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Abstract

When using support materials in heterogeneous catalysis, a fundamental understand-
ing of the interactions between the catalyst and the support material is of critical
importance. In this work, the stability, electronic structure, and catalytic activity of
single-atom Pt catalysts on oxidized carbon support materials are investigated using
first-principles calculations. The results are discussed based on both frontier-orbital
hybridization and on a charge-transfer scheme. It is found that the strengthening of
the Pt/C interactions by the carbon support with different oxygen concentrations is
more due to charge transfer than frontier-orbital hybridization. In general, the larger
the concentration of oxygen containg groups (OCGs) is and the closer they are to
the Pt adatom, the stronger is the Pt binding energy to the carbon support. The
dependence of the CO adsorption energy and CO vibrational stretching frequency on
the concentration and the proximity of the OCGs to the Pt adatoms enables us to gauge
quantitatively the effects of surface functionalization on the stability and catalytic
activity of Pt catalysts. The change in the chemisorption energy of the CO molecule to
the Pt adatom is discussed based on the position of the Pt d�band center, where it is
found that it is shifted toward lower energy by increasing the concentration of OCGs.
This downshift suppresses the coupling between the Pt d�band and the CO 2⇡

⇤ state,
and consequently both the catalytic activity and the CO adsorption energy are reduced.
Our results suggest that tailoring the carbon support by oxygen-containing groups
could provide a route for improving the tolerance of Pt/C catalysts to CO poisoning.
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1 Introduction

Platinum nanoparticles supported by carbon
nanostructures are widely applicable as cata-
lysts in many chemical processes and fuel cell
technologies.1–4 However, the main challenge
for these catalysts is still their efficiency which
is low on a per metal atom basis since only
the surface atoms are available for catalysis.
Downsizing the catalyst nanoparticles even to
a single atom is highly desirable to maximize
their catalytic activity and selectivity, as well as
utilization efficiency, but is, however, challeng-
ing.5–7 There has been a significant progress
on the synthesis and characterization of single-
atom catalysts on different support materials,
such as graphene5 and metal-oxides.7–9 The
first practical fabrication of a single-atom Pt
catalyst supported by iron oxide nanocrystal-
lites was reported by Qiao et al.

8 It was shown
that a single-atom Pt catalyst exhibits very
high activity and stability for both CO oxida-
tion and preferential oxidation of CO in H2.
Using atomic layer deposition, Sun et al. fabri-
cated single atoms and sub-nanometer clusters
of Pt on a surface of graphene nanosheet sup-
port.5 They showed that single-atom catalysts
exhibit significantly improved catalytic activity
compared to commercial Pt/C catalysts.
The carbon support is supposed to stabilize
the metal nanoparticles and to determine their
size and degree of catalyst dispersion. The
combination of high surface-to-volume ratio,10

high electrical conductivity11 and thermal sta-
bility12 makes graphene a promising candi-
date for many potential applications such as
catalyst support in fuel cells.13–16 Progress in
experimental techniques has made it possible
to study the properties of graphene-supported
metal nanoparticles such as Pt, Pd and Au,17–20

which may offer a new type of carbon-based
metal nanocomposite for the next generation of
catalysts.
Thus, much effort has been devoted towards
the understanding of the characteristics of the
metal/carbon interface in heterogeneous catal-
ysis.21–27 However, diffusion and potential ag-
gregation of catalyst particles under realistic
working conditions, which limits their avail-

ability and activity, are still among the impor-
tant challenges.28 An approach to solve this
issue, while keeping the advantage of the high
surface-to-volume ratio for graphene, is using
chemically modified graphene to control the
size and degree of the catalyst dispersion as
well as the stability of catalyst particles to
promote catalytic performance. One way of
tailoring the chemical properties of graphene is
doping with other atoms like B,29 N,30,31 P,32

and Si.33 Recent experimental studies indicate
that N-doped graphene has great potential as
a high-performance catalyst support for fuel
cell electrocatalysis.34 Using density functional
theory (DFT) calculations, the hydrogen stor-
age capacity of graphene is demonstrated to be
improved by doping with B atoms.35

Another way of modifying the chemical prop-
erties of graphene is introducing a carbon va-
cancy into a graphene sheet. It was found
that single Pt,36 Fe,37 and Au38 adatoms on
graphene defects show high chemical activity
towards CO oxidation. In fact, a real graphene
sheet get many carbon vacancies and defects
during the preparation procedure, which un-
der ambient conditions are initially saturated
by stable oxygen-containing groups (OCGs),
such as epoxy (C-O-C) and carbonyl.39 There-
fore, it is highly desirable to investigate the
effects of OCGs on graphene-based Pt cata-
lysts (Pt/G), which has received a great deal
of attention in recent years, and it has been
argued that OCGs are both beneficial40–42 and
detrimental43–45 to catalyst dispersion. While
Zhu et al.

