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Abstract: Hybrid DFT calculations are employed to compare the
adsorption and stabilization of Cu, Ag, and Au atoms on graphitic C3N,4
and on the heterojunction formed by g- CsN4 and TiO,. While Cu and
Ag can be strongly chemisorbed in form of cations on g- CsNg4, Au is
only weakly physisorbed. On g- CsN4/TiO,, all coinage metal adatoms
can be strongly chemisorbed, but, while Cu and Ag forms cations, Au
form an Au- species. Ab Initio Molecular Dynamics simulations confirm
that the metal adatoms on g-CsN, are highly mobile at room
temperature, while they remain confined in the interfacial spacing
between C3N, and TiO, on the heterojunction, being both stably
bound and reachable for the reactants in a catalytic cycle. Doping g-
CsN4/TiO, with metal single atoms permits thus to generate catalytic
systems with tunable charge and chemical properties and improved
stability with respect to bare CsN,. Moreover, the changes in the
electronic structure of g- CsN4/TiO; induced by the presence of the
metal single atoms are beneficial also for photocatalytic applications.

Introduction

Single atom catalysts (SACs) are at the edge-cut of research in
catalysis, thanks to their versatility and variety of potential
applications, spanning from thermal catalysis, to organic
synthesis, photocatalysis and electrocatalysis.*=*Y The key-
concept behind the design of SACs is the idea to unify the
advantages of homogeneous (and enzymatic) catalysis, where
the active species is a single-metal atom bound to ligands,
ensuring high activity, selectivity and chemical tunability, with the
paradigmatic most favorable aspects of heterogeneous catalysis.
In the latter case, the anchorage of the active catalytic species to
a solid support permits to overcome the issues of dispersion and
loss of the catalysts along the active cycle.*? A wide range of
different solid supports has been proposed to host single-atom
active catalytic and electrocatalytic species, spanning from
zeolites and metal-organic frameworks,**-1"1 to oxides,[!8-22
graphene3-28 or other carbon-based materials, such as carbon
nitride. [29-361

SACs have attracted a lot of attention from computational groups
over the last years due to their apparent simplicity: indeed,
treating single metal atoms coordinated to model structures of
simple surfaces is no big deal with nowadays computational
facilities, in particular if the support is an atomic-thin two-
dimensional material, such as graphene. However, an accurate

analysis reveals how SACs are a highly non-banal system, where
the actual chemical structure of the binding site, the computational
description of the electronic structure of the metal-support
complex, and the sampling of the potential energy surface are real
challenges for simulation and thoroughly affect their predicting
power.[37-39

Recently, a strategy to improve the reactivity and stability of
single-atom catalysts has begun to be explored, where the SAC
is confined in the Van der Waals (VdW) spacing in layered
materials, rather than bound to a surface.®44 For instance, Pt;
single-atom species confined between SnS; layers were shown
to outperform conventional carbon-based catalysts loaded with
10% Pt in the H, yield in the hydrogen evolution reaction (HER).*2
Similar, remarkable results for HER have been obtained for single
platinum atoms dispersed in the VdW spacing in other layered
materials® or, with a conceptually similar approach, in carbon
nanotubes.?¥ A stabilization of Pt; atoms, as well as a remarkable
increase in the activity in the HER, was previously reported at the
heterojunction between carbon nitride and zirconia.s!

Beyond the case of the HER, single-atom species trapped in
layered materials are currently investigated also in more involved
organic synthetic processes,*®! as well as for applications in
energy generation,*”l storage,*! and as memristors.”*! In this
paper, we explore, by means of state-of-the-art Density
Functional Theory (DFT) simulations, a class of systems related
to the 2D materials intercalated with single atoms: namely, we
study the case where the single-atomic species are bound at the
interface between two different materials, carbon nitride and
titanium dioxide.

