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ABSTRACT: The deposition of a two-dimensional (2D) atomic nanosheet on a metal surface
has been considered as a new route for tuning the molecule−metal interaction and surface
reactivity in terms of the confinement effect. In this work, we use first-principles calculations to
systematically explore a novel nanospace constructed by placing a 2D graphitic carbon nitride
(g-C3N4) nanosheet over a Pt(111) surface. The confined catalytic activity in this nanospace is
investigated using CO oxidation as a model reaction. With the inherent triangular pores in the g-
C3N4 overlayer being taken advantage of, molecules such as CO and O2 can diffuse to adsorb on
the Pt(111) surface underneath the g-C3N4 overlayer. Moreover, the mechanism of intercalation
is also elucidated, and the results reveal that the energy barrier depends mainly on the properties
of the molecule and the channel. Importantly, the molecule−catalyst interaction can be tuned
by the g-C3N4 overlayer, considerably reducing the adsorption energy of CO on Pt(111) and
leading to enhanced reactivity in CO oxidation. This work will provide important insight for
constructing a promising nanoreactor in which the following is observed: The molecule
intercalation is facile; the molecule−metal interaction is efficiently tuned; the metal-catalyzed reaction is promoted.
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1. INTRODUCTION

Transition metals are well-known heterogeneous catalysts and
have been widely investigated in the past few years.1−4 For the
design of more efficient transition-metal catalysts, great efforts
have been made to tune molecule−catalyst interactions.5

Recent experimental studies suggest that the reactivity of
transition-metal surfaces can be promoted by placing a two-
dimensional (2D) material over the metal surface.5−17 For
example, Bao and co-workers found that the confinement effect
of a h-BN or graphene cover results in the considerably reduced
adsorption energy of CO and the promoted reactivity of CO
oxidation at the 2D/metal interface.6,18 Ferrighi et al. elucidated
the reactivity of O2 and H2O at the interface between graphene
and the TiO2 surface and indicated the importance of the
confinement effect in photocatalysis.19

While the placement of a 2D cover over the metal surface is
becoming a popular route to tune the molecule−catalyst
interaction, very little is known about the mechanism, including
how the molecules intercalate into the 2D/metal interface and
how the cover tunes the molecule−metal interaction. In fact,
most of the reported covers such as graphene6 and h-BN12,18

have no inherent channels, and it is difficult for the molecules
to intercalate into the 2D/metal interface unless defects
including islands, domain boundaries, and wrinkles are
available. As reported by Bao et al., upon CO exposure (5.0
× 10−8 Torr) at room temperature, the Pt(111) surface under
h-BN islands becomes covered by the rapid adsorption of
CO.18 By contrast, under similar CO exposure conditions, no

CO intercalation was observed on the full h-BN layer without
any defects. A similar phenomenon was also observed in the
molecular intercalation of graphene. Therefore, it is supposed
that the defects in the covers play an important role in the
molecular intercalation.5,6,17,18 Unfortunately, the formation of
these defects often depends on the synthesis conditions,
making the defects not uniform. Therefore, the search for a new
2D nanomaterial that can provide uniform channels for
molecular intercalation remains a challenge in the design and
synthesis of confined catalysts.
Among the 2D materials, graphitic carbon nitride (g-C3N4), a

newly emerged material, exhibits high chemical stability and an
appealing electronic structure, being a wide-bandgap semi-
conductor.20−25 This allows its direct use as a semiconductor
photocatalyst in the direct splitting of water into hydrogen and
oxygen. Unlike graphene and h-BN, g-C3N4 has inherent
triangular pores formed by six edge nitrogen atoms. Given such
a unique porous structure of g-C3N4, it is natural to ask whether
these pores can be adopted as channels for the intercalation of
gas molecules onto the metal surface covered by g-C3N4. To the
best of our knowledge, there are few reports about the confined
catalysis on transition-metal surfaces covered by porous
materials.
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In this work, a g-C3N4/Pt(111) system is proposed and
investigated using density functional theory (DFT) calculations.
The confined catalysis of CO oxidation is used as a test case.
Our calculation results reveal that CO and O2 molecules can
intercalate through the triangular pores of g-C3N4 to adsorb on
Pt(111). The molecule−catalyst interaction is successfully
tuned by the g-C3N4 cover resulting in a decreased binding
energy of CO on Pt(111). In addition, for a better
understanding of the confined catalysis, a detailed reaction
mechanism of CO oxidation is also proposed. These findings
provide important insight for designing promising nanospaces
for confined catalysis with high performance. This publication is
organized as follows. The calculation details are described in
Section 2. The results and discussion are presented in Section
3. The conclusions are given in Section 4.

