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Abstract

A systematic investigation of electronic configuration and excitation properties is
extremely urgent for establishing a guideline to boost H>O2 production with metal single-
atom photocatalysts (M-SAPCs). Herein, a series of metal-ion incorporated M-SAPCs was
prepared, isolating of three transition metals (Fe, Co, Ni) and two main-group metals (In,
Sn) single site by pyridinic N atoms in polymeric carbon nitride (PCN) skeleton. The models
in which metal ions are isolated by non-defected g-CsN4 units (Melem_3M) are consistent
with the practically prepared M-SAPC in terms of band structures and electronic
configurations. Transition density and molecular orbital analysis revealed that the
atomically dispersed In (Ill) and Sn (1V) significantly improve the charge separation with an
ideal electronic configuration for the end-on adsorption of oxygen for a boosted 2e". The
experimental charge separation properties and photocatalytic activities of M-SAPC
showed good accordance with the computed charge transfer profiles of Melem_3M,
manifesting the rationalities and validities of as-proposed guidelines.

Keywords: Photocatalysis, oxygen reduction reaction, H>O, production, single-atom
catalyst, time-dependent density functional theory
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1. Introduction

H20: is used as an industrially crucial oxidant and is a promising future solar fuel with
higher energy (60 wt.% H202, 3.0 MJL") density than compressed H, gas (35 MPa, 2.8
MJL") [1-4]. H2O3 is currently produced by an energy-consuming, waste-intensive, and
indirect anthraquinone method [5, 6]. Photocatalytic H.O> production on semiconductor
materials from water and oxygen has emerged as a promising safe, environmental-friendly
and energy-efficient process [7-9]. To achieve a high selectivity and rate for H>O-
production, it is necessary to boost the 2e- oxygen reduction reaction (ORR) [10] (eq. 1) or
2e” water oxidation reaction (WOR) (eq. 2) [11]. A photocatalytic 2e- WOR pathway is quite
difficult to achieve because the as-synthesized H202 will decompose at the high oxidative
potential (1.76 V vs. NHE) [11, 12]. Alternatively, solar H2O> can be obtained from an ORR
via a 2e” pathway [9, 10, 13-17]. Various photocatalysts such as inorganic ZnO, TiO2, and
CdS and organic graphitic carbon nitride (g-CsN4) have been found to be active for the
artificial photosynthesis of H>O in a particulate system [10, 18-20]. Nevertheless, the
activity achieved is limited to a low level due to (1) low selectivity for the 2e” process and

(2) the low charge separation of photocatalysts.

Oz+2H*+2e"—H,0, (0.695 V vs. NHE) (1)
2H,0+2h*—H,02+2H* (1.76 V vs. NHE) )
Oz+4H*+4e—2H,0  (1.23 V vs. NHE) )

Tuning metallic sites into catalytic centers can boost both the activity and selectivity of
ORR [21]. 4e" ORR and 2e- ORR are two competitive reactions in electrochemical systems
that strongly depend on the type of O, adsorption [21]. O adsorption on a metal surface
can be generally classified into three types (Scheme 1A): one end-on type (Pauling-type),
two side-on types (Griffiths-type and Yeager-type) [21, 22]. Side-on adsorption of O3 is
used to split O-O bond, which may result high selectivity for 4e- ORR, while the end-on O>
adsorption can minimize the O-O bond breaking, leading to a suppressed 4e- ORR (eq. 3)
and thus a highly selective 2e- ORR [23]. Both end-on and side-on types of O2 molecular
adsorption occur on the surfaces of metal particles, and thus the O-O bond splitting on the

surface of metal particles is therefore difficult to prevent [21-23]. On the other hand, the
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adsorption of Oz molecule on atomically isolated sites is usually end-on type (Scheme 1B),
which therefore could reduce the possibility of O-O bond breaking [24-26]. For instance,
supported single-atom catalysts (SACs) with Pt?* [27, 28] and Co-N4 [29, 30] centers can
electrochemically reduce O, to H2O, via a 2e- ORR pathway with ultrahigh selectivity
(>96%). Many theoretical investigations have also revealed the nature of ORR selectivity
to predict favorable reaction pathways for 2e- ORR using a computational hydrogen
electrode (CHE) model [31]. However, these SACs and the CHE models is difficult to be
directly used in the case of photocatalytic systems since the charge separation properties
are not the dominant factor to influence electrochemical activity but a crucial factor to affect
the photocatalytic activity [32, 33]. For instance, transition metals (TMs) with the half-filled
d electrons, i. e., Mn, Fe, Co, Ni and Cu, usually show high activities if these elements are
used to construct efficient electrocatalysts [29, 30, 34], while these elements usually show
low photocatalytic activities because of the charge recombination occurred at these
metallic sites [35]. Main-group metals with a d'° electronic configuration can eliminate the
formation of an intermediate band in the band structure and usually show good activities
in many artificial photosynthesis systems [36]. A systematic investigation of electronic
configuration and excitation properties of isolated main-group metal and TM sites could
provide a comprehensive understanding between theoretical design to practical activities.
Here Scheme 1

