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Abstract: We investigated the structural and electronic properties of Pt;3
nanoparticles on various nitrogen(N)—doped graphene and their interaction with O by
density functional theory (DFT) calculations. The results revealed that the N—doping
can greatly enhance the binding strength of Pt;3 nanoparticles on graphene surface,
thus ensuring their high stability. For N¢ doping (N atoms directly substituting for C
atoms), the enhanced binding strength of Pt;3 cluster is attributed to the activation of
the carbon atoms around N—dopant, while the strong hybridization of the d states of
Pt;3 cluster with the sp® dangling bonds of the N atoms in defective N—doped
graphenes contributes to the strong adsorption. Moreover, a certain amount of
electrons are transferred from Pt;; to substrate accompanied by a substantial
downshift of Pt;3 d—band center, thus greatly weakening the interaction of O on these
composites: the adsorption energy of O is reduced from —3.70 eV on freestanding Pt;;
nanoparticle to —1.762, —1.723, and —1.507 eV on deposited Pt;3 ones on N¢, 3NV,

and 4ND structures, respectively. Hence, it is expected that N—doped graphene
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supported Pt nanoparticles exhibit super catalytic reactivity in ORR.

1. Introduction

Two—dimensional material graphene, one planar sheet of sp’~bonded carbon
atoms arranged in a hexagonal lattice, is attractive to a wide variety of research fields
due to its unique optical, electrical, magnetic, and mechanical properties.'” The
metal/graphene heterostructures provide unique properties for many applications such
as biosensors, nanodevices, and heterogeneous catalysis.*” Due to the large surface
area, outstanding electronic and thermal conductivity, as well as the high mechanical
strength and potential low production cost, graphene has been regarded as an
excellent support material for dispersion of metal nanoparticle catalysts.” Besides,
metal/graphenes are shown to be used as catalysis in fuel cells fileds." Achieving a
favorable balance between the good stability and high catalytic activity of
metal/graphene systems is vital to evaluate their potentials for the development of fuel
cells.

Unfortunately, the pristine graphene is relatively inert, leading to its weak
interaction with the metal clusters. Thus, the adsorbed metal clusters can diffuse fairly
casily along the surface of graphene,' resulting in eventual catalyst sintering. In this
sense, despite its unique properties such as excellent electrical conductivity and
structural stability, the pristine graphene is not a suitable support unless appropriate
strategies are proposed to trap and immobilize metal clusters.'? Chemical doping with
a secondary (noncarbon) element has been shown to be effective in modifying the
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intrinsic properties of graphene, including electronic and magnetic characteristics."
More importantly, doping might endow graphene with high chemical reactivity,14
which greatly broadens their applications.

Among various possible dopants (such as B,"”'® N,'” §,'® E,'? and P*°), N—doping
exhibits obvious advantages: (1) a facile doping process and effective modulation of

graphitic structures, electronic, and magnetic properties;*'=°

(2) N with excessive
valence electrons may provide additional p—electrons in a graphitic plane.27’28 These
properties make N—doped graphene have many attractive applications, such as
flexible electronics, energy conversion/storage devices, and catalysts.” In particular,
N—doped graphene has been shown to be a superior support for the dispersion of
metal clusters.*** In comparison to conventional supports, laboratory studies have
pointed out that the N—doping increases the efficiency of the proton—exchange
membrane fuel cells, as it increases the dispersion of the metal catalyst,”® prevents
metal agglomeration,”® and participates in the oxygen reduction reaction (ORR) as
active sites for catalysis.** "

Compared with the above experimental advances, we note that the theoretical
studies on the deposit of metal nanoparticles on N—doped graphene are very lack

(only a single metal atom has been previously considered),’**

especially on the
potential applications of the metal/N—doped graphene composites in ORR. Hence, in
the present work, we have studied the adsorption of Pt nanoparticles, which represent

one of the best electrocatalysts for ORR, on three kinds of N—doped graphene,

including graphitic N (N atoms directly substituting for C atoms, labeled as Nc),
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pyridinic N (N atoms substituting for C atoms around a monovacancy, labeled as
3NV), and porphyrinic N (N atoms substituting for C atoms around a divacancy,
labeled as 4DV). The following key questions would be addressed: (1) the stability of
Pt nanoparticles on the three kinds of N—doped graphenes, (2) the electronic

properties of these composites, and (3) their catalytic performance in ORR.