Heterojunctions formed by interfacing different materials, or even
different facets of the same material,®-" are at the base of the
strategy to improve the material’'s efficiency in sunlight
exploitation and photocatalytic processes.®-64 To this end,
accurate computational studies are of great help in rationalizing
the junction’s effects in terms of band alignment,®>-%8 surface
terminations, 9 layer thickness!’®"Y and role of point defects.["?
In particular, the heterojunction formed by carbon nitride and
titania displays very interesting features: upon exposition to
visible light, charge carriers are generated and split in the two
moieties following a direct Z-scheme. More precisely,
experimental evidence indicates that the TiO, band edges are
lower in energy than those of g-CsN,.[®1 The photogenerated
electrons in titania, with lower conduction band (CB), recombine



with the photogenerated holes in carbon nitride with a higher
valence band (VB). In this way the photogenerated electrons in
carbon nitride, with high reduction ability due to the higher CB,
and the photogenerated holes in titania, with a high oxidation
ability due to the lower VB, can be preserved. As proven in a
previous computational work,[7 this mechanism is enabled by the
formation of a strong interface dipole, related to the charge
injection from carbon nitride to titania.

In the present work, we compare the bonding of copper, silver,
and gold single atomic species on a free-standing g-CsN4 layer,
and on the g-C3N4/TiO; heterojunction, seeing how chemical and
electrostatic factors in the composite material affect the bonding
strength and charge state of the transition metal (TM) adatoms.
After discussing the simulated adsorption of TM adatoms by
means of static calculations, their thermal stability at room
temperature is analyzed recurring to Ab Initio Molecular Dynamics
(AIMD) calculations. The computational details are provided at
the end of the document.

Results and Discussion

Binding Cu, Ag and Au: Effect of the Substrate

The main results concerning the adsorption of the atom of free-
standing and TiO,-supported graphitic carbon nitride are reported
in Table 1. A schematic picture of the encountered TM adsorption
sites is provided in Figure 1. All structures have been fully relaxed
with HSEO6.

] )|
Figure 1. Visual description of all adsorption sites detected on g-
C3N4/TiO2: a) side view and b) top view. P: non-specific weak
physisorption. N: top site on a nitrogen atom. H: heptazinic hollow
site. I: in the interfacial spacing between C3N4 and TiO,. Colour
code: C (brown), N (cyan), O (red), Ti (light cyan), generic coinage
metal adatom (gold).

Starting from copper, we observe that, on free-standing g-C3Na,
the adatom forms a cation upon adsorption, transferring an
electron to the conduction band of carbon nitride. This is assessed
by inspecting the spin density and the atom-projected Density of
States (p-DOS) in Figures 2a and 2b: indeed, the Cu adatom
loses the spin density it has as an isolated gas species, owned to
its 4s?, 3d'° electron configuration, while the trailing electron is
delocalized in the conduction band of carbon nitride. The empty
4s orbital is also well evident in the PDOS plot. Two different
adsorption sites are identified, in the heptazinic hollow (H) and on
top of a nitrogen atom (N), Table 1 and Figures 2a, 2b. In both

WILEY . vcH

cases, a strong chemisorption takes place, with an adsorption
energy of -2.32 eV (H) and -1.28 eV (N).

On the g-C3N4/TiO; heterostructure, the copper atom is further
stabilized at the interface between titania and carbon nitride, and
its binding energy increases to -3.96 eV and -3.17 eV when Cu is
adsorbed at the interface between CsN, and TiO; (site |, Figure
2c) or on the C3N,4 hollow site (site H, Figure 2d). The Cu adatom
is adsorbed as a mono-valent cation also on g-C3N4/TiO5.

Table 1. Adsorption site, closest bond distance, estimated charge
state, adsorption energy (De, €V) of Cu, Ag, and Au single atoms
on free-standing g-CsN., strained g-CsN4, and g-CsN4/TiOx.

Atom  Support Siteld Charge De (eV)™
Cu g-C3Ng H +1 -2.32
N +1 -1.28
g-C3N4/TiO2 | +1 -3.96
H +1 -3.77
Ag 9-CsNa H +1 -1.67
P 0 -0.66
g-C3N4/TiO2 | +1 -2.93
P 0 -0.85
Au g-CaNs P1 0 -0.46
P2 0 -0.49
g-C3N4/TiO2 P 0 -0.75
H -1 -1.67

[a] H: heptazinic hollow site. N: on top of a Nitrogen atom. P: physisorbed. I: g-
Cs3N4/TiO2 interface, see Fig. 1. [b] see the Computational Methods section for
the actual definition of the adsorption energy.