To this end, a series of metal ion-incorporated single atom photocatalysts (M-SAPCs)
was prepared by a facile wet-chemical method combined with the thermal condensation
treatment by isolation of TM metals (Fe, Co, Ni) and main-group (In, Sn) sites with a
nitrogen-rich polymeric carbon nitride skeleton. The chemical states of the metal element
and the band positions of the catalyst were firstly investigated. Based on the experimental
data, we then constructed and validated cluster models that can represent the electronic
structure of as-prepared SAPCs. The nature of excited states (ES) was clarified in these
models to obtain a comprehensive understanding of possible charge separation properties
of M-SAPCs for the first time by employing the time-dependent density functional theory

(TDDFT). Verified by the experimental results of photoluminescence (PL), light-driven
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electrochemical impedance spectroscopy (EIS) and photocurrent response profiles, a
theoretical guideline based on the validated electronic configuration and excitation
properties has been established. This guideline provides a blueprint for the design of an

efficient single-atom photocatalyst at atomic levels.

2. Experimental details
2.1 Preparation of single metallic atom photocatalysts

The purities of all reagents for preparation of photocatalysts and for
photoelectrochemical measurements were above analytical grade unless otherwise stated.
Pristine polymeric carbon nitride (PCN) was prepared by calcination of 4 g dicyandiamide
at 560 °C in Nz for 4 h. Typically, FeCl3-6H20O (Wako Pure Chemical Industries, Ltd.),
CoCly'6H20 (Wako Pure Chemical Industries, Ltd.), NiCl2-6H2O (Wako Pure Chemical
Industries, Ltd.), InCl3-4H>.O (Wako Pure Chemical Industries, Ltd.) and SnCls-5H20
(SIGMA-ALDRICH, Co., Ltd.) were used as metallic sources for the formation of metal
catalytic sites. First, 1 mmol metal chloride were dissolved into ethanol solution with
sonification treatment for 60 min. Then, 4 g dicyandiamide was dispersed into solution by
sonification for another 60 min. After that, the solution was removed by a vacuum
evaporator, and the as-obtained powders were dried in a vacuum oven at 60 °C for 4 h.
The metal ion-dispersed M-SAPCs were prepared by calcinating the obtained mixture at
560 °C in N2 for 4 h (Figure S1A). The as-prepared M-SAPCs were named according to
the incorporated metal species, i. e., Fe-SAPC, Co-SAPC, Ni-SAPC, In-SAPC and Sn-
SAPC. The as-prepared sample were all washed in the 2% (v/v) HCI at 80 °C for 24 h to

remove the unfixed metal species such as nanoparticles [29].

2.2 Material characterization

High-resolution transmission electron microscopy (HRTEM), high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive X-
ray spectroscopy (EDS) were performed using a Titan Cubed Themis G2 300 electron

microscope (Field Electron and lon Company, USA) with an accelerating voltage of 300 kV.
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The crystalline phases were characterized by a powder X-ray diffraction (XRD) instrument
(MiniFlex I, Rigaku Co.) with CuKa (A = 1.5418 A) radiation (cathode voltage: 30 kV,
current: 15 mA). X-ray photoelectron spectroscopy (XPS) measurements were performed
using an ESCALAB 250Xi (Thermo Scientific, USA). The binding energy was calibrated by
taking the carbon (C) 1s peak of adventitious carbon at 284.6 eV. UV-vis diffuse reflectance
spectroscopy (UV-DRS) was performed using a UV/VIS/NIR spectrometer (UV-2600,
Shimadzu Co.). Photoluminescence spectroscopy was acquired using a FP-8500

spectrofluorometer (JASCO Corporation, Japan).

2.3 Computational methods

To analyze the excited states of pristine PCN and PCN coordinated with single metal
ions, the Gaussian09 program S2 within TDDFT was used [37]. All optimization and
frequency simulations were carried out by utilizing wb97xd/6-311 G(d) level of theory for C,
N and H elements and SDD for metal elements [9]. PCN synthesized by thermal
polymerization usually contains several defects and shows a poor crystallinity with a short
range order of the lattice [38, 39]. In this case, the single metal atom-dispersed catalysts
are simulated using three cluster models, which the M atom is bound with the skeleton.
The melem_3M represents a single metallic ion coordinated by non-defected PCN unit,
i.e., graphitic carbon nitride (g-C3N4) unit. The melem_4MS and melem_4MC are used to
simulate two possible geometry configurations of metal ions coordinated by a defected
PCN unit, i. e., melon unit. Based on the influence of ionizable groups on the isoelectric
points of carbon-based materials previously reported [40, 41], the incorporated metal ions
show positive charges in nature. In this case, the charges for cluster models are set to be
the same as the chemical states which are confirmed by XPS measurements. The stability
of SACs is evaluated by calculating the formation energy [29], which is defined as:

Eform = Emelem_xm - Emelem x - Ewm,

where Emelem_xm, Emelem_x, and Enm represent the energies of metal ion coordinated by PCN,
pristine PCN, and metallic ions.

