased. The strong binding of Pt can
be an indication of lowered Pt d states,”® which is demonstrated
by the strong linear correlation between the graphene strain,
E,” and &4 (see Figure 2a): the larger the strain applied on the
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Figure 2. (a) Correlation between the applied strain on graphene, the
binding energy of Pt (E,"™) and the d-band center of Pt (&4), and (b)
molecular binding energies (E,™') on the Pt;/STG system with
respect to 4. Almost linear correlation is noticeable both in (a) and

(b).

graphene, the larger the down shift of &4 Strain-induced
modification of the electronic structure of graphene near the
Fermi level might be responsible for the enhanced interaction
of Pt on the graphene. However, the electronic structure of
graphene shows no significant changes with the isotropic strain
that maintains all crystal symmetries of graphene.>* The change
of the work function can also play an important role for the
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metal—graphene interaction by influencing the charge transfer
behavior between them.*>>*> Choi et al. recently reported that
the isotropic strain substantially increases the work function of
graphene.31 However, no significant charge transfer between Pt
and graphene was observed in the present work, implying that
more elaborate analysis is required to understand the enhanced
binding of Pt on the strained graphene. One plausible
explanation would be that the change in work function affects
the electrostatic potential across the metal—graphene interface,
which increases the charge density between Pt and graphene.
This explanation can be supported by Figure 3 and Figure S2
(Supporting Information) as will be discussed later.
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Figure 3. Calculated PDOS projected on d orbitals of Pt,/STG
systems (the Fermi level is set at zero energy). It is shown that among
two main peaks between —2 and 0 eV (indicated by arrows), the
higher-energy peak becomes smaller with the larger strain, while the
small peaks are developed below —3 eV. The insets are the charge
distributions for (a) the states between —6 and —3 eV and (b) the
states between —2 and 0 eV (the contour interval is 0.1 e¢/A3). These
charge distributions in insets a and b show the bonding and the
nonbonding characters of the corresponding states, respectively.

Figure 2b shows that the E,™s of the tested adsorbates (H,,
CO, and OH) on the Pt;/STG system were strongly dependent
on the &4 tuned by the graphene strain (see Figure S1 for the
calculated configurations of molecular binding on Pt;/STG).
This indicates that the catalytic behavior of a Pt atom on
graphene can be controlled effectively by the strain applied to
the graphene substrate. In contrast to the d states of solid Pt
surfaces, those of a single atom or small clusters are well
localized and possess rather discrete energy profiles. In those
cases, it is possible that some particular d orbitals dominate the
interactions with absorbates. However, the observed strong
correlation between &4 and E,™ (Figure 2b) indicates that &, is
still a factor that is responsible for determining the E,™" of the
Pt;/STG system.

For metal/graphene complex cases, the charge transfer from
metal to graphene is generally regarded as a key factor to affect
the chemical 3properties of the supported metal atom or the
cluster.”*****3> For example, Zhou et al. reported that such
charge transfer significantly promotes the CO oxidation on the
Au/graphene system.”> However, the electronic structures in
the Pt;/STG system showed that the chemical properties of Pt
can vary without significant charge transfer to graphene. Figure
3 shows the partial density of states (PDOS) projected on d
orbitals of the Pt;/STG system for various values of the
graphene strain. Inset a is the charge distribution for the states
in the region from —3 to —6 eV, while inset b represents those
in the region from 0 to —2 eV. The charge distribution in inset

1991

a may show that the low energy peak between —3 and —6 eV
are the bonding states between Pt d and graphene 7z orbitals
(PDOS of Pt-bonded carbon atoms are shown in Figure S2).
On the other hand, inset b shows that the large peaks between
0 to —2 eV are the nonbonding states of Pt d orbitals. As shown
here, there is no clear sign of charge transfer from Pt d orbitals
to graphene as the main peaks between —2 and 0 €V (indicated
by arrows) in Figure 3 lie at the same energy level below the
Fermi level regardless of the applied strain. The number of Pt d
electrons differed by only about 0.05 electrons between
STG(0%) and STG(12%). PDOS of the strained graphene
(not shown here) also indicated no charge transfer from Pt to
graphene. However, the higher-energy peak among two main
peaks became smaller with the applied strain, while the small
and broad peaks below —3 eV increased by the coupling with
the graphene 7 states. This analysis showed that the electrons
transferred within the Pt d states from the high-energy
nonbonding states to the low-energy bonding states under
the larger grapheme strain, resulting in down-shift of &5 shown
in Figure 2a.