Silver, compared to copper, has a higher ionization potential,
which reflects in the charge states it can assume on the supports
described here. On the free-standing g-CsN4, silver is adsorbed
as a cation in the heptazinic pore with a strong De of -1.67 eV (H
site, Figure 3a), or as a neutral atom with a moderate adsorption
energy of -0.66 eV (site P, Figure 3b). When Ag is ionized, the
spin density is visible on the g-C3sN4 layer, Figure 3a, while the
neutral state of the silver atom is evidenced by the spin density
contour plot, which confirms that Ag maintains a (5s!, 4d°)
electron configuration, Figure 3b. In the case of the g-C3N4/TiO,
interface, the positively charge Ag* (Figure 3c) undergoes a
strong stabilization (De= -2.93 eV) as it is binds at the interface
between g-C3N4 and TiO,, (site |, Table 1) in direct contact to the
oxygen atoms from the anatase surface. The physisorbed neutral
Ag atom (site P, Figure 3d) is bound with a slightly larger De, -0.85
eV, compared to g-C3Na.
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Figure 2. Cu adatom adsorbed on carbon nitride and carbon nitride/anatase
heterostructure. Top view (left column), side view (middle column) and projected
DOS (right column) of a) Cu1/g-C3aNa4 (hollow site), b) Cu1/g-CsNa4 (nitrogen-top
site), ¢) Cur/CaN4/TiOz (I site), d) Cu1/C3N4/TiO2 (H site). Colour code: C (brown),
N (cyan), Cu (blue), O (red), Ti (light cyan). The spin density contour plot
displays an isovalue of 0.005 |e| A3: alpha and beta spin states are represented

in yellow and cyan.

Gold has a stronger noble character with respect to silver and
copper, which also translates into a less pronounced tendency to
bind to the surface. Moreover, it displays also a higher electron
affinity and a higher ionization potential compared to the other
elements from group 11. This can be seen in the case of free-
standing g-CsN4, where no cases of chemisorption of Au are
observed, and only two slightly different structures where the
adatom is physisorbed are identified, with similar D, (-0.46 eV and
-0.49 eV), Figures 4a and 4b. In both cases, the gold adatom is
adsorbed as a neutral species. When gold binds to the g-
C3N4/TiO, heterojunction, a local minimum where gold is
physisorbed with D= -0.75 eV (slightly larger than on carbon
nitride) can be found, Figure 4c. However, if gold is strongly
chemisorbed on the heterostructure, Figure 4d, two relevant
differences with respect to Cu and Ag can be appreciated, namely
(i) gold is stabilized in the heptazinic pore of carbon nitride, rather
than spontaneously penetrating into the interfacial spacing and (ii)
gold tends to withdraw an electron from g-C3N4/TiO,, form an Au
anion. In analogy with the previous cases of Cu and Ag, however,
a strong increase in the adsorption energy is observed, indicating
a remarkable stabilization of the adatom on the heterostructure,
compared to bare carbon nitride.
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Figure 3. Ag adatom adsorbed on carbon nitride and carbon nitride/anatase
heterostructure. Top view (left column), side view (middle column) and projected
DOS (right column) of a) Ag1/g-CsN4 (hollow site), b) Agi/g-CaNa (physisorbed),
c) Agi/CsNa/TiO2 (I site), d) Agi/CaN4/TiO2 (physisorbed). Colour code: C
(brown), N (cyan), Ag (silver), O (red), Ti (light cyan). The spin density contour
plot displays an isovalue of 0.005 |e| A3: alpha and beta spin states are

represented in yellow and cyan.

The data reported so far can be rationalized and discussed under
the light of the different chemical nature of the adatoms and the
adopted supports. Graphitic carbon nitride is a monolayer
characterized by a buckled structure, displaying a porous motif.
Its electronic structure shows a semiconducting character, where
the valence and conduction bands are delocalized over the C and
N atoms with bonding and antibonding character, respectively,
reflecting the covalent nature of this material. The pores are ideal
sites to stabilize adatoms and molecules, as widely studied in
high-throughput computational works.™ In the present work we
notice as well that the coordination of metal adatoms on hollow
site on g-CsN; seems to more favorable than other possible
adsorption modes (such as bond on N-top sites or non-specific
physisorption). However, carbon nitride remains a graphitic-like,
layered material, and the possibility that adatoms are stabilized
as interstitial species between the C3N, layers cannot be
neglected.[® This aspect, however, goes beyond the scope of the
present work, where we would rather focus on the stabilization of
the adatoms at the g-C3sN4/TiO; interface. As explained in details
elsewhere, ¥ anatase TiO, and carbon nitride form a type-II
(staggered gap) heterojunction, where the VB and CB edges of
CsN4 lie above those of TiO,. When the contact between the two