Multiwfn Ver. 3.6 (released on May 21, 2019) was used for analysis of the excitation
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and charge transfer properties [42]. The charge transfer (CT) length in the Cassian
coordinates (X/Y/Z) could be measured by the distance between the centroid of hole and
electron in the corresponding directions (denoted as D index) [37, 42]. Furthermore,
Coulomb attraction between hole and electron (exciton binding energy) was also computed
for estimation of charge recombination properties [43, 44].

Visualization of holes, electrons and transition density was also performed by Multiwfn:
functions of /Op(9/40=3) were set during the vertical excitation based on TD-DFT
calculation [42]. The electron distributions at these excited states were presented as
heatmaps by using the combination of GaussView 5.0 and Multiwfn. The iso-surface of

LUMO orbitals was presented by setting the isovalue to 0.05.

2.4 Activity measurements

Each catalyst (50 mg) was added to 10% ethanol solution (3 mL ethanol with 27 mL
deionized water) in a borosilicate glass bottle (¢ 45 mm; capacity, 50 mL), and the bottle
was sealed with a rubber septum cap. The catalyst was dispersed well by ultrasonication
for 15 min, and O2 was bubbled through the solution for 30 min. The bottle was immersed
in a temperature-controlled air bath at 298 + 0.5 K with wind flowing and was photo-
irradiated at A > 420 nm using a 500 W Xe lamp (PXE-500, USHIO Inc.) with magnetic
stirring. The amount of H.O2 was determined by a colorimetric method using PACKTEST
(WAK-H20;, KYORITSU CHEMICAL-CHECK Lab., Corp.) equipped with a digital

PACKTEST spectrometer (ED723, GL Sciences Inc.).

3. Results and discussion
3.1 Characterization of M-SAPCs

The crystalline structures of M-SAPCs were firstly investigated by XRD measurements
(Figure S1B). XRD patterns of all M-SAPC samples showed two characterization peaks at
about 27.4° and 13.1°, ascribing to the interlayer stacking {002} and the inner planar
structure packing {100} of tri-s-triazine units, respectively. The slight shift in the diffraction

pattern of the {002} lattice compared with the XRD pattern of pristine PCN (27.6°) can be
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attributed to the electrostatic repulsion between interlayers when positive ions were
incorporated into the PCN matrix [9]. Although the peak intensities of the {002} lattice
slightly changed after the introduction of heterometal ions, there was almost no change in
the peak intensity of the {100} lattice, indicating that the incorporation of metal species has
almost no influence on the in-plane structure of tri-s-triazine [20]. As a powerful tool for
discerning individual heavy atoms, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was used to further confirm the morphology and
elemental distribution and configuration of metal species. The morphologies of pristine
PCN (Figure 1A) and all M-SAPCs were bulk materials with a homogeneous distribution of
metal elements as shown in the HAADF-STEM mapping images with low magnification
(Figure S2). After aberration-correction TEM measurement in high magnification, Figure
2B-F show that the bright spots with high density corresponding to metallic atoms are
uniformly dispersed in the carbon nitride matrix. The size distribution inserted in Figure 2B-
F reveals that the size of 99.6% of the metallic species is less than 0.2 nm, manifesting
that incorporated metal exists exclusively as atomically dispersed single atoms [45]. The
weight percentages of the metal species in the as-prepared M-SAPCs are all less than 1%
(Table S1) with a similar amount of metal atom in a certain mass of catalyst (about 0.5~0.6
mmol per 1 g catalyst). Note that metal nanoparticles could remain on the surface of M-
SAPC (taking In-SAPC as an example) if the as-prepared photocatalyst did not undergo
the acid washing process (Figure S3).
Here is Figure 1.