The dependence shown in Figure 2 calculated for the single
atom case should be valid for small clusters with a few Pt atoms
because a Pt cluster composed of less than 10 atoms tends to
form a planar structure*® where all the constituent Pt atoms can
interact directly with the substrate. In the case of multilayered
Pt clusters, it was shown that &4 of the Pt atoms at the interface
between the cluster and the graphene was distinguishably
down-shifted.*! However, those of the other Pt atoms are
almost unchanged.”’ This may suggest that the catalytic
behavior of only the Pt atoms at the interface is largely affected
by the substrate modulation, but the molecular interaction of
the whole Pt cluster is less affected by the substrate modulation.
It is thus necessary to examine the effect of the graphene strain
on the catalytic property of Pt clusters in site-specific details.

We employed Pt,/STG and Pt,/STG structures consisting of
two Pt atomic layers to examine the catalytic properties of the
Pt nanoclusters on the STG (see Figure 1). Two atomic layer
models with a small number of Pt atoms were used in the
present work for computational convenience. However, two
such Pt atomic layers would be sufficient to represent the
multilayered Pt nanoclusters since the graphene substrate
modifies €4 of only the bottommost interfacial layer of the Pt
nanoclusters.”" Figure 4 shows the dependence of &; on the
graphene strain for the upper or the lower (interfacial) Pt
atoms. The insets in Figure 4 show that the binding energy of
the Pt nanoclusters (E,") increased with the graphene strain, as
was also the case for a single Pt atom (see Figure 2a). In both
Pt,/STG and Pty/STG systems, &4 of the interfacial Pt atoms
exhibited the same dependence on the graphene strain as that
of the Pt;/STG system: the larger the graphene strain, the
lower the &;. On the other hand, the &, of the upper Pt atoms
showed a different behavior for these two cluster sizes. For the
Pt, cluster, the correlation between the g; and the graphene
strain is opposite to that of the Pt;/STG system, and that of the
interfacial Pt atoms: £4 became higher with increased graphene
strain. For the Pty cluster, &4 of upper Pt atoms showed
insignificant variation (approximately 0.03 eV) in the present
strain range.

Although the electronic structure of a supported Pt
nanocluster is a consequence of the complex state coupling
between the Pt atoms and the substrate, variation of the
interatomic distance between Pt atoms may be a measure of the
&4 value.® Figure 1b,e for the Pt,/STG system shows that the
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Figure 4. Correlation between the graphene strain and &g for (a) Pt,
and (b) Pt; on STG. The insets are the binding energies of the Pt
clusters (E,"™) with respect to the applied graphene strain. Similar to
the Pt;/STG case (see Figure 2a), the linear relation between the
strain and E,™ is noticeable for both Pt clusters.

bond length between the upper and the lower Pt atoms
increased from 2.585 A to 2.594 A as the strain is increased in
the graphene, which is associated with higher values of g, for
the upper Pt atom with increased strain. This is because the
lower Pt atoms with the lower &, tend to weakly bind the upper

Pt atom. For the Pt,/STG system, the bonding states among
the upper Pt atoms should also be involved in determining the
&g. As shown in Figure 1¢f, increased graphene strain increased
the bond length between the upper and the interfacial Pt atoms.
On the other hand, the bond lengths between the upper Pt
atoms are decreased from 2.658 A to 2.594 A due to
stabilization of the valence d states of the upper Pt atoms.
This bonding feature of the Pt clusters may result in moderate
variation of &4 for the upper Pt atoms, depending on the
graphene strain.

In the present work, the adsorption of OH and CO on the
Pt,/STG and Pt,/STG systems was examined. Figure 5 shows
the optimized structures of OH adsorbed on Pt,/STG and Pt,/
STG systems with the strain on graphene being 12%.
Commonly, the strongest adsorption centers for a Pt
nanocluster or an irregular surface are the sites of low
coordination number (e.g., edges, protruding sites) or of high
£4."7"%*° Figure Sac also shows that the primary OH
adsorption sites in the Pt,/STG and Pts/STG systems were
the upper Pt atom sites. It is noted in Figure 4 that these Pt
atoms have higher &4 than the interfacial Pt atoms. Once these
preferred adsorption centers of the upper Pt atoms are
occupied, the additional OH molecules adsorb on the interfacial
Pt atoms as shown in Figure Sb,d. The OH adsorption
geometries of Pt,/STG and Pt,/STG are all similar in the
graphene strain range of 4 to 12%, which will facilitate
investigation on OH adsorption in relation to &4. For the small
strain cases, up to STG(2%), we found that the Pt clusters were
separated from the STG at high OH coverage. Such
destabilization of the catalyst structure causes a significant
loss of catalytic performance.37’38 However, the Pt nanoclusters
was still bound to STG(>4%) at high OH coverage. This result
shows that catalyst degradation can be suppressed by applying
strain on the graphene support. The CO binding properties on
Pt,/STG and Pt./STG systems were, overall, similar to those of