45 reported that an oxygen-enriched
carbon-nanofiber surface exhibits poor disper-
sion of Pt particles and low specific activity for
the methanol oxidation reaction, other experi-
ments indicate that existence of OCGs in Pt/G
sheets exhibit excellent electrocatalytic activ-
ity towards methanol oxidation, outperforming
commercial Pt/C electrocatalysts.41 The re-
sults are exciting, however some fundamental
questions remain open including the ability to
control the electronic structure and the activ-
ity of supported Pt particles by modifying the
chemical surrounding of the metal particles.
The band-gap dependence of supported metal
particles, among other important issues such as
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the effects of OCGs on the electronic properties
and stability of the carbon surface are also of
high interest.
The adsorption of the CO molecule on Pt cat-
alysts has been extensively studied because of
its importance in various type of industrial cat-
alytic reactions.46–48 Furthermore, CO poison-
ing of Pt catalysts are still a severe challenge in
fuel cell technology.49 Recently, we investigated
the effects of carbon-support on the electronic
structure and catalytic activity of the Pt single-
atom and dimer catalyst for CO adsorption.50

It was found that the presence of the carbon
surface not only stabilizes the Pt adatoms, but
also significantly change the catalytic activity
for CO chemisorption. The carbon support, by
modifying the electron density surrounding the
Pt adatoms, significantly change the hybridiza-
tion between the 5d orbitals of the Pt adatoms
and the 2⇡⇤ state of the CO molecule.
It is the purpose of the current study to of-
fer an answer to some of the aforementioned
questions by presenting a detailed analysis of
the electronic structure, stability and catalytic
activity of the Pt catalyst supported by edge-
functionalized polycyclic aromatic hydrocar-
bons (PAH). First, we systematically study the
band-gap dependence of the PAH surface on
the edge functionalization, discussing the pos-
sibility of tailoring their electronic properties.
Then we discuss how this can affect the elec-
tronic structure, stability and catalytic activity
of the supported Pt catalyst, which is followed
by studying CO adsorption.

2 Computational details

All quantum chemical calculations have been
performed using the ADF software package.51,52

DFT has been employed for the structural re-
laxation and energy minimization using the
S12g53 functional, which includes Grimme’s
D3 dispersion correction54 and its performance
for spin states of transition metal complexes is
well documented.23,50,53,55 This functional is the
successor of the SSB-D functional,56,57 which
has been reported in a previous work21 to have
a better performance for describing the Pt/C
system, comparing to the PBE,58 PW91,59

and B3LYP60 functionals. A mixed Slater-
type basis set (TZ2P/QZ4P), where the QZ4P
basis61 (core triple�⇣, valence quadruple�⇣,
four sets of polarization functions) is used for
describing the Pt atom, and the TZ2P basis
set61 (core double�⇣, valence triple�⇣, two
sets of polarization functions) is used to de-
scribe the C, O and the H atoms. The 1s
electrons are kept frozen for the C atoms to
speed up the calculations without affecting the
accuracy of the results. The scalar relativistic
effects are taken into account at the all-electron
level with the zero-order-regular approximation
(ZORA) approach.62–67 This approach, demon-
strated to have a small basis set superposition
error,68 has been successfully used to describe
the Pt/C system in our previous work.50

The calculations were carried out using a poly-
cyclic aromatic hydrocarbon (C54H18, cir-
cumcoronene) as a representative example
for modelling the graphene surface, which
has been found to be a suitable model sys-
tem.23,50 Geometry optimizations have been
carried out using the BFGS (Broyden-Fletcher-
Goldfarb-Shanno) algorithm69 with the con-
vergence criteria of 10�3 au in energy and of
10�3 au/Angstrom for the gradients. All struc-
tures were fully relaxed during the geometry
optimization and a frequency analysis has been
carried out ensuring the absence of imaginary
frequencies and confirming each structure as
a minimum on the potential energy surface.
A tighter threshold in energy (10�6 au) gra-
dient (10�5 au/Angstrom) have been used for
systems with small imaginary frequency, how-
ever, no dramatic effect on the final energy
was found (less than 10�2 eV). The adsorption
energy for the Pt adatom and dimer, Eads,P t,
on the oxidized-PAH (C54H18�xOx) surface is
calculated as

Eads,P t = EPtn/C54H18�xOx
� EC54H18�xOx � EPtn

(1)
where EPtn/C54H18�xOx , EC54H18�xOx , and EPtn

are the electronic ground state energies of the
Ptn/C54H18�xOx complex, the C54H18�xOx sur-
face, and Ptn, respectively. The CO adsorption
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energy, Eads,CO, is calculated as

Eads,CO = ECO�Ptn/C54H18�xOx
�EPtn/C54H18�xOx

�ECO

(2)
where ECO�Ptn/C54H18�xOx and ECO are
electronic ground state energies for the
CO�Ptn/C54H18�xOx complex and a gas phase
CO molecule, respectively. A more negative
value of the adsorption energies indicates a
stronger binding. Unrestricted calculations are
adopted, where the spin state is denoted by
the multiplicity (2S+1) and the degree of spin
contamination is assessed by inspection of the
expectation value of < S

2
>, which ideally

should be S(S+1) and thereby 0.00 for a singlet
state, 0.75 for a doublet state, etc.
Density of states analysis70 was carried out
to further investigate the impact of OCGs on
the electronic structure of the Ptn/C54H18�xOx

complexes. The Hirshfeld charge analysis,71,72

which appears to be reliable and not very sen-
sitive to basis set effects,51 has been used to
assign partial charges to the Pt adatoms.