To further reveal the interaction between the isolated metallic sites and the PCN
skeleton, chemical states of pristine PCN and M-SAPCs were investigated by XPS
measurements. The ratio obtained by dividing the integration area of the C 1s peak by the
integration area of N 1s was almost constant in the XPS survey spectra of pristine PCN
and M-SAPC (Figure 2G), further indicating that incorporation of isolated metallic ion sites
has almost no influence on the skeleton of PCN matrix. As shown in the high-resolution C
1s spectra of pristine PCN and M-SAPC (Figure S4), the typical components around 288.1

eV and 284.6 eV (indexed as N—C=N and adventitious carbon, respectively) are almost
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the same, whereas no new peak appeared in C 1s spectra. These results revealed that the
chemical state of surface carbon remained almost the same, indicating that the carbon
atoms hardly interact with metallic ions. Three peaks at 401.0 eV, 399.8 eV and 398.7 eV
can be assigned to -NHa, tertiary nitrogen, and C=N-C bonds, respectively. It is notable
that nitrogen peak (N 1s) appears around 398.3 eV in the spectra of M-SAPC, which could
be assigned to the chemical composition of N-Metal (Figure 2H) [46]. High-resolution CI
2p spectra (Figure S5) confirmed that all fluoride elements were completely removed,
excluding the possibility of chemical states of M-CIl. The spectra of Fe 2p can be
deconvoluted to six peaks at 728.0 eV, 724.0 eV, 722.0 eV, 715.2 eV, 711.2 eV and 709.2
eV (Figure S6A), which could be respectively assigned to the satellite peak of Fe 2p1,
Fe3*-N 2p1s2, Fe?*-N 2p1p., satellite peak of Fe 2ps, Fe3*-N 2ps2 and Fe?*-N 2psj,, which
is close to the binding energy of Fe2O3 and FeO. These results revealed that that the
chemical states of Fe is mixed with (I1) and (lIl). Similarly, referring to the chemical states
of CoO, NiO, In203 and SnO,, the chemical states of atomically dispersed Co, Ni, In and
Sn species in the as-prepared M-SAPC are close to (I1), (), (lll) and (IV) (Figure S6B-E),
respectively [46].
Here is Figure 2.

To investigate the bandgap width, CBM and VBM of the as-prepared M-SAPC samples,
UV-vis DRS, Mott-Schottky and VB-XPS measurements were respectively conducted. As
shown in Figure 2A, the light absorption edge of pristine PCN (445 nm) is smaller than that
of M-SAPCs (> 450 nm), indicating that the incorporation of metal ions narrowed the band
gap. The band gap width followed a sequence of Egin-sapc > Egni-sapc = Egco-sapc > Egsn-
sarc > Egre-sapc. The VBM of M-SAPCs remained almost constant to be 1.46 eV as shown
in the VB-XPS results (Figure S7). As shown in Mott-Schottky plots (Figure S8), the CBM
of M-SAPC samples gradually became more positive from -1.28 eV for pristine PCN to -
1.00 eV for M-SAPCs (Figure S8). Based on as-obtained bandgap width and band
positions, band diagrams of M-SAPCs and pristine PCN can be presented as shown in
Figure 2B. The introduction of isolated metal ions resulted in a more positive conduction

band minimum, indicating that intermediate band may be introduced by single metallic sites.
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Being specific, the introduction of Fe?* and Fe3*, Co?*, Ni?*, In3* and Sn** sites respectively
shifted the CBM of the as-prepared catalyst for +0.28 eV, +0.21 eV, +0.19 eV, +0.09 eV
and 0.24 eV. Based on the characterization details shown above, we can confirm that the
metal ions were isolated by the nitrogen atoms of PCN skeleton with a little influence on
the CBM. However, it is difficult to obtain the rigorous coordination status of isolated metal
ions and N atoms since there are several possible structures of polymeric carbon nitrides
prepared by thermal polymerization [38, 39]. In this case, a detailed theoretical simulation
of M-SAPCs is necessary to reveal the comprehensive influences of isolated metal sites
on the electronic configuration, thus leading to a further validation the structure of isolated
metallic sites and a deep understanding of the changes in charge separation properties of

M-SAPCs.

3.2 Development and validation of cluster models
Here is Figure 3.

Transition metals such as Fe, Cu, Zn, and Ni, and so forth have been used to construct
models of single catalytic sites [34]. Based on previous experimental and theoretical results
[34, 39], the skeleton of PCN can formed pores filled with six nitrogen lone-pairs of
electrons in 2D planes, which is favorable ion coordination [39]. Additionally, the PCN
prepared by thermal polymerization at high temperature showed the existence of -NH, as
revealed in deconvoluted peak at 401.0 eV (Figure 1H). Previous reports showed that the
mass ratio of the H element in PCN prepared by a thermal polymerization strategy is above
1.0% or more, quite close to that of poly(aminoimino)heptazine, i.e., melon (the hydrogen
content of melon is approximately 1.5wt%) [38]. These facts suggest that melon could also
exist in the M-SAPC matrix. In this case, two cluster models of Melem_3 (Figure 3A, left;
Figure S9A) and Melem_4 (Figure 3A, Right; Figure S9B) [47] were built to represent the
non-defected g-CsN4 units and melon units in the material matrix, respectively. Metal ions
are coordinated by N atoms of Melem_3 and Melem_4 form single atomic sites.
Distinguished by the geometry position of the metal ions, three models that represent

single-atom photocatalysts could be built as well. It should be noted that the introduction
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of cations usually results in localized charge sites in the PCN matrix. In this case, the
charges and multiplicities of cluster models were set by referring to the chemical states of
incorporated metals. Aiming to assess the stability of M-SAPCs, the formation energies of
metal ions embedded in the Melem_3 and Melem_4 models were calculated. As shown in
Figure 3B, all of the values of formation energy are negative, suggesting that the
coordination of metal ions with nitrogen is thermodynamically favorable. These results
indicate that both g-C3N4 units and melon units could stabilize metal ions by forming strong
metal-nitrogen bonds.