moieties is established, some negative charge flows from carbon
nitride to titania, causing a net polarization of the interface. When
TM adatoms are adsorbed on g-C3N4/TiO,, thus, they interact with
a substrate which, (i) presents different binding sites with respect
to free-standing g-CsNsa, for instance involving also oxygen atoms
at the titania surface, ii) displays a down-ward oriented interfacial
dipole moment, related to the charge depletion on the g-C3N, side
and accumulation at the TiO, side, and iii) has an electronic
structure which remarkably differs from those of its separated
units: the overall band gap of the g-CsN4/TiO; interface, notably,
is around 2 eV, remarkably smaller than those of carbon nitride
and titania, a fact with relevant implications to the establishment
of new bonds with a strong charge transfer character upon
adsorption of TM adatoms. Indeed, all these factors play a role in
determining the binding of Cu, Ag, and Au single atoms.
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Figure 4. Au adatom adsorbed on carbon nitride and carbon nitride/anatase
heterostructure. Top view (left column), side view (middle column) and projected
DOS (right column) of a) Aui/g-CsN4 (P1 configuration), b) Aui/g-CsNa (P2
configuration), ¢) Aui/CsN4/TiO2z (phisysorbed), d) Aui/CsN4/TiO2 (I site). Colour
code: C (brown), N (cyan), Au (gold), O (red), Ti (light cyan). The spin density
contour plot displays an isovalue of 0.005 |e| A3: alpha and beta spin states are

represented in yellow and cyan.

An interesting question is how the presence of TM adatoms
influences the photocatalytic properties of CzN4/TiO.. Some
relevant hints in this respect can be derived analyzing the results
presented here, even though they are all ground-state
calculations, and no explicit treatment of the electronic excitations
is considered. A first aspect is the change in the electronic
structure induced by the bonding of the TM adatom. In the case
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of Cu, the positive ionization of the metal species generates deep
occupied states localized on the metal center and shallow
occupied states close to the conduction band edge, which, based
on the spin density plots, are delocalized over the whole carbon
nitride structure (Figures 2c and 2d). This could enhance the
photogeneration of charge carriers by absorbing photons in the
visible frequency range. Moreover, the dipole moment of the
heterojunction (oriented with the negative pole on TiO, and the
positive pole on C3N,), previously calculated as -0.25 |e| x A, is
even more negative for Cus/g-CsN4/TiO, (-0.45 |e| x A for | site,
Figure 2c, and -0.41 |e| x A for H site, Figure 2d). The increased
negative dipole at the interface determines the mechanism for the
recombination of the photoexcited charge carriers, furtherly
corroborating the Z-scheme model previously prosed for the g-
C3N4/TiO; heterojunction. The presence of Cu adatoms, thus,
does not only improve the absorption properties of the
heterojunction, but also facilitate the separation of high-energy
charge carriers. For chemisorbed Ag, Figure 3c, the occupied 4d
states from Ag fall within the TiO valence band, and thus they do
not alter the electronic structure in the gap region. Upon ionization
to Ag*, however, shallow occupied states delocalized over C3N4
appear close the conduction band edge. The interfacial dipole
moment is -0.35 |e| x A, larger compared to the adatom-free
heterojunction, but smaller compared to the case of Cu. One can
thus predict that doping the g-C3sN4/TiO, interface with silver will
have similar, though smaller, effects on the photocatalytic
properties than doping with Cu. Notably, the “P” case where Ag is
barely physisorbed without any charge transfer, Figure 3d, is not
worth being discussed here: the band edges of the
heterojunctions are almost unaffected by the presence of the
metal, so is the interfacial dipole, and any photocatalytic
mechanism involving exclusively the Ag states would have an
intrinsically low quantum yield, due to the relatively small silver
loading on the heterostructure. In the case of Au, the
chemisorption of the adatom on g-C3N4/TiO, leads to the
formation of an Au- anion, Figure 4d. Here, the projected DOS
shows the doubly occupied Au 6s state just above the valence
band, while the hole created in the CsN, moiety upon charge
transfer to Au" leaves a singly occupied state in the middle of the
gap. It is worth reporting the strong decrease in the negative
interfacial dipole, -0.16 |e| x A, which may suggest that a type-II
recombination scheme of the charge carrier may be preferred to
the direct Z-scheme in this case.