3 Results and Discussions

3.1 Edge-functionalized PAH

We start by discussing the effects of OCGs
on the electronic properties and stability of
the PAH molecule since the electronic struc-
ture and catalytic activity of the Pt cat-
alysts are affected by the electronic prop-
erties of the PAH support.22,50 Hence, we
considered a set of different OCGs, includ-
ing hydroxy (�OH), epoxy (�epO), car-
bonyl (�C=O), carboxyl (�COOH), alde-
hyde (�CHO), ketone (�COCH3), and the
pyran-type of doping (�pyO) (see Figure 1).
The energy levels of the highest occupied molec-
ular orbital (HOMO), the lowest unoccupied
molecular orbital (LUMO) and the HOMO–
LUMO energy gap (✏HLG), as well as the rel-
ative ground state stability (�G) for the edge-
functionalized PAHs are compared to those of
the pristine PAH molecule in Table 1. To ac-
count for the relative stability of different edge-
functionalized PAHs, the molar (per atom)
Gibbs free energy of formation, �G, was calcu-

Figure 1: (a)�(h) Top and side views of re-
laxed structures of edge-functionalized PAHs.
Carbon, oxygen, and hydrogen atoms are col-
ored in brown, red and pink, respectively. The
label below each graph indicates the functional
group with which the PAH is functionalized.

Table 1: Relative stabilities, �G, HOMO
energies, ✏H , LUMO energies, ✏L, and
HOMO–LUMO energy gap, ✏HLG, of the
PAHs with different functional groups,
according to Figure 1. All energy terms
are in eV.

structure �G ✏H ✏HLG ✏L

a –0.087 –4.96 1.93 –3.03
b –0.093 –3.81 0.22 –3.59
c –0.041 –4.69 1.48 –3.21
d –0.110 –4.88 1.88 –3.00
e –0.098 –4.87 0.42 –4.45
f –0.102 –5.13 1.37 –3.37
g –0.130 –5.05 1.80 –3.25
h –0.108 –5.08 1.85 –3.23

lated as73

�G = Ecoh � �CµC � �HµH � �OµO (3)

where �i is the molar fraction of atom i (i = C,
O, H), and µi is the chemical potential of atom
i at a given state. µH and µO are chosen as
the binding energy per atom of the electronic
ground state of the H2 and O2 molecules which
are calculated to –2.29 and –3.45 eV, respec-
tively. µC is given as the cohesive energy per
atom of a single graphene sheet which is calcu-
lated to –7.99 eV. Ecoh is the cohesive energy per
atom of the system under consideration, which
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is calculated as

Ecoh =
Esystem � nCEC � nHEH � nOEO

nC + nH + nO
(4)

where Esystem is the total electronic energy of
the model system, and nC , nH , nO are the num-
ber of C, H, and O atoms, respectively. EC ,
EH , and EO are the electronic energies of the
corresponding free atoms in respective ground
state, which are calculated to –1.23, –1.09, and
–1.56 eV, respectively.
The usage of �G allows for a direct comparison
between the stability of PAHs with a different
stoichiometric composition. The largest nega-
tive �G value is found for the PAH functional-
ized by the carboxyl group followed by the hy-
droxy and other functional groups containing a
carbon-oxygen double bond. This is consistent
with thermal annealing at temperatures higher
than 700

�
C for removing carboxyl and hydroxy

groups from graphene oxides.74

As shown in Table 1, both the HOMO and
LUMO energies of the PAHs functionalized
with carboxyl, aldehyde, and ketone groups
shift to lower energies as compared to pristine
PAH. However, they shift to higher energies for
the PAH functionalized with hydroxy group.
For other functional groups, the energy of
HOMO (LUMO) orbitals shift to higher (lower)
energies. Li et al. proposed a mechanism based
on a combination of frontier-orbital hybridiza-
tion and charge transfer.75 Frontier-orbital hy-
bridization lowers ✏HLG via uneven shifts of the
HOMO and LUMO, while charge transfer en-
larges the energy gap through modification of
the electronic screening. Therefore, the promi-
nent down-shift of the LUMO of the PAHs func-
tionalized with carbonyl and pyO groups is due
to relatively large contributions of the orbitals
of these functional groups to frontier-orbital hy-
bridization. However, the impact of carboxyl,
aldehyde, and ketone groups on the energy
gap is much weaker, due to the cancellation of
frontier-orbital hybridization effects by a large
charge transfer. Thus, these functional groups
together with the hydroxy group, although hav-
ing relatively large impact on the stability of
functionalized PAHs, they are not as effective
in tuning the electronic properties. While the