The energy difference between the ionization potential (IP) and electron affinity (EA)
usually corresponds to the band gap of material. Thus, the band gap is equivalent to, at
the material level, the molecular fundamental gap. In this case, the fundamental gap
usually approximately corresponds to the HOMO-LUMO gap [48]. In this work, wb97xd—
a function with large amounts of Hartree—Fock (HF) exchange—was used to simulate the
charge transfer densities during the excitation. Previous works revealed that this function
usually overestimates the HOMO-LUMO gap and excitation energies in the case of p-
conjugated polymers. Additionally, p-conjugated molecules adjacent to the one carrying a
charge do strongly polarize (about 2 €V) in the solid state [48]. Although the computed
HOMO-LUMO gap is considerably larger than the experimentally measured band gap, the
relative changing tendencies of HOMO-LUMO gaps can still reveal the influence of ion
incorporation if the same function and basis are used. In this case, the energetic levels of
HOMO and LUMO of Melem_3, Melem_4, Melem_3M, Melem_4MC, and Melem_4MS
were symmetrically investigated (Table S2) to reveal the influence of metal ions on the
electronic configurations combined with density of states analysis, thus to validate the
clusters models by estimating the correlations with experimental results.

Melem_3 and Melem_4 show similar HOMO and LUMO positions with similar HOMO-
LUMO gaps of 7.61 eV and 7.73 eV, respectively, indicating that both the g-CsN4 units and
melon units in the PCN matrix have similar electronic configurations. The N 2p states and
C 2p states contribute to HOMO~HOMO-4 and LUMO~LUMO+4, respectively, indicating

that N 2p states and C 2p states fundamentally compose the VB and CB of pristine PCN.

10
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The introduction of metal ions into g-C3sN4 units (Melem_3M) have almost no effect on the
orbital composition of HOMO~HOMO-4, which is in accordance with the almost constant
VBMs of M-SAPCs (Figure S4). The introducing the metal ions result in several
intermediate energy levels which is 0.5 ~ 2 eV lower than the lowest energy level
dominated by C 2p state (The amplified DOS curves of incorporated metals are inserted in
the Figure 3C-H). Most of newly formed energetic levels compose LUMO levels, leading
to narronved HOMO-LUMO gaps (Figure 3C-H) compared with that of Melem_3 (Figure
S10), which is in accordance with the experimental results (Figure 2B). On the other hand,
the HOMO levels of Melem_4MS (Figure S11) and Melem 4MC (Figure S12) are
significantly shifted after the introduction of metallic ions, due to the formations of new
energetic levels composed by N 2p or M 3d states. Additionally, several intermediate
energetic levels also appeared between the HOMO of Melem_4MS and that of
Melem_4MC (These energy levels all formed LUMO of Melem_4M.), leading to a
significantly narrowed HOMO-LUMO gap that is even smaller than the experimental band
gap. The normalized LUMOs of Melem_3M, Melem_4MS and Melem_4MC (M being Co2+,
Ni2+, In3+, and Sn4+) are summarized in Figure S13. The experimental CBMs of M-
SAPCs and pristine PCN (black line) were also summarized for comparison. The changing
tendency of LUMOs in the simulation results indicates that only the metal ions isolated by
Melem_3 units (red line) show acceptable in accordance with M-SAPCs in terms of HOMO-
LUMO positions for theoretical simulation and band positions for experimental results (The
interrelationship between the HOMO-LUMO gap is explained in the beginning of this
section). In this case, although the coordination of metal ions with melon units is
thermodynamically acceptable, the band structures and electronic configurations show
poor relationships with experimental band diagram. Therefore, cluster models of
Melem_3M were utilized for simulating the influence of isolated metal sites on the excitation

properties of M-SAPCs.

3.3 Molecular orbitals and transition densities

Here is Figure 4.