Figure 5. Optimized configurations of OH molecules binding on (a,b) Pt,/STG(12%) and (c,d) Pts/STG(12%). The small cyan and red balls
denote the hydrogen and oxygen atoms, respectively. OH tends to bind on the upper Pt atom sites at the lower coverage (a and c), but the lower Pt
atom sites also take part in OH binding at the higher coverage (b and d).
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s on the corresponding Pt sites indicated by the legend. These data points can also express the desorption rate Ry, .o

exp(E,™/kyT) in log scale (the right vertical axes). Here temperature T is set to 400 K, and R is shown as the proportional value to Riqero0-

the OH binding cases. The only difference is that, at high CO
coverage, the larger graphene strain (>8% for Pt, and >6% for
Pty) is required for Pt clusters to remain attached on STG.
Figure 6 shows the relation between the graphene strain and
E,™! for the upper and the lower Pt sites of the Pt,/STG and
Pty/STG systems. First, the E,°™''s of the lower Pt sites in both
Pt clusters became smaller with the graphene strain, ie., the
E,°" points increase in energy with the strain as shown in
Figure 6a,b. This indicates that E,°" of the interfacial Pt sites
can be well controlled by the graphene strain, which leads to
the similar relation between the strain, £4 and E,°" to the case
of a single Pt atom. However, the E,°™ of the upper Pt sites did
not consistently depend on the graphene strain. The E,°" of
the upper Pt sites in Pt, was enhanced by the graphene strain,
whereas that in Pty slightly decreased in the presented strain
range. It can easily be observed that all the E,°" trends for the
upper and lower Pt sites are qualitatively coincident with the
variation of &, (see Figure 4), i.e., the higher the ¢, the larger
the E,°". For CO adsorption, a similar relationship is applied
except for the upper site in Pt,/STG. As shown in Figure 6c,
E,“© on the upper site of Pt,/STG became smaller with the
graphene strain when the strain was less than 8%. This is in
contrast to that of E,°", which might be associated with the
stability of the Pt clusters on the STGs upon CO absorption.
Even the adsorption of a single CO molecule on Pt, can
significantly affect the bonding condition between Pt, and STG
in the strain range of <6% (see Figure S3). Such a structural
instability may invalidate the simple relationship between &4
and E,C. These results reflect that &4 and E,™ of interfacial Pt
sites are consistently affected by the graphene strain. However,
different behaviors between Pt atoms in different layers make it
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difficult to understand the catalytic behavior of whole Pt
nanoclusters.

The actual catalytic reactions consist of a number of
elementary adsorption/desorption steps whose energetics are
related to the catalytic reactivity. For an elementary reaction
step, the reaction rate is proportional to exp(—AE/kzT), where
AE is the activation energy barrier. By means of the Bronsted—
Evans—Polanyi (BEP) relation, AE can be described as a linear
function of E,™"s.>**~** Therefore, the value of exp(E,™"/kyT)
would provide a preliminary estimation for the reaction rate of
the reactant desorption processes, as scaled in the right axis of
Figure 6. As shown in Figure 6ab (for STG(>4%)), E,°" on
the upper Pt sites are larger than that on the lower (interfacial)
Pt sites by several hundreds of meV. The small difference in the
E,°" between the Pt sites will significantly affect the desorption
rate Ry, .o that is exponentially dependent on E,™!. [Here, the
subscripts “site” and “x” are, respectively, the molecular
adsorption sites (upper or lower Pt) and the amount of the
graphene strain.] For example, Ry, 120 is about 10°® times
larger than R, 125 at 400K for both Pt,/STG and Pts/STG.
In the cases of CO binding, the difference in the reaction rate
was also significant when the catalysts are stable [for
STG(>8%)], ie, 10° Ryper ~ Rigye for Pt,/STG and 10°
Rypper12% ~ Riower,120 for Pts/STG. It is thus expected that, for a
reaction whose rate-determining step is the desorption of
reactants, the interfacial Pt sites will dominate the catalytic
reactivity of the Pt clusters, where &4 can be readily tuned by
STG.