2. Computational details

Calculations were based on the spin—polarized DFT using the generalized
gradient approximation (GGA) for the exchange—correlation potential prescribed by
Perdew—Burke—Ernzerhof (PBE),*' which was implemented in DMol® package.**
All—electron calculations were employed with the double numerical basis sets plus
polarization functional (DNP), which are comparable to the Gaussian 6—31G (d,p)
basis set in size and quality. A (5 x 5) supercell with the periodic boundary conditions
on the x—y plane was employed according to the test for the effects of the size of
supercell on the adsorption energy as shown in Table S1 of Supporting Information.
In the current study, Pt;3 clusters have been chosen to investigate the interaction of a
Pt nanoparticle on N—doped graphene because they match the first magic number***
according to the geometric shell closing model and have a higher geometric and
electronic stability than other cluster sizes. The vacuum space was set with 30 A in
the z direction to avoid the interactions between periodic images. In accordance with a
preliminary test (see Table S1), the Brillouin zone of the super cell was sampled by 2

x 2 x 1 points with the Monkhrost-Pack scheme™® during the geometric optimization.
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All structures were fully relaxed without any symmetry constraints. Convergence in
energy, force, and displacement were set as 107 Ha, 0.002 Ha/ A, and 0.005 A,
respectively. The Hirshfeld method*’ was adopted to calculate the charge transfer.

The binding energy (E}) of a Ptj3 cluster on the N—doped graphene was defined
as Ev= Epy ysubstrate — (Esubstrate T Eptj;), Where Epejsubstrates Esubstrate, and Epy, , stand for
the total energy of Pt;s/substrate, N—doped graphene, and the freestanding Pt,; cluster,

respectively. Moreover, for the study on O adsorption, the adsorption energy (E,ds)

relative to 1/20, (g) was defined as FEup—= Etotal(Oads—PtB/substrate)—

Etotal(PtB/substrate - Etotal(Oz)/2, where Ei 1S the total energies of the systems in

parentheses.

3. Results and Discussion

3.1. The Binding of Pt;3 Cluster on N—doped Graphenes. In Figure 1, we list
the geometric structures and electronic properties of the three N—doped graphenes. It
is found that graphene still remains planar structure in the three doped structures. The
average C—N bond lengths are 1.443 (for N¢), 1.352 (for 3NV), and 1.354 A (for
4DV), respectively. Moreover, the calculated formation energies of the three N—doped
graphenes are 1.059 (for N¢), 3.577 (for 3NV), and 4.321 eV (for 4DV), respectively,
suggesting that the graphitic N is easier to be formed than other two N—doping
structures. Note that the formation energy was calculated according to the following
definition: Efgymation = Ftotal — Hclc — AnuN, Where Eig is the total energy of the

N—doped graphenes, nanotube, nc and nn are the number of C and N atoms,
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respectively, and u is the chemical potential. uc was calculated from C in the
corresponding pristine graphene, while ux was obtained from N in the gas phase (N,
molecule). The DOS curves of N¢, 3NV, and 4ND are shown in Figure 1. Due to the
higher DOS intensity near Fermi level, 3NV and 4ND structures are expected to be
more activity as compared with N¢ one. Hence, the defective N—doped graphenes
might provide more reactive anchoring points to stabilize the deposited Pt
nanoparticles.

In light of the extremely expensive cost for searching for the stable configuration
of a Pt;3 cluster with various shapes on these N—doped graphenes, the Pt;3 cluster with
the distorted cuboctahedron configuration with D4, symmetry was employed in this

work, since it is more stable than the other symmetry*°

and has been successfully
used in previous studies.** The Ptz clusters were introduced at different
configurations orientations with respect to the sheet (e.g., with a triangular or square
face parallel to the sheet, a vertex closest to the sheet, and so on). After geometrical
optimizations for each initial configuration, the obtained lowest—energy structures are
displayed in Figure 2; the corresponding binding energies, charge transfer, and
structural parameters are given in Table 1.