calculated absolute HLG values are sensitive to
the choice of the XC functional, the trends of
HLG for PAHs with different edge-functional
groups are relatively comparable. These re-
sults presented here are in consistent with
the results from edge-oxidized zigzag graphene
nanoribbons (GNRs) using the screened ex-
change hybrid density functional HSE,76 which
has been shown to accurately reproduce exper-
imental band gaps for a wide variety of materi-
als.77,78 They showed that the GNRs function-
alized with carbonyl groups exhibits a vanish-
ing band gap while other oxidized structures
including hydrogenated, hydroxylated and lac-
tonized GNRs have a band gap comparable
to that of the fully hydrogenated ribbon, in-
dicating that their electronic character is only
slightly changed upon oxidation. Hence, we se-
lect edge carbonyl groups (ECGs) to study the
effects of the oxidized PAH support on the elec-
tronic properties and catalytic activity of Pt
catalysts.
We have in addition explored different concen-
trations of carbonyl groups, and found that
PAHs with higher concentrations of oxygens
give a higher relative stability (Figure 2). More-
over, ✏HLG decreases dramatically with in-
creasing concentration of ECGs. However,
for PAHs with large number of edge carbonyl
groups (x >10), ✏HLG increases slightly which
may be due to the geometrical distortion occur-
ring in the PAH plane.
ECG functionalization leads to a superior elec-
trical conductivity and high thermal stability in
the PAH surfaces which may give a possibility
for controlling the chemical reactivity of the Pt
catalysts according to79

� / exp

�✏HLG

2kBT
(5)

where � is the electrical conductivity, kB is
Boltzmann’s constant, and T is the temper-
ature. From a catalytic perspective, systems
with a smaller ✏HLG tend to be more reac-
tive.80,81 An important aspect of this study
is therefore if an egde-functional group that
change the electrical conductivity of a car-
bon substrate affects the electronic structure
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Figure 2: Correlation between �G and ✏HLG

with the number of ECGs.

and chemical activity of a supported catalyst.
Hence, in the next section we consider the ef-
fects of ECGs on the stability and catalytic
activity of Pt catalysts supported by oxidized
PAHs.

3.2 Pt Adsorption on Functionalized-
PAH

Experiments indicate that the presence of ac-
tive defect sites, such as OCGs, on Pt/G sheets
will enhance the catalytic activity and tolerance
to CO poisoning relative to commercial Pt/C
catalysts.41,42 In fact, the chemical surround-
ing of the Pt adatoms has a major effect on
their catalytic activity. Hence, in this section
we study the effects of oxidized PAHs on the
adsorption properties, stability and electronic
structure of the Pt catalyst.
We investigated adsorption properties of the
Pt adatom and dimer on the bridge site of the
surface, since the bridge site has been found to
be the most favourable adsorption site for both
the Pt adatom and dimer.21,22 The results are
shown in Table 2. Introducing carbonyl groups
to the edge of the Ptn/PAH complex (Fig-
ure 3), changes their electronic and structural
properties. However, as for the Pt/C54H18 and
Pt2/C54H18 complexes, the spin ground state
of the Pt/C54H18�xOx and Pt2/C54H18�xOx

(x = 4, 8, 18) complexes are singlet and triplet,
respectively.
As the number of ECGs is increasing, the ad-

sorption for both the Pt adatom and dimer be-
comes stronger (Table 2). The distance between
the Pt adatom and the PAH surface (dPt�C)
slightly decreases by increasing the number of

Figure 3: Top and side views of the
Ptn/C54H18�xOx complexes where n = 1, 2
and x = 0, 4, 8, and 18. Gray, brown, red, and
pink circles indicate Pt, C, O, and H atoms,
respectively.

ECGs, indicating a stronger hybridization be-
tween the 5d-orbitals of the Pt adatom and the
2⇡-orbitals of the carbon surface. The positive
partial charges of the Pt adatom and dimer
also increase, which is in line with a larger
withdrawing of electrons from the ⇡ orbitals of
the PAH surface by the ECGs (see Table 2).
Indeed, there is a flow of electrons from the Pt
adatoms to the oxygens through the carbon sur-
face due to their electronegativity differences.
Hence, both frontier-orbital hybridization and
electrostatic effects play an important role in
strengthening Pt/C interactions.
To further investigate the effect of ECGs on
the electronic structure of the Pt2/C54H18�xOx

complexes, we analyzed the density of states
obtained from spin–polarized DFT calcula-
tions. Although DOS calculations are sensi-
tive to the choice of method, however DOS
analysis is a popular method in surface sci-
ence82,83 and it can be used to qualitatively
compare the effect of different ECGs. PDOS
calculations are also sensitive to the basis
set since they rely on a Mulliken-type of di-
vision of the orbitals, and Mulliken charges
are known to be highly dependent on the
basis set.84,85 Figure 4 shows the total den-
sity of states (TDOS) of the Pt2/C54H14O4,
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Table 2: Adsorption properties of the Ptn/C54H18�xOx complexes in Figure 3.a

complex 2S+1 Eads,P t dPt�C Pt charge O charge complex 2S+1 Eads dPt�C Pt charge O charge
Pt/C54H18 1 –1.70 1.97 0.13 — Pt2/C54H18 1 –0.72 2.11, 2.12 0.07, 0.07 —

