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Atomically dispersed antimony on carbon
nitride for the artificial photosynthesis
of hydrogen peroxide
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Artificial photosynthesis offers a promising strategy to produce hydrogen peroxide (H,0,)—an environmentally friendly oxi-
dant and a clean fuel. However, the low activity and selectivity of the two-electron oxygen reduction reaction (ORR) in the pho-
tocatalytic process greatly restricts the H,0, production efficiency. Here we show a robust antimony single-atom photocatalyst
(Sb-SAPC, single Sb atoms dispersed on carbon nitride) for the synthesis of H,0, in a simple water and oxygen mixture under
visible light irradiation. An apparent quantum yield of 17.6% at 420 nm together with a solar-to-chemical conversion efficiency
of 0.61% for H,0, synthesis was achieved. On the basis of time-dependent density function theory calculations, isotopic exper-
iments and advanced spectroscopic characterizations, the photocatalytic performance is ascribed to the notably promoted
two-electron ORR by forming u-peroxide at the Sb sites and highly concentrated holes at the neighbouring N atoms. The in situ

generated O, via water oxidation is rapidly consumed by ORR, leading to boosted overall reaction kinetics.

widely used in a variety of industries and a promising clean

fuel for jet car and rockets’” (60wt% H,O, has an energy
density of 3.0mega joules (MJ])I™}, higher than compressed H,
gas at 35MPa, 2.8 MJ1™"). Currently, H,O, is manufactured by the
energy-consuming, waste-intensive and indirect anthraquinone
method®’. Photocatalytic H,O, synthesis on semiconductor materi-
als from water and oxygen has emerged as a safe, environmentally
friendly and energy-saving process'®'’. To achieve high efficiency
for H,O, production, it is crucial to boost the 2e~ oxygen reduction
reaction (ORR) (equation (1)) or the 2e~ water oxidation reaction
(WOR) (equation (2))". The light-driven 2e~ WOR pathway is not
easy to achieve due to the uphill thermodynamics (1.76 V versus
normalized hydrogen electrode, NHE); that is, the as-synthesized
H,0, will decompose at this highly oxidative potential since H,0O,
is an excellent hole scavenger'"'*'>. On the contrary, the 2e~ ORR
pathway has been realized for artificial photosynthesis of H,O, in
several particulate systems'>'**. However, the highest apparent
quantum yield (®AQY) for non-sacrificial H,0, production (equa-
tion (3)) is still smaller than 8% (at 1=420nm)'*?*, much lower
than the highest ®AQY values reached for overall water splitting
(roughly 30% at A=420nm)”. To boost the photocatalytic activity
for the non-sacrificial H,0, production, both 2e~ ORR (equation
(2)) and 4e~ WOR (equation (4)) should be promoted simultane-
ously. Unlike some other photocatalytic processes (for example,
overall water splitting and N, fixation)**, these redox reactions
cannot be separately considered as irrelevant half reactions, since

| | ydrogen peroxide (H,0,) is an important green oxidant'

0, is not only a product in the 4e~ WOR (equation (4)), but also a
reactant in the 2e~ ORR (equation (1)). If the in situ generated O,
from WOR (equation (4)) can be consumed rapidly by ORR, it will
kinetically facilitate the WOR. Therefore, introducing highly active
and selective sites for the 2e~ ORR in the photocatalytic system to
consume the O, generated from the WOR offers a promising strat-
egy for breaking the bottleneck of photocatalytic H,0O, synthesis.

0z +2H" 4 2¢” — H,0, (0.695 V versus NHE) (1)

2H,0 — H,0, + 2H" + 2¢ 7 (1.76 V versus NHE) (2)

2H,0 + O, — 2H,0, (3)
2H,0 + 4h™ — O, + 4H™ (1.23 V versus NHE) (4)
0, + 4H" + 4e” — 2H,0 (1.23 V versus NHE) (5)

Manipulating metallic sites can change both the activity and
selectivity of ORR”. The O, molecular adsorption on metal surface
can be generally classified into three types (Fig. la): Pauling-type
(end-on), Griffiths-type (side-on) and Yeager-type (side-on)**.
The end-on O, adsorption configuration is able to minimize O-O
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Fig. 1| Photocatalytic performance of Sb-SAPC towards H,0, production. a, Schematic structures of O, adsorption on metal surface. b, ORR on a metal
particle (top) and an isolated atomic site (bottom). €, Action spectra of PCN, PCN_Na15 and Sb-SAPC15 towards H,O, production in a phosphate buffer
solution (pH=7.4). Error bars represent the standard deviations of three replicate measurements. d, Solar-to-chemical conversion efficiency of PCN,
PCN_Na15 and Sb-SAPC15 under AM 1.5 illumination in a phosphate buffer solution. e, Selectivity comparison of Sb-SAPC15 and pristine PCN for different
photoreduction reactions (reaction time 1h). Left, comparison of hydrogen evolution activity of Sb-SAPC15 and PCN loaded with Twt% Pt in a 10% (v/v)
2-propanol aqueous solution. Right, comparison of activity for photocatalytic H,0, production on pristine PCN, PCN_Na15 and Sb-SAPCI15 in a phosphate
buffer solution with or without O,. f, Amount of O, and H,0O, produced on Sb-SAPC15 in NalO, (0.1 M, as the electron acceptor) solution. g, Photocatalytic
H,0, production with electron acceptor (0.1mM Ag*) under N, atmosphere. Irradiation conditions were 1> 420 nm (Xe lamp, light intensity at 420-