As seen from these data, a Pt;3 cluster can most favorably adsorb on the N¢
structure via one of the triangular faces, in which each Pt atom is attached to the C—C
bond near the N—site (Figure 2a), instead of binding directly to the N atom. This
happens because the nitrogen atom in the graphene structure uses three valence

electrons to form ¢ bands, one valence electron to form a m bond, and places the
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remaining electron in the higher energy m* state, leading to such “‘donor—like”
behavior in this N—doped graphene, which is similar to the case of N—doped carbon
nanotube.” The shortest distance of the newly formed Pt—C bond (i.e. Pt9—C1 in
Figure 2a) is about 2.153 A. On 3NV structure, Pt;3 uses one vertex Pt atom to
saturate the three dangling N atoms around defects, forming a near substitutional
configuration with the shortest Pt—N bond (i.e. Pt7-N in Figure 2b) of 2.105 A.
Meanwhile, one other Pt atom interacts with the basal C—C bond and the shortest
distance of the Pt—C bond (i.e. Pt8—C2 in Figure 2b) is 2.166 A. Upon Pt;3 adsorption
on 4ND configuration, one apex atom is bound with the four N atoms at the divacancy
site, forming a cross configuration. The shortest Pt—~N bond length (i.e. Pt13—N in
Figure 2¢) is 2.011 A. Meanwhile, two other Pt atoms (Pt10 and Pt12) bind with the C
atoms of graphene.

Another important result in Table 1 is that the Pt;3 cluster can be stably adsorbed
on the three N—doped graphenes. The calculated binding energies of the Pt;; cluster
are —4.451 (for N¢), —6.495 (for 3NV), and —8.331 eV (for 4ND), respectively. For
comparison, we also calculated the adsorption of the Pt nanoparticle on the perfect
graphene. The results indicate that the Pt;3 nanoparticle has an adsorption energy of
—0.250 eV on pristine graphene, which is slightly smaller than that of previous study
(—0.360 eV) due to the difference in the employed methods.”* Obviously, the pristine
graphene sheet is unstable for anchoring of a Pt nanoparticle because effective
bonding is absent. Relative to a pristine graphene sheet, the existence of 3NV and

4ND structures in graphene greatly enhances the adsorption capability of a Pt;; cluster.
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Although the N—doping in the three substrates can assist the adsorption of the
Ptjscluster on graphene, the detailed mechanisms are very different. For a N¢ structure,
the enhanced adsorption comes from the activation of the N—neighboring C atoms as
shown above. By contrast, the enhancement in Pt;3 cluster on 3NV or 4ND is
attributed to the strong hybridization between the d orbitals of Pt;3 cluster and the sp’
dangling bonds of the neighboring N atoms near the vacancy. Due to the significantly
strong binding strength of Pt;; cluster on these N-doped graphene, it can be expected
that the structures of adsorbates and substrates are distorted in various ways. For
example, the distances of the N—N bonds in 3NV and 4DV structures are elongated by
0.238 and 0.258 A, respectively, while the average Pt—Pt bond length is elongated by
~0.120 A. This is in good agreement with previous studies: a stronger adsorption
would lead to a greater distortion in adsorbate-substrate system.49’ >> Considering the
large binding energy of Pt nanoparticle on these N-doped graphene, the deposited Pt
nanoparticle exhibit high stability by preventing its sintering.

In addition, taking 3NV structure as an example, we also considered the
deposition of several meta—stable Pt;; nanoparticles including Cay, Dsy, Op, and Iy
symmetry structures. The obtained most—stable configurations of Pt;3 nanoparticles
with Cyay, Dsp, Oy, and I, symmetry structures on the three N—doped graphenes are
presented in Figure S1. We found that these meta—stable Pt;; clusters can also stably
be adsorbed on substrates. The calculated binding energies of these meta-stable Pt;;
clusters on the three N—doped graphenes are smaller than those of the most stable

configurations in Figure 2. We should point out that the lowest energy structure for
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Pt;3 cluster was recently reported, in which the average Pt—Pt bond length is about
2.620 A® Indeed, Ptj3 cluster tends to adopt more open and low—symmetry
morphology. Upon adsorption on 3NV structure in graphene, this configuration (see
Figure Sle) is slightly stable by 0.353 eV than that of with D4, symmetry. This
suggests that further investigation should first focus on determining at least a few
candidate low-energy structures before addressing issues related to the catalytic
activity of clusters. Similarly, this deposited Pt;; cluster is also distorted due to its
strong interaction with substrate.