2. COMPUTATIONAL DETAILS

All calculations were carried out by using the Vienna ab initio
simulation package (VASP) within the generalized gradient
approximation (GGA)26−28 using the PBE (Perdew−Burke−
Ernzerhof) exchange-correlation functional. For an accurate
description of the van der Waals interactions between g-C3N4

and Pt(111), the van der Waals density functional (vdW-DF)
method of Dion et al. was adopted, and the optPBE-vdW
functional was employed in this work, as this optimized
functional has yielded excellent results in previously reported
studies.29−31 The electronic wave functions were expanded in
plane waves up to a cutoff energy of 400 eV, and the ionic core
electrons were approximated by the projector augmented-wave
(PAW) method.32 The calculated g-C3N4 lattice parameter of
7.34 Å is consistent with the experimental (7.30 Å) value33 and
other theoretical results.33−36 The periodicity of the g-C3N4/Pt
(111) system can be successfully achieved by using a three-layer
slab containing a √7 × √7 unit cell of Pt(111) covered by a 3
× 3 unit cell of g-C3N4. For the structural optimizations, the
atoms in the bottom metal layer were fixed while the other
atoms including adsorbates were fully relaxed. For avoidance of
the artificial interactions along the z-direction between the slab
and its repeated images, a vacuum space with a length of about
14 Å was employed. A 2 × 2 × 1 Monkhorst−Pack k-point
grid37 was adopted to sample the Brillouin zone.38−40 The
electron density for the ground states was converged with a
10−4 eV total energy threshold, and the geometries were
optimized until the maximum force on any ion was less than
0.05 eV/Å.
For the adsorption energy Eads, it was defined by Eads =

E(adsorbate+catalyst) − E(free‑molecule‑or‑atom) − E(free‑catalyst) in which the
terms are as follows: E(adsorbate+catalyst) is the total energy of the
system; E(free‑molecule‑or‑atom) is the energy of free molecule or
atom adsorption; E(free‑catalyst) is the total energy of a free
catalyst. More negative Eads indicates an energetically more
favorable process.
The nudged elastic band (NEB)41−43 approach was adopted

to simulate CO oxidation, generating the minimum energy path
of the reaction process and an evaluation of the energy barrier
on the potential energy surface. The activation barrier Ea for
each reaction step was calculated by the energy difference
between the transition state (TS) and initial state (IS) while the
reaction energy ΔE for each reaction step was calculated by the
energy difference between the final state (FS) and the initial
state.

3. RESULTS AND DISCUSSION

3.1. g-C3N4/Pt(111) Interface Model. As reported by
experimental studies, g-C3N4 has a 2D planar structure that is
quite similar to that of graphene and h-BN. As shown in Figure
1, g-C3N4 consists of heptazine units, in which each carbon

atom is connected to three nitrogen atoms. The bridge N
atoms and inner N atoms are all 3-fold coordinated by three C
atoms while the edge N atoms are 2-fold coordinated by two C
atoms, generating a particular porous structure.
The optimized g-C3N4/Pt(111) configuration is displayed in

Figure 2. It is clear that the g-C3N4 plane is somewhat distorted
after being placed on Pt(111) and that the distance (dnanospace)
between g-C3N4 and Pt(111) is calculated to be 3.66 Å, which
is comparable to those of h-BN (3.16 Å)18 and graphene (3.30
Å)6 on metal surfaces. Different from the cases of graphene and
h-BN supported by metal surfaces, there are two Pt surface
regions with one fully covered by the heptazine units of g-C3N4

and another under the triangular pores. Accordingly, the
possible adsorption sites on the Pt(111) surface covered by g-
C3N4 are indicated as top, fcc, and hcp for the former and pore-
top, pore-fcc, and pore-hcp for the latter.