500 nm, 30.3Wm=2) at 298 K. ND (not detected) in Fig. Te,g means that H,O, cannot be detected in the photocatalytic system.

bond breaking, leading to the suppression of 4e~ ORR (equation
(5)) and thus, a highly selective 2e~ ORR. On metal particles, both
end-on and side-on O, molecular adsorption exist, and thus O-O
bond splitting on the metal particles’ surfaces is difficult to pre-
vent”*. Benefiting from the desirable features of the single atom
catalyst (SAC), the adsorption of O, molecules on atomically iso-
lated sites is usually the end-on type, and could therefore reduce the

NATURE CATALYSIS | VOL 4 | MAY 2021 | 374-384 | www.nature.com/natcatal

possibility of O-O bond breaking (Fig. 1b)*'-**. For instance, SACs
with Pt?* (ref. *°) and Co-N, (refs. ***7) centres could electrochemi-
cally reduce O, to H,O, via a 2e~ ORR pathway with ultrahigh selec-
tivity (>96%). However, Pt>* and Co-N, sites are difficult to couple
in the photocatalytic system due to their high charge recombination
characteristics, which originate from the intermediate band formed
by the half-filled d electrons. Constructing photocatalysts with
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atomically dispersed elements possessing the d*° electronic configu-
ration can eliminate the formation of the intermediate band in the
band structure, which is favourable for efficient charge separation
and formation of reactive centres with a high density of electrons/
holes'****°. This suggests that SACs with the d'° electronic configu-
ration would be ideal candidates for photocatalytic H,O, synthesis
via the 2e~ ORR.

Herein, we develop a Sb single atom photocatalyst (Sb-SAPC)
for non-sacrificial photocatalytic H,O, synthesis in a water and oxy-
gen mixture under visible light irradiation, in which the oxidation
state of Sb is regulated to +3 with a 4d'°5s electron configuration.
Notably, an apparent quantum efficiency of 17.6% at 420nm and
a solar-to-chemical conversion efficiency of 0.61% are achieved
on the as-developed photocatalyst. Combining experimental and
theoretical investigations, it is found that the adsorption of O, on
isolated Sb atomic sites is end-on type, which promotes forma-
tion of Sb-u-peroxide (Sb-OOH), leading to an efficient 2~ ORR
pathway for H,O, production. More importantly, the Sb sites also
induce highly concentrated holes at the neighbouring melem units,
promoting the 4e~ WOR. The concept of using SAC to simultane-
ously boost reduction and oxidation reactions shall provide a design
guide to develop more advanced photocatalytic systems for exten-
sive applications.

Results

Photocatalytic H,0, production on Sb-SAPC. The Sb-SAPC was
prepared by a wet chemical method using NaSbF; and melamine
as the precursor (Supplementary Fig. 1). Control samples includ-
ing pristine polymetric carbon nitride (PCN) and Na* incorporated
PCNs, were also prepared as references. According to the amount
of metal salt added (x=0.5, 1, 3, 5, 10, 15 or 20 mmol of NaF or
NaSbF) into 4 g of melamine, the samples are denoted as PCN_Nax
or Sb-SAPCx, respectively. The as-prepared Sb-SAPC reached a
quantity of 100g in one batch, which is very promising for scalable
production (Supplementary Fig. 2).