3.2. Electronic properties of Pt nanoparticles/N—doped graphene composites.
After searching for the obtained most stable configurations of Pt;3/N—doped
graphenes, we further explored the effects of substrates on the electronic properties by
analyzing the projected density of states (PDOS), which are useful for deeply
understanding the details of the interaction of Pt;; nanoparticles with N—doped
graphene. Figure 3 shows the plots of the PDOS of the s, p, and d states of Pt atoms
and s and p states of C or N atoms at the support—cluster interface that are involved in
bond formation.

It can be seen from PDOSs that a strong hybridization of d states of Pt cluster
with p states of substrates can be obviously observed, especially on 3NV and 4ND
structures. This can be expected, because the Pt;; cluster uses its valence electrons to
saturate the dangling bond of N atoms around the vacancy in the two defective
N-—doped graphenes. Such interaction results in the large calculated binding energies.
Compared with the narrow and sharp bands characterized by a set of discrete levels of

9



RSC Advances

isolated Pt;3 nanoparticle (Figure S2a), all the Pt states on the three N—doped
graphenesare downshifted from the Fermi level and overlap with the p states of the
substrates and their main peaks are shifted to —1.550 (for N¢), —1.500 (for 3NV),
—3.930 eV (for 4ND), respectively. For other Pt atoms far from the interface, their
PDOSs are also downshifted from the Fermi level in different ways as shown in
Figure S2. The strong binding strength between Pt;3 nanoparticle and these N—doped
graphenes can be further supported by the charge—density difference plots in Figure 3,
which show significant redistribution of charge in the vicinity of the support—cluster
interface. Note that we calculate the charge—density difference of these fully relaxed
configurations as follows: Ap = p(Pt;3/N—doped graphene) —p(N—doped graphene)
—p(Pt13), where p(Pt;3/N—doped graphene), p(N—doped graphene), p(Pt;3) are charge
densities of Pt;3/N—doped graphene, N—doped graphene, and Pt cluster, respectively.
From Table 1, it is apparent that, regardless of the substrate, the direction of charge
transfer is from the Pt;; particle to the substrate. The amount of charge transfer to Nc,
3NV, and 4ND structures is 0.165, 0.244, and 0.331 e, respectively, according to the
Hirshfeld analysis, which is consistent with the order of the binding energy. The
above changes in PDOS and charge—density of the interfacial Pt atoms testify that the
support of the N—doped graphene has great effects on the electronic structures of the
deposited clusters.

3.3. Catalytic activity of Pt nanoparticles/N—doped graphene composites for
oxygen reduction reaction (ORR). Recently, the proposed “d—band center (g4)” by
Norskov and Hammer’’ has been widely used in various transition metal-based

10
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systems. This concept can provide reasonable explanations for the catalytic
performance of these catalysts.ﬂ’sg'62 For example, Zhang et al. have suggested that
the position of the d—band center is the determining factor for the adsorption strength
of CO and O, on free and defective graphene-supported Au-Pd bimetallic clusters.®
To evaluate the effects of N—doped graphene support on the catalytic activity of Pt;3
clusters, we calculated the & of the deposited Pt;3 clusters on the three N—doped
graphenes with respect to the corresponding vacuum level (Ey,). For the isolated Pt;;
cluster, its averaged g4 is —1.960 eV, in which the g4 values of the Pt atoms in the
center and vertex are —3.940 and —1.790 eV, respectively. As compared to the free
counterpart, the Pt nanoparticles on N—doped graphene show significantly changed &4
as seen in Table 2. For all deposited Pt nanoparticles, the &4’s are down—shifted from
the Fermi level, in agreement with the analysis of PDOS. The average g4 values of the
Pt nanoparticle on N¢, 3NV, and 4ND structures are —2.460, —2.492, and —2.521 eV,
respectively. According to the d—band model, the lower the averaged ¢, values, the
lower reactivity of the deposited Pt particles and the lower possibility for
O—poisoning to take place. The above results further suggest the great effect of
N—doped graphene on the catalytic reactivity of the supported Pt nanoparticles.