3.2. Adsorption of CO, O2, O, and CO2. To explore how
the g-C3N4 cover tunes the molecule−metal interaction and
achieve a fundamental insight into the catalytic performance of
the Pt(111) covered by the g-C3N4 monolayer, CO oxidation is
selected as a model reaction, and a systematic understanding of
the adsorption behavior of involved species, including reactants,
intermediates, and products, is provided. The preferred
adsorption sites and energies of CO, O2, O, and CO2 are
listed in Table 1, and the corresponding adsorption patterns are
displayed in Figure 3. The detailed information for all
adsorption states can be seen in Table S1 in the Supporting
Information (SI). It is clear that the adsorption of all species
with the exception of atomic oxygen are weaker at the g-C3N4/
Pt(111) interface than on the pure Pt(111) surface, revealing
the crucial role that g-C3N4 plays in tuning the molecule−metal
interaction.

CO. As shown in Figure 3a, CO adsorbs at the fcc site of
Pt(111) under the g-C3N4 cover with the adsorption energy of
−1.40 eV, which is approximately 0.44 eV larger than that on
the pure Pt(111) surface. The three Pt−C bond lengths are
calculated to be 2.12, 2.12, and 2.11 Å, and the C−O bond is
approximately 1.20 Å, slightly longer than that without the g-
C3N4 cover. At the hcp site, the adsorption energy is slightly
higher. For these two adsorption states, the height of the

Figure 1. Optimized structure of g-C3N4. Color scheme: C, gray; N,
blue.
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nanospace is approximately 5.23 Å, which is much larger than
that before the molecules’ adsorption. While the CO molecule
is located on the top of the Pt atom, the binding energy is
considerably reduced by 0.61 eV under the cover, and the
average dnanospace is increased to 5.52 Å. Furthermore, we also
investigate the adsorption behavior of CO under the triangular
pores, and it can be seen from Table S1 that the adsorption
energies are decreased with the calculated values close to those
for the sites under the heptazine units. Similar results were
obtained for h-BN/Pt(111) and graphene/Pt(111) interfaces
where the adsorption energies of CO were reduced by 0.516

and 0.42 eV,18 respectively. It appears that g-C3N4 may be a
more promising cover that can more greatly tune the
molecule−metal interaction.
To further understand how the g-C3N4 cover tunes the

interaction between CO and Pt(111), we calculated the
differential charge density of CO adsorbed at the g-C3N4/
Pt(111) interface which is plotted in Figure 4. Considerable

electron transfer from the g-C3N4 cover to the CO species is
observed. Obviously, the g-C3N4 cover and CO species become
positively and negatively charged, respectively. This may
generate an attraction between g-C3N4 and CO, thus reducing
the binding energy of CO on Pt(111). Furthermore, we also
find that the electronic interaction between g-C3N4 and CO
leads to a charge depletion in the bond between C and O,
which is consistent with the fact that CO bond length is slightly
elongated by 0.01 Å. According to Bader charge calculation44

results, the charge transfer from Pt(111) to CO is
approximately 0.17 |e| while, under the g-C3N4 cover, this
value decreases to only 0.11 |e|, revealing a weakened
interaction between CO and Pt(111). This may have
contributed to the fact that g-C3N4 provides extra charge
(0.14 |e|) to CO. These results suggest that the g-C3N4

overlayer can weaken the strong interaction between CO and
Pt.

O2. As shown in Figure 3b, the adsorption of O2 on both the
g-C3N4/Pt(111) and pure Pt(111) is investigated. The O2

molecule is found to lie at the fcc site of pure Pt(111) with the
binding energy of −0.93 eV. Similar to that in the case of CO,

Figure 2. Top and side view of the optimized structure of g-C3N4/
Pt(111) with possible adsorption sites. Color scheme: C, gray; N, blue;
Pt, indigo.

Table 1. Calculated Adsorption Energies of CO, O2, O, and
CO2 on the Pt(111) Surface with and without the g-C3N4

Cover

adsorption energy (eV)

species without cover with cover

CO −1.84 −1.40
O2 −0.93 −0.75
O −1.39 −1.41
CO2 −0.48 0.38

Figure 3. Optimized structures of CO (a), O2 (b), O (c), and CO2 (d)
adsorption on the Pt(111) surface with (left) and without (right) the
g-C3N4 cover. Color scheme: C, gray; N, blue; O, red; Pt, indigo.