3 –0.64 2.10 0.03 — 3 –0.82 2.07, 2.07 0.08, 0.08 —
Pt/C54H14O4 1 –1.72 1.96 0.15 –0.77 Pt2/C54H14O4 1 –0.74 2.10, 2.11 0.10, 0.10 –0.77

3 –0.91 1.98 0.13 –0.78 3 –0.82 2.07, 2.07 0.11, 0.10 –0.76
Pt/C54H10O8 1 –2.00 1.96 0.17 –1.27 Pt2/C54H10O8 1 –1.35 2.05, 2.05 0.15, 0.15 –1.24

3 –2.00 1.96 0.17 –1.27 3 –1.37 2.05, 2.05 0.15, 0.15 –1.24
Pt/C54O18 1 –1.94 1.94 0.18 –2.09 Pt2/C54O18 1 –1.48 1.93, 1.92 0.21, 0.21 –2.09

3 –1.68 1.95 0.19 –2.07 3 –1.49 1.93, 1.92 0.21, 0.21 –2.09
a The adsorption energy for Pt adatoms and dimers, Eads,P t, the height of the Pt adatom with respect to the averaged z

coordinates of the C atoms (which are coordinated to the Pt adatom) in the PAH surface, dPt�C , the Hirshfeld atomic charge
of Pt adatoms for different spin multiplicities (2S+1) of the corresponding complexes are given. O charge indicates the total
number of electrons withdrawn from the Ptn/PAH complex by edge oxygens. All energies are in eV, distances are in Å, and
charges are in atomic units, |e| = 1.
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Figure 4: The TDOS of the Pt2/C54H18�xOx complexes, as well as the density of states pro-
jected on the C54H18�xOx molecules are compared with that of the corresponding complexes before
edge functionalization. The individual contribution from the Pts and the Ptd, as well as the den-
sity of states projected on Ptd and C2p are also given. The a, b, and c plots correspond to the
Pt2/C54H18�xOx complexes where x is 4, 8, and 18, respectively. The vertical dashed line in each
panel indicates the Fermi level which is shifted to 0 eV.

Pt2/C54H10O8, and the Pt2/C54O18 complexes,
as well as the partial contributions from the
Pts and the Ptd states. In each panel, the elec-
tronic structure of the Pt2/C54H18�xOx com-
plex and the C54H18�xOx molecule are com-
pared to that of the corresponding complexes
before edge functionalization, which indicates
that the electronic structure of the PAH sur-
face, as well as the adsorbed Pt dimer, are
perturbed by edge functionalization. The en-

ergy levels shift to lower energy after introduc-
ing the ECGs. For example, the Fermi energy
for the Pt2/C54H14O4, Pt2/C54H10O8, and the
Pt2/C54O18 complexes are calculated to �5.08,
�5.54, and �6.33 eV, respectively.
An important finding from the DOS analysis
is that by increasing the number of carbonyl
groups, the intensity of the density of states
projected on the C2p and the Pt5d states are
slightly decreased (red dashed line in Figure 4),
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indicating a reduction of hybridization between
the Pt5d and C2⇡ states. Therefore, strength-
ening of the Pt/C interaction by increasing the
ECGs is more due to electrostatic interactions
rather than frontier-orbital hybridization. This
is corroborated with the results from the Hir-
shfeld charge analysis where the partial charges
on the Pt adatom increases with increasing
number of ECGs (see Table 2).

3.3 CO adsorption

To investigate whether the catalytic proper-
ties of the Pt catalysts supported by an oxi-
dized PAH surface differ from those of the PAH
surface, we used the CO molecule as a probe
molecule. The adsorption of the Pt adatom and
dimer on the PAH surface is improved by ECGs,
and although stability is a prerequisite for cat-
alysts in practice,86,87 changes in the electronic
structure due to ECGs could also affect their
catalytic activity.

In our previous work,50,88 we studied dif-
ferent configurations for adsorption of the CO
molecule on the atop and bridge sites of the
Pt2/PAH complex and the most stable configu-
ration was found to be the configuration where
the CO molecule is bonded to the bridge site of
the Pt dimer, in agreement with previous stud-
ies.89–92 In this configuration, both Pt atoms
are in contact with the PAH surface and due
to strong hybridization with the ⇡ orbitals of
the PAH surface, both the Pt adatoms and the
PAH surface can participate in electron trans-
fer to the antibonding 2⇡⇤ orbital of the CO
molecule. This bridge structure together with
an atop structure for the Pt/PAH complex are
our model systems to study the catalytic activ-
ity of Pt catalysts on oxidized PAH surfaces. It
is worth noting that an asymmetric distribution
of carbonyl groups to the edge of PAH surface
causes moving of the CO–Pt complex toward
the edge-carbonyl groups on the functionalized
PAH surface, hence symmetrically doped struc-
tures were chosen (see Figure 5).