11
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Visible light irradiation is used for photocatalytic H.O2 since UV irradiation (A <400 nm)
will drastically decompose H>O, generated by 2e- ORR [10, 49]. In case of PCN and its
derives, the adsorption edge is near 450~470 nm, i. e., the excitations with low energy play
crucial roles in the visible light-driven H2O, production [49]. In this case, the lowest-lying
electronic transition computed by TDDFT usually represents the most possible excitations
which can generate the electron hole pairs for photocatalytic 2e- ORRs when using PCN
and its derivatives [49]. In this work, the first 5 excited states (ES1-ES5, ES1 referring to
the excited state 1 with the lowest excitation energy) of Melem_3 and Melem_3M were
computed to investigate the most possible excitation properties and electronic transition
properties [45]. The excitation energies of ES1 to ES5 are summarized in Figure S14. The
computed optimal gap of Melem_3 is slightly larger than the experimental band gap, due
to the fact that wb97xd contains a large amount of HF exchange. Therefore, the changing
tendency of excitation energy was compared with the changing tendency of HOMO-LUMO
gap, which is used to give an approximation for Esng, leading to a primary understanding
of the electron-hole pair binding energy (Es, Eb is rigorously defined as: Ep = Efund — Eopt, in
which Eqpt is the energy difference between ESO and ES1.) In this work, the approximated
binding energy of electron-hole pairs (Eabx) in each excited state is defined as follows:

Eavx = Enomo—Lumo — Eecx

where Eapx and Eecx refer to the approximated binding energy of electron-hole pairs and
the excitation energy of excited state No. X, respectively (Figure 3A). The Eapx values of
Melem_3 and Melem_3M are shown as in Figure 3B. With the incorporation of Fe?*, Fe3*,
Co?* and Ni?*, Eapx of Melem_3M significantly increased. On the other hand, Melem_3In3+
and Melem_3Sn4+ showed similar values of Eanx, which are both smaller than Eapx of
Melem_3. These results indicate that the charge recombination may be suppressed by the
introduction of In®* and Sn** into g-CsN4 units, whereas the incorporation of Fe?*, Fe3*,
Co?*, and Ni?* could result in a thermodynamically recombination tendency.

The distribution heatmaps of photo-generated electrons and holes (electronic
transition densities) of Melem_3M were further investigated to identify the excitation types

and to predict the spatial charge separation of the M-SAPCs. As shown in Figure S15 and

12
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Figure S16, the distribution of electrons and holes at the first 5 ESs for Melem_3Fe2+,
Fe3+, Co2+, and Ni2+ is extremely localized. Both the electrons and holes are distributed
in a very small region just near the metal sites, indicating that typical localized transitions
occurred. On the other hand, the lowest energy transitions (ES1-ES5) in Melem_3In3+ and
Melem_3Sn4+ are dominated by charge transfer excitations, which are mostly associated
with In and Sn atoms (Figure S17). To quantitatively investigate the charge separation
properties of Melem_3M, the D index (i. e., the distance between the two barycenters of
electrons or holes) and the Coulomb attraction between holes and electrons (Ecoumb, also
called exciton binding energy) were further computed (Figure 5G-H). D index and Ecoumb
of melem_3 were also computed for comparison. As given in Figure 5G-H, the transition
distance of electron-hole pairs in Melem_3In3+ and Melem_3In4+ drastically increased
compared with that in Melem_3 and considerably larger than most of the D index values
of Melem_3Fe2+, Fe3+, Co2+, and Ni2+. Ecoump values of Melem_3In3+ and
Melem_3In4+ were almost same as that in Melem_3, while Ecoumb values of Melem_3Fe2+,
Fe3+, Co2+, and Ni2+ drastically increased. There results further verified the charge
separation tendency revealed by Eapx, further suggesting that charge separation of
atomically dispersed In and Sn sites can significantly facilitate charge separation and
suppress charge recombination. Note that 60%~70% of the electronic densities are
concentrated at In sites, while only 40%~50% of the electrons are accumulated at Sn sites.
Thus, with the help of obvious differences among the Eapx, D index, and Ecoumb values of
Melem_3 and Melem_3M, the highly concentrated electrons in Melem_3In3+ and
Melem_3Sn4+ predict a much higher charge separation efficiency of In-SAPC and Sn-
SAPC than that of Fe-SAPC, Co-SAPC and Ni-SAPC.
Here is Figure 6.

To further determine the influence of metal atoms on photo-redox reactions, the
contribution of molecular orbitals (MOs) to holes and electrons from ES1 to ES5 of
Melem_3M were investigated (Tables S3-4). Several MOs with energetic levels equal to or
lower than the HOMO all contribute to holes (ranging from 0% to ~60%), while the LUMO

is dominants for electron in ES1-ES3 of Melem_3In3+ and in ES1-ES5 of Melem_3Sn4+
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(> 90%). These observations suggest that the electronic configuration of LUMO can almost
represent the photogenerated electronic configuration if the electrons are accumulated to
the atomic sites. Thus, the iso-surface of LUMO of Melem_In3+ and Melem_3Sn4+ was
plotted as shown in Figures 6A-B. If can be clearly seen that electrons are concentrated at
the In and Sn sites. The photo-generated electrons tend to form a highly condensed region
atomic sites of In and Sn. The iso-surface of LUMO also showed that the electrons tend to
form a highly condensed region in In sites during the excitation. Furthermore, the iso-
surface of Melem_3In3+ and Melem_3Sn4+ showed an ideal electronic configuration for
the adsorption of electrophilic oxygen, indicating that the ORR reduction could be

accelerated at In and Sn sites (Figures 6C-D).