A further worth-mentioning aspect is that, in case of adsorption of
TM atoms in neutral state, or as negatively charged Au- species,
the Fermi level of the TM/C3N4/TiO; structures lie in the range
between -4.8 eV and -4.5 eV with respect to the vacuum level, i.e.
at energies which are only a small fraction of eV below the H*/H,
reduction potential, commonly referred to as the Standard
Hydrogen Electrode (SHE), which DFT calculations typically
locate in the range 4.8-4.3 eV below the vacuum level.l’7]
However, when the TM atom (Cu, or Ag) is positively charged,
and an electron is transferred to the substrate, the Fermi level of
the n-doped Cs3N4/TiO; heterojunction is significantly shifted in
energy up -3.8 eV with respect to vacuum (Cu and Ag in interfacial
sites), or even -3.3 eV (Cu at the hollow site). This fact indicates
that this type of structures displays a strong reductive potential,



which may be suitable in photocatalytic applications oriented to
the HER, for instance.

Dynamic Behaviour of SACs at Room Temperature

From the conceptual viewpoint, there are little doubts that SACs
are potentially powerful catalytic systems, joining the advantages
of homogeneous catalysis (undercoordinated metal atoms with
tunable ligand effects to optimize their activity and selectivity) and
heterogeneous catalysts (anchorage of the active species on a
solid substrate, ensuring durability and reusability of the catalysts
through several cycles). The SAC’s nature of single, reactive
atomic species, displaying high surface energy,® however, is
also the main factor potentially hindering their application: indeed,
single atoms are prone to aggregate or be cleaved out in the
reaction’s environment, if they are displaced from their bonding
site. To assess the stability of the single-atom species described
here, we now discuss the results from AIMD calculations
performed at room temperature over a trajectory of 3 ps. One
must consider that longer trajectories should be needed for a full
sampling of the behavior of a catalytic system. However, few-ps
long trajectories allow to gain some information on the surface
chemistry of catalytic objects.l"*-2 In the present case, we aim at
extracting some information on the fluxionality of the supported
metal atoms, and few ps-length trajectories can be considered
adequate in this respect. To this end, we focus on the most stable
case for each SAC, on each support (g-CsN4, and at the g-
CsN4/TiO, heterojunction). In Table 2, the data concerning the
bond distances for the TM adatom over the MD run are reported.
In Figure 5, the closest bonding distance between the TM adatom
and an atom on the support is reported all over the MD trajectory.
For Cu on graphitic carbon nitride, the closest bonding distance
between the SAC and the support oscillates between 1.84 A and
2.19 A over the MD run, with a mean value of 2.07 A. This
indicates a rather dynamic behavior of the Cu adatom, which
moves in and out from the heptazinic pore, oscillating between
two N atoms, as shown in the plot reported in Figure 5a, and

passing from a strong bond situation to a much loose coordination.

One can thus infer that this may indicate a loss of the TM adatom.
The situation is quite different when the Cu adatom is stabilized
on the g-C3N4/TiO, heterojunction: here, <R> is definitely short,
1.85 A, indicating a strong bonding situation. The minimum and
maximum bonding distances observed over the MD run are 1.71
A and 1.97 A respectively, much shorter than the previous case.
Interestingly, as shown in Figure 5b. both short Cu-N and Cu-O
bonds are preserved during the MD run, confirming how both
components of the heterojunction contribute in stabilizing the Cu
adatom, which, however, preserves a certain mobility within the
Van der Waals spacing separating carbon nitride from titania.