Figure 4. Calculated differential charge density of CO adsorbed at the
g-C3N4/Pt(111) interface. Yellow and purple represent charge
depletion and accumulation, respectively. The isovalue is ±0.0006
au. Color scheme: C, gray; N, blue; O, red; Pt, indigo.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b08665
ACS Appl. Mater. Interfaces 2017, 9, 33267−33273

33269

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b08665/suppl_file/am7b08665_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b08665


this value is also increased by approximately 0.20 eV after the g-
C3N4 cover is added, and the calculated O−O bond length is
changed from 1.41 to 1.44 Å, revealing an obvious confinement
effect in O2 adsorption. Differently from the perpendicular
adsorption of CO, the calculated dnanospace is approximately 4.13
Å which is slightly larger than that before adsorption.
O. As a dissociative product of the O2 molecule, the oxygen

atom prefers to adsorb at the fcc site (as shown in Figure 3c)
on the Pt(111) surface. At the interface, the calculated O−Pt
bond lengths are 2.05, 2.05, and 2.05 Å, and the dnanospace is
approximately 4.65 Å. The adsorption energies are almost equal
to the values of −1.41 and −1.39 eV before and after the
addition of the g-C3N4 cover over Pt(111), suggesting that the
g-C3N4 cover does not affect the adsorption of the oxygen atom
on the Pt(111) surface. This phenomenon is further confirmed
by the Bader charge calculations showing that no charge
transfer occurs from the g-C3N4 cover to the atomic O
connected to the Pt atoms.
CO2. As displayed in Figure 3d, CO2 adsorbed on the

Pt(111) surface as a linear molecule. This state has the positive
binding energy of 0.38 eV, suggesting that the attraction
interaction between CO2 and the Pt surface is so weak that
spontaneous adsorption of CO2 will not occur on the Pt(111)
underneath the g-C3N4 cover. By contrast, on the pure Pt(111)
surface, the calculated binding energy of −0.48 eV is found,
indicating that the cover effect is also important for CO2

adsorption. Another adsorption state of CO2 is also detected in
this work with a bent configuration, for which the binding
energy is more positive with the value of 0.45 eV with the C
and O atoms connecting to surface Pt atoms. We believe that
such an unstable adsorption will help the CO2 generated from
CO oxidation to facilely escape from the catalyst.
3.3. Intercalation of CO and O2 at the g-C3N4/Pt(111)

Interface. Before exploration of the CO oxidation reaction,
there is an important issue that remains to be resolved, that is,
how the reactants CO and O2 intercalate into the g-C3N4/
Pt(111) interface. As reported by previous experimental
studies, graphene6 or h-BN12 has no inherent channels, and
defects are constructed for the intercalation of the molecules.
However, the intercalation mechanism is still not fully
understood. Here, using the triangular pores of g-C3N4 as
channels, the mechanism for the CO and O2 intercalating into
the g-C3N4/Pt(111) interface as well as the diffusion of CO2

out of the interface is studied systematically.
The diagrams of IS, TS, and FS of O2, CO, and CO2

intercalation at the g-C3N4/Pt(111) interface are displayed in
Figure 5. In the initial state, O2 is physically adsorbed over the
g-C3N4 surface. The transition state prefers the configuration
where both O atoms are located at the two sides of the g-C3N4

layer (Figure 5a). The O−O bond length is compressed to 1.23
Å, and the calculated distances between the O atoms and the
edge nitrogen atoms are approximately 2.52 Å. The calculated
dnanospace is approximately 3.57 Å, slightly shorter than that in
the initial state. An energy barrier of 0.83 eV is required for this
process, and the reaction is highly exothermic (−1.50 eV). A
similar barrier of 0.69 eV is found for the N2 molecule passing
through the pore of g-C3N3 with the large pore diameter of 5.46
Å.45 According to the Bader charge calculations, the charges
carried by the O atoms are 0 |e| because O2 is a nonpolar binary
molecule, and the edge N atoms in the pores are negatively
charged. When O2 passes through the pore, the interaction
between O2 and edge N atoms is weak.