As is known, for the ORR, the adsorption of O, molecule on catalyst to form a
superoxide together with an electron and proton transfer is the rate—determining
step.®* Thus, a more reactive catalyst, such as Pt nanoparticle (NP) whose d—band
center is adjacent to the Fermi level, may bind the O, more strongly. This enables the
electron transfer and O—O bond breaking to become facile.”” As a secondary effect,

11
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however, the desorption kinetics of some produced species (namely, O, OH, and OOH)
in the subsequent reactions may be slow due to their strong adsorption on catalyst. As
a result, the reactive sites of catalyst are occupied by these intermediates, resulting in
the sluggish ORR kinetics.®® Therefore, a good ORR catalyst should be the one that
forms a moderate bond with the adsorbates to balance the kinetics of O—O bond
breaking and removal of the oxygen—containing species generated from the former
step. One method to improve the ORR kinetics of Pt NP composites is to weaken the
oxygen adsorption energy by lowering their d—band centers. So, the binding strength
of O-containing intermediates is a key indicator to evaluate the catalytic activity
trends across different catalysts. It has been found that the adsorption energy of OH
and OOH correlate linearly with that of O.°® In this regard, we focused our
investigation of the O adsorption on these supported Pt nanoparticle on N—doped
graphene, which can be adopted as an effective indicator of activity to predict activity
trends across different catalysts.”*®?

On freestanding Pt;3 cluster, it is relatively straightforward to identify via
symmetry arguments a minimal set of binding sites (on—top, bridge, hollow sites) for
O adsorption studies. Our results indicate that the O prefers to adsorb at a 3—fold site
on a surface of the Pt;; cluster. The calculated nearest Pt—O distance is 2.100 A and
the adsorption energy is —3.700 eV, while Li et al. reported a larger adsorption
energy.®” The discrepancy in the calculated adsorption energy arises from the fact that
the present calculations adopt PBE functional, while RPBE functional was used in
Li’s work. In fact, our calculated O adsorption energy —4.503 eV on free Pt;; cluster

12
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using the RPBE functional is consistent with Li’s work.®” Upon O adsorption on
deposited Pt;; clusters, similar on—top/bridge/hollow binding sites can also be
identified. However, reduced (or complete lack of) symmetry renders each of these
sites in deposited Pt;; clusters be unique. So we considered many adsorption sites (up
to 38) on every cluster. After geometric optimization for each initial O adsorption
configuration, the obtained most stable adsorption configurations and the
corresponding F,4s are presented in Figure 4, while the metastable configurations are
summarized in Table S2.

As expected from the d—band center analysis, the formation of strong interfacial
interaction of Pt;3 particle with these N—doped graphenes weakens the adsorption of
O. The E,q values of O on the deposited one on N¢, 3NV, and 4ND structures are
—1.762, —1.723, and —1.507 eV, respectively, which are lower by 1.938, 1.977, and
2.193 eV than that of on isolated Pt;3 cluster. The low adsorption energies of the
Pt;3/N—doped graphenes indicate the high activity of these composites in ORR. In
other words, Pt nanoparticles deposited on N—doped graphenes not only possess high
stability, but also exhibit good catalytic performance in ORR. More importantly, the
obtained N-doped graphenes show good catalyst supports for dispersing Pt
nanoparticles and the Pt/N—doped graphenes nanomaterials exhibit high

electrocatalytic activity toward ORR. As previously reported,® >

the strong
adsorption of oxygen on free Pt nanoparticle is attributed to the geometry distortion of
the free Pt cluster upon oxygen adsorption. On the contrary, these N-doped graphenes

can stably anchor the Pt nanoparticle and thus prevents the Pt;; nanoparticle from
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being significantly changed upon oxygen adsorption. This may be the reason that O
exhibits weaker adsorption on the supported Pt cluster than that of on free one, thus
enhancing this system’s catalytic performance.

We also note that a vacancy site without N-doping in graphene can also serves as
the anchoring point and increase the catalytic activity of Pt nanoparticles by
preventing their sintering.*” * For example, the binding energy of Pt;3 cluster on
graphene with monovacancy is -7.120 eV, which is larger than that of on 3NV
structure (-6.495 eV). The average g4 value of the Pt;; cluster on defective graphene is
about -2.240 eV, which is higher than that of on 3NV structure (-2.492 eV). Thus, the
Pt nanoparticle supported by N-doped defective graphene might exhibit higher

catalytic performance for ORR.