A similar picture is reported for Ag. Here, the adatom is very
weakly bound to the nitrogen atoms surrounding the heptazinic
cavity on g-CsNy, as stated by the mean (2.38 A), minimum (2.24
A) and maximum (2.52 A) Ag-N bonding distances observed
along the MD trajectory. The mobile character of the Ag adatom
is evident also from the plot in Figure 5c, showing how the TM
species is oscillating between three N sites along the heptazinic
cavity. Just like in the case of Cu, however, a much tighter
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bonding is reported on the heterojunction between carbon nitride
and titania, Table 2 and Figure 5d, with Ag-N and Ag-O bonding
distances oscillating between 1.73 A and 1.97 A (<R>= 1.86 A).
The scan over the MD trajectory in Figure 5d shows how the silver
adatom remains in the proximity of the same O site, while two
nearby N atoms on carbon nitride contribute to its stabilization.
Gold, with respect to copper and silver, has a more pronounced
noble character and is thus less prone to be strongly anchored on
carbon-based or oxidic supports. This definitely holds true also on
g-CsN4, where Au is loosely bound across the heptazinic pores,
with rather large average (2.25 A), minimum (2.14 A), and
maximum (2.36 A) bond distances. The plot in Figure 5e reveals
the large variability undergone by the Au-N bonding distance,
which emphasizes the mobility of the gold species at 300 K. The
MD trajectory on the g-C3N4/TiO, heterojunction starts from a
configuration where Au is bound to a nitrogen atom in the
heptazinic pore. However, during the run, Au diffuses in the Van
der Waals spacing between titania and carbon nitride, and also
Au-O bonds are established, as clearly revealed in the plot in
Figure 5f, with an average bond distance of 2.08 A along the
trajectory, and a minimum distance of 1.87 A, much shorter
compared to what reported for the free-standing carbon nitride. In
Figure 5f, the shortest Au-N and Au-O distances are plotted for
simplicity, because the SAC tends to jump between various
nearby N-atoms. Notably, the adsorption energy of Au at the
interface is almost identical to the pore site.

Table 2. Mean (<R>, A), minimum (R™", A), and maximum (R™, A) bond
distances across the MD trajectories for Cu, Ag and Au atoms bound on g-CsN4
and g-CsNa /TiOo.

Atom Support <R> (A) R™n (A) Rmax (A)

Cu 9-C3N4 2.07 1.84 2.19
g-C3N4/TiO2 1.85 1.71 1.97

Ag g-CsNa 2.38 2.24 2.52
g-C3N4/TiO2 1.86 1.73 1.97

Au 9-C3N4 2.25 2.14 2.36
g-C3N4/TiO2 2.08 1.87 2.40

It appears thus evident that the titania-carbon nitride composite
displays an intriguing trapping and stabilizing capability toward
TM adatoms, which is here shown not only for a rather reactive
species such as Cu, but also for a rather noble one, such as Au.
Adatoms are confined in the Van der Waals spacing, and tend to
oscillate between the carbonaceous and the oxidic moieties of the
heterojunction, finding stable trapping sites on both sides. In the
same time, the porous morphology of carbon nitride ensures that
the catalytic active species are reachable for the reactant
molecules. Further, intriguing developments of this work may
investigate how the steric constrain exerted by the carbon nitride
layer influences the selectivity and the reaction paths on the SACs
stabilized at the interface.
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Figure 5. Minimum TM-X distance (TM=Cu, Ag, Au and X= N or O atom from the support) along the MD trajectories for a) Cui/g-C3sN4 (hollow site), b) Cu1/CaN4/TiO2
(I site), ¢) Ag1/g-CzNa (hollow site), d) Ag1/CsN4/TiOz (I site), €) Au/g-CaNa (hollow site), f) Au1/CsN4/TiOz (I site).

Conclusions

In this paper, the adsorption of Cu, Ag, and Au single atomic
species has been studied on g-CsN4 and on the g- C3N4/TiO;
heterojunction. On g- C3N4, Cu and Ag can be stabilized in form
of monovalent cations, while Au is only weakly physisorbed as a
neutral species. The picture radically changes on g- C3N4/TiOo,
where stable Cu*, Ag*, and Au- can be formed, by exchanging
electrons with the substrate. Both N atoms from the carbon nitride
moiety and oxygen atoms from titania contribute in stabilizing the
single metal species.