For CO intercalation, a higher barrier of 1.46 eV should be
overcome for passing through the interface to adsorb on
Pt(111). In the transition state, the O atom of CO is located in
the cover plane with the C atom totally under the cover, and
the dnanospace value is changed from 3.54 to 3.91 Å. Unlike O2,
CO is a polar molecule with the C and O atoms possessing 1.12
and −1.12 |e| charge, respectively. Considering the negatively
charged N atoms, it is more difficult for the O atom of CO to
diffuse than for the C atom because of its repulsive interaction
with N atoms. Therefore, this process requires a higher energy
barrier than that for O2. Interestingly, when an oxygen atom is
preadsorbed on Pt(111) (as shown in Figure S2), the energy
barrier for O2 intercalation is reduced to 1.31 eV, indicating
that preadsorbed species on a metal surface can help the
intercalation of molecules.
Finally, we investigate the diffusion of CO2 out of the g-

C3N4/Pt(111) interface. On the basis of the calculation results,
CO2 should overcome the energy barrier of 1.08 eV to pass
through the pore in the g-C3N4 layer from Pt(111). In the TS,
one O atom and C atom of CO2 are located at one side with
another O atom barely in the g-C3N4 plane. The Bader charge
calculation results indicate that, in this state, the C atom carries
+2.11 |e|, and each O atom possesses about −1.05 |e|. Similar to
that for CO, a repulsive interaction will also be generated
because of the negatively charged edge N atoms, thus leading to
a high energy barrier for intercalation. For the reverse process,
namely, the intercalation of CO2 at the interface, it is necessary
to overcome the energy barrier of 1.52 eV, larger than that for
CO, which may be due to the larger size of CO2.
On the basis of the above results, it can be concluded that

there are two factors that can control the intercalation of a
molecule at the g-C3N4/Pt(111) interface. The first is the
property of the molecule, and the other is the property of the
channel. The former mainly includes the size and charge
characteristics of the molecule. For the latter, the pore size
(steric effect) and the charge characteristics of the atoms along
the pores are the primary crucial factors. By contrast, for the
other reported covers such as h-BN and graphene which have
no inherent channels, the molecules should pass through the
defects including islands, domain boundaries, and wrin-
kles.18,46,47 In these cases, the molecules interact directly with
both the metal surface and the cover. In such a process, the
cover will be lifted up, requiring extra energy.

3.4. CO Oxidation at the g-C3N4/Pt(111) Interface.
Given that small molecules can diffuse through the g-C3N4

cover to adsorb on the Pt(111) surface, the interface between g-

Figure 5. Diagrams of initial state (IS), transition state (TS), and final
state (FS) with relative energies of O2 (a), CO (b), and CO2 (c)
intercalation at the g-C3N4/Pt(111) interface. To be clear, the green
and blue bars are used to represent g-C3N4 and Pt(111), respectively.
Color scheme: C, gray; O, red. Optimized geometries can be seen in
Figure S1.
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C3N4 and Pt(111) can be considered as a 2D nanoreactor for
certain reactions. CO oxidation was investigated as a model
reaction for this purpose. For comparison, the catalytic reaction
over a bare Pt(111) surface was also studied.
From the above section, it is believed that O2 can intercalate

at the interface before the CO species because of a lower energy
barrier. As shown in Figure 6a, O2 is found to dissociate to two

atomic O species with the energy barrier as low as 0.07 eV and
the exothermicity of about −1.51 eV, indicating that this can be
a facile process at low temperature. In the transition state, the
O−O bond length is elongated to 1.42 from 1.40 Å in the initial
state. After the reaction, two O atoms are observed at the fcc
sites. On the bare Pt(111) surface, the O−O distance in the TS
is approximately 1.42 Å, and the calculation results show that
this reaction must overcome a higher energy barrier of
approximately 0.33 eV and that the exothermicity is −1.39
eV as shown in Figure S3a. Obviously, the cover effect indeed
plays an important role in promoting the reaction activity of
oxygen dissociation. For a better understanding of the role that
the g-C3N4 cover plays in the reaction, differential charge
density of the TS for O2 dissociation is also calculated in this
work. Considerable electron transfer from the g-C3N4 cover to
O−O species and accumulation in the O−O bond region can
be observed in Figure 7a. The excess electron may fill the 2π*
orbital of O2 species and make it easier for the O−O bond to
be broken.
Once the CO intercalates at the interface with available active

oxygen atoms, we can examine how it reacts with O to produce
CO2. Examination of Figure 6b shows that, underneath the g-