As for the Ptn/PAH complex, introducing
carbonyl groups to the edge of CO–Ptn/PAH
complex, changes their electronic and struc-
tural properties. However, the spin ground

Figure 5: Top and side views of the
CO�Ptn/C54H18�xOx complexes where n = 1,
2 and x = 1, 2, 4, and 18. Gray, brown, red,
and pink circles indicate Pt, C, O, and H atoms,
respectively.

state of the CO–Pt/C54H18�xOx and CO–
Pt2/C54H18�xOx (x = 4, 8, 18) complexes re-
mains singlet, as for the CO–Pt/C54H18 and
CO–Pt2/C54H18 complexes. The results are
given in Table 3. The degree of spin contami-
nation is checked by comparing the expectation
value of < S

2
> with the ideal value, S(S+1),

which reflects in a small deviation (< 10%) from
the ideal value, except for systems with large
structural deviations. For example, the degree
of spin contamination for both the singlet and
triplet states of the CO Pt/C54H14O4 complex
is found to be zero, while the triplet state of the
CO Pt/C54O18 complex has the spin contami-
nation of around 20%, however, its spin ground
state (singlet state) has no contamination.
For both the Pt adatom and Pt dimer com-
plexes, the Pt–C distance decreases and on
the contrary, the Pt–CCO distance increases
slightly, as the number of ECGs is increas-
ing. Therefore, the CO adsorption becomes
weaker as compared to pristine PAH due to the
presence of ECGs. The larger CO vibrational
stretching frequency, ⌫CO, as well as the shorter
C�O bond length in the CO molecule as com-
pared to pristine PAH also confirm the weaken-
ing of the Pt�CO interaction due to presence
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Table 3: Results for adsorption of the CO molecule on the Ptn/C54H18�xOx complexes
with configurations according to Figure 5.a

CO�Pt/C54H18�xOx CO�Pt2/C54H18�xOx

x 2S+1 Eads,CO ⌫CO dPt�C dPt�CCO
dC�O Pt Charge x 2S+1 Eads,CO ⌫CO dPt�C dPt�CCO

dC�O Pt Charge
0 1 –3.21 2037.9 2.24 1.79 1.159 0.06 0 1 –3.01 1825.3 2.91, 2.94 1.90 1.188 0.12, 0.12

3 –1.41 2041.9 2.30 1.80 1.157 0.08 3 –2.24 1833.3 2.94, 2.96 1.90 1.187 0.12, 0.11
4 1 –3.00 2047.1 2.20 1.80 1.157 0.07 4 1 –2.95 1835.0 2.94, 2.96 1.91 1.186 0.12, 0.12

3 –2.01 2050.6 2.21 1.81 1.155 0.10 3 –1.95 1841.7 2.94, 2.96 1.91 1.186 0.12, 0.12
8 1 –2.95 2056.0 2.17 1.81 1.154 0.11 8 1 –2.89 1872.8 2.22, 2.23 1.96 1.177 0.21, 0.21

3 –2.94 2056.2 2.17 1.81 1.154 0.12 3 –2.66 1858.1 2.50, 2.59 1.93 1.180 0.19, 0.19
18 1 –2.81 2065.5 2.17 1.81 1.152 0.08 18 1 –2.14 1877.8 2.71, 2.78 1.92 1.179 0.16, 0.16

3 –2.57 2066.0 2.17 1.81 1.152 0.08 3 –2.04 1888.3 2.31, 2.40 1.95 1.175 0.23, 0.22
a The CO adsorption energy, Eads,CO, the height of the Pt adatom with respect to the averaged z coordinates of the C atoms (which
are coordinated to the Pt adatom) in the PAH molecule, dPt�C , the distance between Pt adatom and the CCO atom, dPt�CCO

, the
CO bond length, dC�O, the harmonic vibrational stretching frequency of the adsorbed CO, ⌫CO, and the Hirshfeld atomic charge of
Pt adatoms for different spin multiplicities (2S+1) of the corresponding complexes are given. All energies are in eV, distances in Å,
frequencies in cm

�1, and charges are in atomic units, |e| = 1.

of ECGs (see Table 3).
The correlation between the C–O stretching fre-
quency and the CO adsorption energy versus
the number of ECGs is given in Figure 6. As ex-
pected, the C–O stretching frequency increases
as the adsorption becomes weaker. In fact,
ECGs withdraw electrons from the ⇡ orbitals of
the PAH surface and consequently suppress the
donation of electrons from ⇡ orbitals of the PAH
surface to the 5d orbitals of the Pt adatoms.
Therefore, the back�donation of electrons from
the Pt5d orbitals to the CO 2⇡⇤ orbitals also
decreases. This is consistent with the Bly-
holder model93 where the main feature is the
back�donation of electrons from the d states of
a metal atom to the antibonding 2⇡⇤ orbitals of
a CO molecule. Moreover, the Hirshfeld charge
analysis shows that by increasing the number of
the ECGs, the partial charges on the Pt adatom
and dimers are increasing, indicating a larger
electron transfer from the Pt atoms to the oxi-
dized PAH surface (Table 3).