The ions chemisorbed on g- C3N,4 display a remarkably large
binding energy at 0 K, but, as evidenced with an MD simulation at
room temperature, they can easily escape from their bonding site,
suggesting a highly dynamic behavior, prone to a remarkable loss
of catalytic material under operating conditions. In this respect,
the C3N4/TiO; heterojunction is a definitely better support, since,
at RT, the ions tend to remain confined in the Van der Waals
spacing between carbon nitride and titania, and the contact to the
support is well maintained. The porous nature of g-C3Ny,
moreover, ensures that the active single-metal species will be
reachable, even when they are trapped between carbon nitride
and titania.



A relevant aspect highlighted in this paper is the beneficial role of
Cu species to the photocatalytic properties of g-C3N4/TiO,. On the
one hand, the charge injected from the Cu atoms to the support
populate shallow state close to the conduction band, effectively
reducing the band gap. On the other, the presence of the Cu*
atoms actually increase the negative interfacial dipole moment,
strengthening the direct Z-scheme which ensures separation of
highly reactive charge carriers. A similar behavior, but up to a
smaller extent, is expected for Ag*. Au’, on the contrary, induces
deeper gap states, and determines a drastic reduction of the
interfacial dipole moment, which should lead to a type-Il behavior,
rather than a direct Z-scheme.

Computational Methods

Spin-polarized Density Functional Theory calculations are
performed recurring to the code VASP 6.838% The interaction
between the nuclei and the core electrons is modelled recurring
to the Projector Augmented Wave approach.®871 C (2s,2p), N (2s,
2p), O (2s, 2p), Ti (4s, 3d), Cu (4s, 3d), Ag (5s, 4d), and Au (6s,
5d) electrons are treated explicitly in the electronic structure
calculations. At first, static relaxations and subsequent analysis of
the Density of States (DOS), spin density, and charge of the TM
single atoms are performed recurring to the hybrid HSEO06
functional.®® Long-range dispersion forces are considered
recurring to the damped DFT-D3 approach.®%9 A mesh of 1x2x1
special K-points is used for free-standing g-CsN4, while the
sampling was reduced to the T" point for g- CsN4/TiO,. A kinetic
energy cutoff of 400 eV is used to expand the plane-wave basis
set. Truncation criteria of 10 eV (electronic loop) and 102 eV/A
(ionic loop) are adopted. Dipole and quadrupole corrections are
applied along the non-periodic direction. An empty space of at
least 15 A is included in the supercell to avoid spurious
interactions between replicas of the slab. On the most stable
structures obtained from the static calculations, Ab Initio
Molecular Dynamics (AIMD) at a constant temperature of 300 K
is performed using a canonical ensemble over a 3 ps trajectory
after equilibration, ‘with a time-step of 1 fs adopting the
Generalized Gradient Approximation (GGA) functional PBE,Y
because of the high computational effort requested by AIMD
simulations with hybrids. The Temperature was controlled by a
Nosé-Hoover thermostat.[*2931

For free-standing g-CsN4, a 1x2 supercell is adopted to simulate
the adsorption of the TM adatoms on the graphitic monolayer.
Based on previous findings, the corrugated heptazine structure is
adopted.[4949] The g-CsN4/TiO, heterostructure is modelled by
superimposing a corrugated, heptazinic carbon nitride monolayer
on an anatase TiO; (001) slab. The choice of the anatase surface
is motivated by previous experimental data.’® The lattice
mismatch is minimized by adapting the g- C3sN, lattice parameters
to those of anatase and searching for the best possible reciprocal
rotation, with a residual strain of 7% and 2% along the two in-
plane crystallographic directions. All details on the construction of
the interface are reported in a previous publication from the
group.[4l
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The adsorption energy, De, is defined as follows:
D, = E(adatom@substrate) — (E (substrate) + E (adatom))

where the adatom is adsorbed transition-metal species (Cu, Ag,
or Au), while the substrate is either the free-standing or the titania-
supported carbon nitride. The energy of the TM adatoms is
estimated from their respective bulk cohesive energies. Negative
values of D, implies stable binding of the adatoms.
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The stabilization of Cu, Ag, and Au single adatoms at the interface between anatase TiO, and graphitic carbon nitride is studied with
hybrid DFT calculations. On C3N4/TiO,, the single metal atoms are ionized and strongly stabilized. The presence of single transition
metal atoms is beneficial for the photocatalytic properties of the C3sN4/TiO, heterojunction.
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