4. Conclusions

The effects of N—doped graphene support on the electronic properties and
catalytic reactivity in oxygen reduction reaction have been studied by density
functional theory calculations. The calculated binding energies of Pt;3 cluster on the
three kinds of N—doped graphene are —4.451, —6.495, and —8.331 eV, respectively,
suggesting that N—doping greatly enhances the binding strength of Pt;; nanoparticle
on graphene, although the detailed mechanisms are very different. Dopant nitrogen
atom in N serves to mediate the enhancement in the adsorption of Pt nanoparticle by
activating nitrogen—neighboring carbon atoms. In contrast, the enhanced platinum
adsorption in defective N—doped graphene can be mainly attributed to a strong

14
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hybridization between platinum d orbitals and sp” dangling bonds at the defect sites.
In this sense, these N—doped graphene can be used as templates for the Pt clusters
assembly, ensuring their stability. The strong interaction induces the shift of the
averaged d—band center of the deposited Pt nanoparticles from —1.960 eV of the
isolated Pt;3 to the present —2.460 (on N structure), —2.492 (on 3NV structure), and
—2.521 eV (on 4ND structure), respectively. Thus, it is understandable that O
adsorption on Pt;3/N—doped graphene is lower than that on freestanding Pt;; particle,
which is directly correlated with the corresponding shift of their g4 values. These
results indicate that N—doped graphenes not only stabilize the Pt clusters but also

enhance their catalytic performance in the oxygen reduction reaction.
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Table 1. Structural parameters, binding energies, and charge transfer of Pt;3 particle

on various N-doped graphenes.

Ey (eV) min dpi.c (A) min dpi.N (A) min/max dpi.p; (A) 0O (e)

N¢ —4.451 2.153 2.987 2.564/4.500 0.165
3NV —6.495 2.166 2.105 2.594/4.669 0.244
4ND —8.331 2.181 2.011 2.583/4.462 0.331
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Table 2. Change of d-bandcenter (g4, €V) before and after Pt;3 deposition

isolated Pt3 Pt;3/N¢ Pt13/3NV Pt;3/4ND
Ptl -1.790 -1.860 -2.472 -2.448
Pt2 -1.790 -2.568 -2.273 -2.195
Pt3 -1.790 -2.408 -2.638 -2.579
Pt4 -1.790 -2.469 -2.381 -2.181
Pt5 -1.790 -2.595 -2.136 -1.896
Pt6 -1.790 -1.902 -2.076 -2.640
Pt7 -1.790 -2.656 -4.104 -1.993
Pt8 -1.790 -2.143 -2.653 -2.089
Pt9 -1.790 -2.740 -2.417 -2.450
Pt10 -1.790 -2.762 -2.270 -2.731
Ptl1 -1.790 -3.045 -2.866 -2.541
Pt12 -1.790 -2.331 -1.917 -2.352
Pt13 -3.940 -2.496 -2.194 -4.677
average -1.960 -2.460 -2.492 -2.521

*See Figure 2 for the notation of the Pt atoms.
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FIGURE CAPTIONS
Figure 1. Optimized structures of N—doped graphenes with (a) N¢, (b) 3NV, and (c)
4ND structures, along with their corresponding projected DOS (C: gray, N: blue. The
blue lines correspond to p-DOS, and the red lines correspond to s-DOS. The green
dotted lines correspond to Fermi level.)
Figure 2. Optimized configurations of Pt;3 particles on N-doped graphenes with (a)
Nec, (b) 3NV, and (¢) 4ND structures.
Figure 3. DOSs of interfacial C/N and Pt atoms and the corresponding contour plots
of differential charge density of Pt;; deposition on various N-doped graphenes with (a)
Ng, (b) 3NV, and (c) 4ND structures. The Fermi level is set as zero in red dotted lines.
The charge accumulation region is rendered in red, and the charge depletion region is
in green. The isovalue is =0.004 au.
Figure 4. The obtained most configurations of O adsorption on deposited Pt;3 on
various N-doped graphenes with (a) N¢, (b) 3NV, and (c) 4ND structures and the

corresponding adsorption energies. The unit of bond length is A.
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Figure 2
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Figure 4

(a) Eas = —1.762 eV (b) Engs = —1.723 eV

(€) Eags = —1.507 eV
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