To gain a more detailed insight of the elec-
tronic structure that play a role in the adsorp-
tion properties of the CO molecule, we ana-
lyzed the density of states projected on the
adsorbed CO molecule before and after oxida-
tion, as well as on the s and d states of the Pt
adatoms. We also compared the TDOS of the
CO�Pt2/C54H18�xOx complexes with that of
the CO�Pt2/C54H18 complex to illustrate the
effects of ECGs on the electronic structure of
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Figure 6: CO adsorption energy
and C–O stretching frequency for the
CO�Pt2/C54H18�xOx are plotted versus
the number of the ECGs.

these complexes. Hence, the differences in the
density of states of theses complexes are due to
the presence of ECGs (Figure 7). In all cases
the 2⇡⇤ state of the adsorbed CO molecule is
below the Fermi level, however, as the num-
ber of ECGs increases, the intensity of the CO
2⇡⇤ band is decreasing, which indicates that less
electrons are transfered to the CO 2⇡⇤ state,
comparing to the CO�Pt2/C54H18 complex.

As shown in Figure 7, the ECGs have strong
effects on the intensity and structure of the
Pt d�bands. As the number of ECGs increases
from 4 to 18, the sharpness and intensity of
the Pt d�band decrease, and the contribution
from the Pt5d states to the frontier-orbitals of
the corresponding complex is decreasing while
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Figure 7: The total density of states of the CO�Pt2/C54H18�xOx complexes, as well as the par-
tial density of states projected on the adsorbed CO molecule, are compared with that on the
CO�Pt2/C54H18 complex. The individual contribution from the Pts, Ptd and the Osp states are
also given. The a, b, and c plots correspond to the CO�Pt2/C54H18�xOx complexes where x is 4,
8, and 18, respectively. The vertical pink dashed line in each panel indicates the Fermi level which
is shifted to 0 eV.
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Figure 8: Density of states of (a) gas phase CO
molecule, d–band of the Pt dimer supported by;
(b) the PAH molecule, (c–e) the edge-oxidized
PAHs. The energy levels of the Pt dâĹŠ-bands
are relative to the Fermi level of the Pt2/PAH
complex which is shifted to zero.

the contributions from the sp states of the
doped oxygens are increasing. This may sup-

press the hybridization between the Pt d�band
and the CO 2⇡

⇤ state (see Figure 7). Further-
more, the position of the d�band center is an
important factor from a catalysis perspective,
and could serve as an activity descriptor for
transition metals.94,95 A model for chemisorp-
tion on transition metals has been proposed,
where the main feature is the importance of
the position of the d�band center relative to
the HOMO and LUMO of the adsorbate.94,96

The change in the chemisorption energy of a
CO molecule (�Echem) due to a change in the
position of the d�band center (�✏d) has been
modeled as97

�Echem / �4fd
V

2
2⇡�d

(✏2⇡ � ✏d)
2
�✏d (6)

where fd is the filling degree of the d�band,
V2⇡�d is the coupling matrix element between
the d�band and the 2⇡

⇤ state, ✏2⇡ is the energy
of the 2⇡

⇤ state, and ✏d is the position of the
d�band center. Eq. 6 simplifies the interaction
between the CO molecule and the Pt adatoms
to a relation between an upwards (downwards)
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shift of the d�band and an increased (de-
creased) stability of the CO molecule. Gen-
erally, the d�band center of a given metal
atom depends on its surroundings, in which
modifying the chemical surroundings of a tran-
sition metal by alloying,98,99 overlayers99 or by
changing the coordination number of the metal
atom,100,101 could change its reactivity for a
specific reaction.
The energy level of the Pt d�band, before and
after oxidation, relative to the HOMO (5�)
and LUMO (2⇡⇤) states of the gas phase CO
molecule are shown in Figure 8. All energy
levels of the Pt d�bands are relative to the
Fermi level of the Pt2/PAH complex to in-
dicate the shift of the Pt d�band center after
edge functionalization. As the number of ECGs
increases, the position of the d�band is shifted
toward lower energy to preserve the degree
of d�band filling.99 This downward shift sup-
presses the coupling between the Pt d�band
and the CO 2⇡

⇤ state. Hence, the farther the
d�band center is from the Fermi level, the
lower the CO adsorption energy. Therefore,
it can be concluded that tailoring the carbon
support through OCGs could provide a route
for improving the tolerance of Pt/C catalysts
against CO poisoning.