As a more detailed test for the catalytic reaction on the Pt/
STG systems, we calculated the energy barrier (AE) of the
reactions involved in the CO oxidation on Pt;/STG(8 and
12%). We note that CO oxidation is widely considered as a
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the energies are relative to that of structure (a). The energy barriers (AE) between the elementary steps are shown below the corresponding

transition states (TS).

prototype reaction consisting of relatively simple reaction
steps.” The following three reaction steps were considered in
this calculation:

CO* + 0,* — CO* + 20% (1)
CO* 4 20* = CO,* + O @)
CO,* + 0% = CO, + O* 3)

where “*” denotes the adsorption state of reactants. CO and O,
binding sites are chosen to be the lower and upper Pt sites,
respectively (see Figure 7a). We chose such CO and O,
binding geometry by considering the following: The
dissociative E, of O, in the reaction 1 should be larger for
the upper Pt sites than for the lower Pt sites because the upper
Pt sites possess the higher &, (see Figure 4). Thus AE of O,
dissociation will be lower at the upper Pt sites based on the
BEP relation,® * and the equilibrium coverage of oxygen
atoms should also be higher for the upper Pt sites. On the other
hand, since reactions 2 and 3 (formation and desorption of
CO,, respectively) are related to destabilization of the bond
between CO and Pt, their reaction rates will be much higher for
the lower Pt sites than for the upper Pt sites. With these
reasons taken into account, the structure shown in Figure 7a
could be a rational choice for the representative CO oxidation
on the Pts/STG system. Since there was no energy barrier for
binding of CO or O, on Pt, we omitted these molecular
binding steps. AE for each transition state (TS) is calculated
using the nudged elastic band method.** Figure 7 shows the
energy diagrams of CO oxidation with the optimized atomic
configuration of each reaction step. AE for O, dissociation
(reaction 1) is about 63 meV higher for Pt;/STG(12%) (see
TS(1) in Figure 7). But for TS(2) and TS(3) in Figure 7, AE
values are lower for Pt,/STG(12%) by 18 and 67 meV,
respectively. As TS(3) shows the highest AE, the reaction 3
should be the rate-determining step for the CO oxidation
reaction. One interesting observation here is that the AE values
highly depend on the energy gain by the reaction, consistent
with the BEP relation:**~** the larger the energy gain by the
next reaction step, the smaller the value of AE. For example,
AE of TS(1) is smaller for Pt,/STG(8%) than for Ptg/
STG(12%) as the energy gain by the reaction 1 is larger for
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Pt,/STG(8%). The lower AEs of TS(2) and TS(3) for Pty/
STG(12%) can be understood in the same manner, which
originate from the weak reactant binding on the lower Pt sites.
As the reaction 3 was found to be the rate-determining step,
this calculation eventually demonstrated that the graphene
strain improved the CO oxidation activity of the Pt cluster by
lowering the &, of the interfacial Pt sites.

In summary, we investigated the site-resolved catalytic
behaviors of Pt nanoclusters on isotropically strained graphene.
The estimation of molecular desorption rates indicated that the
catalytic reaction on the interfacial Pt site can dominate the
catalytic activity of the whole Pt nanoclusters, although the
strong correlation between the graphene strain, £4 and E,™ is
obtained only on the graphene-bonded Pt atoms of the Pt
nanoclusters. The strain enhances the binding of the Pt clusters
to the graphene, resulting in a lower d band center (g4) of
interfacial Pt and smaller adsorption energy (E,™') of H,, CO,
and OH molecules. A detailed calculation of CO oxidation also
supported that the catalytic activity of the Pt/STG system can
be controlled by the graphene strain. It was also observed that
the Pt clusters were more sustainable on the strained graphene
at high adsorbate coverage, which will suppress the degradation
of Pt catalyst. These results show that applying a mechanical
strain on the graphene support is a promising approach to
control the catalytic performance of Pt nanoclusters with
improved stability. We also believe that the presented substrate-
engineered Pt electronic structures and the molecular
adsorption properties will provide a theoretical template for
further studies on the catalytic properties of Pt nanostructures.
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Geometries of H,, CO, and OH adsorption on Pt;/STG
systems. PDOS of an isolated Pt atom and a graphene-bound
Pt atom. Geometries of CO adsorption on the top site of Pt,/
STG systems. This material is available free of charge via the
Internet at http://pubs.acs.org.
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