C3N4 cover, the energy barrier for the CO + O→ CO2 reaction
following the Langmuir−Hinshelwood mechanism is approx-
imately 0.77 eV, which is lower than that (0.85 eV) on pure
Pt(111). Furthermore, the reaction is found to be more
exothermic underneath the cover. In the IS, CO and O are
coadsorbed at the top and fcc sites, respectively, with the C−O
distance being 1.16 Å. In the TS, the O−C−O angle is
approximately 108.88°. Similar to that (as shown in Figure
S3b) on Pt(111), after the reaction, a bent CO2 is generated
with C and O connecting to two Pt surface atoms. Optimized
geometries of the IS, TS, and FS are shown in Figure S4. The
binding energy of this product is approximately 0.45 eV,
indicating that it is not stable at the interface and may diffuse
out of the nanospace through triangular pores. These findings
reveal that CO oxidation at the g-C3N4/Pt(111) interface can
be enhanced because of the considerably reduced binding
energy of CO by the confinement effect. Figure 7b shows that,
on the one hand, the electron density is depleted at the
nitrogen atom of the g-C3N4 cover just above the adsorbed CO
species and in the C−O bond of CO, indicating that the
original C−O bond is now weakened. On the other hand,
considerable electron density is found to accumulate between
the O atom near its CO species and the carbon atom,
promoting the formation of the new C−O bond.
In addition, CO oxidation in the presence of an adsorbed CO

on Pt(111) is studied. As shown in Figure 6c, in the initial state,
a CO molecule is adsorbed near the coadsorbed CO and O.
The calculated dnanospace is approximately 5.80 Å, larger than
that (5.49 Å) without the preadsorbed CO species.
Interestingly, the energy barrier is approximately 0.10 eV
lower, and the reaction becomes more exothermic (−0.53 eV).
Obviously, there is always energy consumed to lift the g-C3N4

cover during the CO oxidation. Our results clearly reveal that
the perpendicularly preadsorbed CO species help lift the g-
C3N4 cover slightly, making the attack of CO to O more facile.
Similar charge distribution at the TS of CO oxidation can be
observed in Figure S5.
Therefore, it is believed that the g-C3N4 cover can provide

excess electron density to weaken the original C−O bond and
promote the formation of the new C−O bond, thus reducing
the reaction energy barrier for CO oxidation.

4. CONCLUSIONS

In this current work, the g-C3N4/Pt(111) interface is studied by
using a DFT method in an effort to gain insight into the
molecule intercalation, the tuning of the molecule−metal
interaction, and the reaction activity of CO oxidation under the
confinement effect. From the calculation results, we find that
the intercalation of molecules through the inherent pores of g-
C3N4 onto Pt(111) was feasible, and the intercalation energy
barrier mainly depends on the properties of the molecule. The
interaction between CO and Pt(111) is significantly weak
because of the charge transfer from the g-C3N4 cover to CO
species. The O2 molecule is found to facilely dissociate on the
g-C3N4/Pt(111) interface, producing an active oxygen atom for
relevant reactions. The energy barrier for CO oxidation in the
g-C3N4/Pt(111) interface is reduced when compared with that
on pure Pt(111), suggesting a promoted reaction activity under
the confinement effect. This work confirms that the g-C3N4 can
provide uniform channels for the molecule intercalation and
can be used as a promoter to tune the molecule−metal
interaction and enhance metal-catalyzed reactions.

Figure 6. Diagrams of IS, TS, and FS with relative energies for O2

dissociation (a) and CO oxidation (b, c) at the g-C3N4/Pt(111)
interface. The green and blue bars are used to represent g-C3N4 and
Pt(111), respectively. Color scheme: C, gray; O, red. Optimized
geometries can be seen in Figure S4.

Figure 7. Calculated differential charge density of TSs for O2

dissociation (a) and CO oxidation (b) at the g-C3N4/Pt(111)
interface. Yellow and purple represent charge depletion and
accumulation, respectively. Color scheme: C, gray; N, blue; O, red;
Pt, indigo.
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