3.4 Experimental charge separation properties and activity for H.O2 production
Here is Figure 7.

To verify the theoretical prediction of charge separation efficiency obtained from the
simulation of molecular orbitals and transition densities, the photochemical properties of
as-prepared M-SAPCs were measured. As shown in the photoluminescence (PL) spectra
(Figure 7A), the PL intensities of Sn-SAPC and In-SAPC were significantly decreased,
indicating drastically suppressed charge recombination. On the other hand, the PL
intensities of Fe-SAPC, Co-SAPC and Ni-SAPC all increased obviously, manifesting that
the introduction of Fe, Co, and Ni ions into the PCN matrix facilitates charge recombination.
The PL intensity (Im-sapc) of M-SAPC follows a sequence of Ico > Ire > Ini > Isn > lin, being in
accordance with the Eapx (Eabco = Eaoni > Eabsn = Eabin) @s shown in Figure 2. As shown in
Nyquist plots, the diameter of the semicircle (In-SAPC) was the smallest (Figure 7B),
indicating that In-SAPC showed the best charge transfer. Moreover, photocurrent (lpn)
measurements of the samples showed a significant increase in Iph of In-SAPC and Sn-
SAPC (Figure 7C), indicating enhanced efficiency of charge separation. On the other hand,
the incorporation of Fe, Co, and Ni ions weakened Ipn, indicating significantly promoted
charge recombination. The photocatalytic activity for H2O2 production (A > 420 nm) of

pristine PCN and as-prepared M-SAPC samples were measured with 10% (v/v) ethanol as
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an electron donor. After 3 reproductive experiments (Figure 7D and Figure S18), In-SAPC
and Sn-SAPC showed superior photocatalytic activity among all of the M-SAPC samples,
while the atomically dispersed Fe, Co, and Ni sites all drastically decreased the
photocatalytic activity compared with that of pristine PCN, which is consisted with both
experimental and theoretical charge separation properties. The performance of the In-
SAPC remained >90% after 5 repetitive photocatalytic reactions (Figure S19). After 5
reaction circles, the crystallinity of In-SAPC showed no obvious change (Figure S20A), and
the chemical states of N, C and In kept almost constant (Figure S20B-D). These results
indicate that the In-SAPC showed good stability during the photocatalytic activity. Note that
the metal particle may also sever as co-catalyst during photocatalytic reactions. Thus, the
activity of metal nanoparticle loaded PCN were also measured to investigate whether
nanoparticle could contribute to photocatalytic H2O» production. Since In-SAPC is the most
efficient photocatalyst in this work, 3, 5, 10 mmol were mixed with melamine to prepare the
In nanoparticle loaded PCN (Figure S21A-C). The photocatalytic H>O2 production
significantly decreased (Figure S21D) with the addition of increasing amount of metal
source (InCl3). These results indicated that the remained In nanoparticles significantly
suppressed the photocatalytic synthesis of photocatalytic activity. From the results above,
experimental charge separation properties of M-SAPC showed good accordance with the
computed charge transfer profile of Melem_3M. The correlations among activity and
experimental and theoretical charge separation properties also manifested the rationalities

of the proposed model and methodology for estimating charge separation properties.

4. Conclusion

In summary, a series of metal ion-incorporated single-atom photocatalyst (M-SAPCs)
was prepared by isolating TM metal (Fe, Co, Ni) and main-group (In, Sn) sites with pyridinic
N atoms in PCN skeleton. The chemical state of atomically dispersed Fe is between (Il)
and (ll1), and the chemical states of Co, Ni, In and Sn species catalyst is close (ll), (ll), (Ill)
and (IV), respectively. The simulation results revealed that the metal ions isolated by non-

defected Melem_3 units are consistent with the practically prepared M-SAPC in terms of
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band structures and electronic configurations. Eapx, transition density distribution of
elections and holes, D index and Ecoumb revealed that the incorporation of atomically
dispersed main-group metals (In (lll) and Sn (IV)) significantly improved the charge
separation efficiency. Additionally, the iso-surface of the dominant MO (electrons) in the
models of Melem_3In3+ and Melem_3Sn4+ showed an ideal electronic configuration for
the adsorption of electrophilic oxygen, indicating that the ORR reduction could be
accelerated by In and Sn sites. Furthermore, the experimental charge separation
properties of M-SAPCs showed good accordance with the computed charge transfer profile
of Melem_3M. The correlations among activity and experimental and theoretical charge
separation properties also showed the rationalities of the proposed model for estimating
charge separation properties. Our work provides not only a theoretical guideline based on
the validated electronic configuration and excitation properties but also a blueprint for the
design of single-atom photocatalyst with a high charge separation profile at atomic levels.
Combined with the traditional simulation strategies such as CHE models and transition
states, a precise benchmark for predicting both activity and selectivity might be established