3.4 Pt–Doped–oxygen Distance

So far, we have considered the effects of the
ECGs on adsorption and electronic structure
of the Pt adatoms where although the ECG
distance to the Pt adatoms is relatively large,
6–9 Å, their effect on the electronic structure of
the Pt adatoms is considerable. It is therefore
of interest to investiate how the proximity of
the doped oxygens to the Pt adatom affects the
catalytic properties. Hence, we systematically
decrease the distance between the Pt adatom
and a pyran-type doped oxygen in the PAH
plane (Pt–O) and investigate the adsorption
properties. The results are shown in Table 4.
As the doped oxygen atom approaches the
Pt adatom (Figure 9a–d), the Pt–C distance
slightly decreases and the adsorption energy
decreases, indicating a stronger interaction be-
tween the Pt adatom and the oxidized PAH sur-

face. ✏HLG increases by approaching the doped
oxygen atom toward the Pt adatom which may
suppress the activity of the Pt adatom in CO
adsorption, in line with that ✏HLG is investi-
gated as an indicator for measuring the electri-
cal conductivity in eq. 5.
We also investigated the effect of the Pt–O dis-
tance on the adsorption of the CO molecule.
The results are shown in Table 4. As the doped
oxygen atom approaches the Pt adatom (Fig-
ure 9e–h), the Pt–C distance is decreasing,
whereas the Pt—CCO distance is increasing.
Therefore, the CO adsorption becomes weaker,
indicating a weaker interaction between the CO
molecule and the Pt adatom. There is a corre-
lation between the CO adsorption energy and
✏HLG of the Pt/C53H18O complex, so that as the
doped oxygen atom approaches the Pt adatom,
the ✏HLG of the complex enlarges and conse-
quently the CO adsorption becomes weaker.
Moreover, the C–O stretching frequency also
increases, indicating less back donation of elec-
trons from the 5d orbitals of the Pt adatom to
the 2⇡⇤ states of the adsorbed CO molecule.
Therefore, it is also true that ✏HLG can be serve
as an activity indicator for the single-atom Pt
catalysts.

Figure 9: Top and side views of stable con-
figurations for the Pt/C53H18O complexes, be-
fore (a–d) and after (e–h) CO adsorption. The
doped oxygen approches the Pt adatom from
(a) ! (d) and (e) ! (h), respectively. Color
coding is the same as in Figure 5.
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Table 4: Results for adsorption properties of the Pt/C53H18O complex, before and
after the CO adsorption, as a function of the Pt�O distance, according to Figure 9.
The column headings are the same as in Table 3.

before CO adsorption after CO adsorption
structure 2S+1 Eads,P t ✏HLG dPt�C dPt�O structure 2S+1 Eads,CO ⌫CO dPt�C dPt�CO dC�O

a 1 –1.73 0.32 1.97 4.67 e 1 –3.03 2038.8 2.32 1.80 1.159
3 –1.25 0.52 2.00 4.54 3 –2.39 2039.8 2.32 1.79 1.158

b 1 –1.96 0.66 1.94 3.38 f 1 –2.89 2045.9 2.24 1.79 1.157
3 –1.49 0.27 1.95 3.31 3 –2.23 2049.2 2.23 1.80 1.157

c 1 –3.70 0.81 1.84 3.01 g 1 –1.54 2043.7 2.09 1.83 1.151
3 –3.08 0.48 1.86 3.13 3 –1.53 2033.1 2.00 1.85 1.155

d 1 –3.82 0.83 1.83 3.08 h 1 –2.29 2053.1 2.04 1.88 1.151
3 –3.05 0.35 1.87 3.12 3 –1.40 2035.8 2.00 1.86 1.155

4 Conclusions

DFT calculations have been used to character-
ize the influence of support functionalization on
the catalytic performance of single-atom and
dimer Pt catalysts. The stability, electronic
structure, and catalytic activity of Pt catalysts
supported by an O-functionalized carbon sur-
face were discussed based on a combination of
frontier-orbital hybridization and charge trans-
fer. The stability of the Pt adatom increases by
functionalizing the carbon support by OCGs,
and depends the number and the proximity of
the OCGs to the Pt adatoms. Using the Hirsh-
feld charge analysis, the vibrational stretching
frequency of the CO molecule, and density of
states analyses, it is found that the strength-
ening of the Pt/C interactions on the oxidized
carbon support is more due to charge transfer
than frontier-orbital hybridization.
The dependence of the CO adsorption energy
and CO vibrational stretching frequency on the
concentration and the proximity of the OCGs
to the Pt adatoms were discussed based on the
position of the Pt d�band center. It is found
that the presence of OCGs in the carbon sup-
port leads to a downshift of the Pt d�band
center and consequently weakens the binding
strength of the CO molecule to the Pt catalyst.
This is due to the suppressing of the coupling
between the Pt d�band and the CO 2⇡

⇤ state.
Hence, the farther the d�band center is from
the Fermi level, the lower is the CO adsorption
energy. Our results demonstrate the usefulness
of surface functionalization using OCGs to tai-

lor the stability and catalytic efficiency of the
Pt catalysts at the atomic scale and improve
their tolerance to CO poisoning.
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