for many artificial photo-synthesis systems in a very near future.
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Figure 2:
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Figure 3:
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Figure 5:
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Figure 7:
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Captions
Scheme 1. Adsorption types of molecular oxygen on metallic surface. Molecular
oxygen adsorption on the surface of (A) metal particles and (B) single atom catalyst.

Figure 1. Characterization of M-SAPCs. (A) Low-magnification HAADF-STEM image of
pristine PCN. High-magnification HAADF-STEM images of (B) Fe-SAPC, (C) Co-SAPC,
(D) Ni-SAPC, (E) In-SAPC and (F) Sn-SAPC. Inset is the size distribution of the bright
spots. (G) XPS-survey spectra of pristine PCN and M-SAPCs. (H) High-resolution XPS N
1s spectra of pristine PCN and M-SAPCs.

Figure 2. Optical absorption and band positions of pristine PCN and M-SAPC samples. (A)
UV-vis spectra of pristine PCN and M-SAPC samples: absorbance spectra with inserted
Tauc plots. Lines a-f: a: pristine PCN; b: Fe-SAPC; c: Co-SAPC; d: Ni-SAPC; e: In-SAPC;
c: Sn-SAPC. (B) Band diagrams of PCN and as-prepared M-SAPC samples.

Figure 3. Stabilities and electronic configurations of cluster models. (A) Schematic
diagram for two cluster models and three possible sites for coordination of metal ions. (B)
Formation energies of various transition metals embedded in Melem_3 or Melem_4.
Computed simulation of density of states (DOS) with different embedded (C) Fe?*, (D) Fe3®*,
(E) Co?*, (F) Ni?*, (G) In®*, and (H) Sn** with the coordination of the large nitrogen pots in
Melem_3. The insert figures are amplified the states (metal) that formed the orbitals those
close to LUMO.

Figure 4. Approximate binding energies of Melem_3 and Melem_3M. (A) lllustration of
gap energies in the molecular case: So denotes the electronic ground state and Sx is the
No. X excited state. The Sx—Sy energy difference then corresponds to the excitation
energy Eecx. The magnitude of the ionization potential is shown by the blue-colored vertical
line and the magnitude of the electron affinity is shown by the wine-colored vertical line;
the IP—EA difference represents (violet line) the fundamental gap, Efund, Which is usually
smaller than the HOMO-LUMO gap, Enomo-Lumo. The approximate electron—hole pair
binding energy, Eabx, is given by EHomo-Lumo - Eecx. (B) The computed approximate binding
energies of Melem_3 and Melem_3M for the five lowest-lying excited states.

Figure 5. Transition densities of Melem_3M. Population of electron and hole
distributions (vertical excitation at the excited state 1) and quantitative investigation of the
charge separation. The color in the heatmap refers to the sum of MO contribution at each
atom for simulated electrons and holes of (A) Melem_3Fe2+, (B) Melem_3Fe3+, (C)
Melem_3Co2+, (B) Melem_3Ni2+, (E) Melem_3In3+, and (F) Melem_3Sn4+ . The oringe
and blue shadows are accumulated regions of hole and electrons, respectively. (G) D index
and (H) Coulomb attraction between hole and electron of Melem_3 and Melem_3M.

Figure 6. Visualization of the dominant contributing molecular orbitals and transition.
Visualization of the LUMOs of (A) Melem_3In3+ and (B) Melem_3Sn4+. Red circles refer
to the observable region of isosurface on Melem_3In3+ and Melem_3Sn4+. (C)
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Visualization of HOMO of O, (D) Schematic diagram of possible O2 adsorption
configuration on the Melem_3In3+ surface after light irradiation.

Figure 7. Photoexcitation properties and photocatalytic activities of pristine PCN
and M-SAPCs. (A) Photoluminescence spectra of pristine PCN and M-SAPCs under 365
nm excitation. (B) EIS of electrodes prepared by PCN and M-SAPCs under visible light
irradiation. (C) Photocurrents of electrodes prepared by PCN, PCNBAO.2 and PCNBAO.5.
(line a: pristine PCN; line b: PCNBAO.2; line c: PCNBA0.2C00.5%) (D) Photocatalytic
activities of pristine PCN and M-SAPCs for H>O» production in 10% (v/v) ethanol aqueous
solution.
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