The photocatalytic performance of Sb-SAPC for H,0O, produc-
tion was assessed in a water and oxygen mixture without presence
of any sacrificial agents under visible light illumination. As shown
in Supplementary Fig. 3, Sb-SAPC15 shows the highest H,0O, pro-
duction rate (12.4mgl™" in 120min) among the samples, which is
about 248 times higher than pristine PCN (0.05mgl™ in 120 min).
The surface area of Sb-SAPC15 (1.89m*g™!, Supplementary Fig. 4)
is only about 1/7.78 of pristine PCN (14.7 m*g™"), indicating that the
activity per area enhancement induced by introducing Sb into PCN
is increased by more than 1,900-fold as compared to pristine PCN.
After we optimized the reaction conditions (Supplementary Figs. 5
and 6)", the action spectra (Fig. 1c) for H,0, production were mea-
sured. The ®AQY of Sb-SAPC15 at 420nm was determined to be
17.6%, which is twice of the most efficient photocatalyst (RF-resin,
Supplementary Table 1) for non-sacrificial H,0, production'®. The
solar-to-chemical conversion efficiency of Sb-SAPC15 reached as
high as 0.61% (Fig. 1d), comparable with the most efficient water
splitting photocatalyst (roughly 0.8%)*. The Sb-SAPC15 displayed
negligible photocatalytic activity for the hydrogen evolution reac-
tion (Fig. le). Furthermore, by comparing the photocatalytic prod-
ucts at two different reaction conditions (with and without O,), the
H,0, is clearly produced via the 2e~ ORR (no H,0O, was detected in
the photocatalytic system without O,, Fig. 1e). Besides activity, more
than 95% of the initial activity (Sb-SAPC15) could be maintained
after five consecutive photocatalytic runs indicating good stability
(Supplementary Fig. 7a). Reproducibilities of Sb-SAPC15 (five dif-
ferent batches) were also excellent for AQY and solar-to-chemical
conversion measurements (Supplementary Fig. 7b,c). The long-term
stability and potential for scalable photocatalytic H,O, production
using the Sb-SAPC photocatalyst were demonstrated in a fixed bed
reactor (Supplementary Fig. 8).
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To study the overall reaction for photocatalytic H,O, produc-
tion, the half redox reactions on Sb-SAPCI15 were separately
investigated as follows: Sb-SAPCI5 in a 2-propanol aqueous solu-
tion (2-propanol as an electron donor, 10% v/v) with saturated O,
(Supplementary Fig. 9) and in a NalO, aqueous solution (NalO,
as an electron acceptor) with N, (Fig. 1f and Supplementary Fig.
10), respectively, under visible light irradiation, which confirm that
the H,0, is indeed produced via the ORR on Sb-SAPC15. Isotope
experiments'® (Supplementary Fig. 11) were further performed to
verify the 4e~ WOR mechanism, in which Sb-SAPC15 in H,"*O and
180, gas was irradiated for 6, 24 and 72h. Fe’* and high concentra-
tion H* were added into the reaction system to decompose H,O,
to release O,, and the evolved gas was analysed by gas chromatog-
raphy-mass spectrometry. The gaseous product obtained after 6h
reaction exhibited a strong *O, (m/z) peak (94.5%) and a weak '*O,
(m/z) peak (25.2%), showing that H,"®O, was produced by O, reduc-
tion at the initial stage of the reaction. The gaseous product obtained
with the increasing reaction time showed a decreased intensity of
the 180, peak (24h 55.7%; 72h 45.5%) and an increased intensity of
the 'O, peak (24h 32.5%; 72h 45.5%), indicating that the oxygen
generated by WOR gradually participated in the ORR process'®.

To quantitatively reveal the relationship between the WOR and
ORR, a low-concentration electron acceptor (0.1mM Ag') was
added into the PCN and Sb-SAPC system in the absence of O,. In
this case, H,O, can only be produced via the reduction of O, gener-
ated from water oxidation. PCN showed no photocatalytic activity in
this condition, while Sb-SAPC gradually produced H,0, in a certain
time interval. After that, the H,O, concentration stayed constant at
roughly 1.0mgl~' no matter how much catalyst was used (Fig. 1g).
The quantitative relationship between the amount of added Ag* and
H,O, produced from WOR is discussed in Supplementary Note 1.
An isotope experiment using H,'3O was also conducted to confirm
that the H,0, generated in the system was indeed derived from the
O, produced by the 4e- WOR process (Supplementary Fig. 12).
The intensity of the O, peak (m/z=36) gradually increased with
increasing reaction time, indicating that H,'®O, originated from the
180, generated by WOR. Therefore, the O, generated from WOR in
the Sb-SAPC system was rapidly consumed by the 2e~ ORR process
to produce H,0,.

Characterization of Sb-SAPC. To understand the superb photo-
catalytic performance of Sb-SAPC for H,O, production, the catalyst
synthesis process (Supplementary Figs. 13-17 and Supplementary
Note 2) and the structural characteristics of the as-synthesized cata-
lysts were carefully investigated. As revealed in the {-potential mea-
surements, negative surface charges appeared on the as-prepared
Sb-SAPC:s to neutralize the positive charges induced by the incor-
porated Na and Sb cations (Supplementary Fig. 18). The crystal-
line structures of Sb-SAPCx show no obvious changes compared
to the pristine PCN, as evidenced in the X-ray diffraction patterns
and high-resolution transmission electron microscopy (HRTEM)
images (Supplementary Note 3 and Supplementary Figs. 19 and
20). As a powerful tool for visualizing individual heavy atoms,
high-angle annular dark-field-scanning transmission electron
microscopy (HAADF-STEM) was used to further examine the
morphology and elemental distribution. The Sb-SAPC15 is com-
posed of aggregated two-dimensional nanosheets, on which Sb and
Na elements are homogeneously distributed (Supplementary Fig.
21). For Sb-SAPCO0.5, 1, 3, 5, 10 and 15, Supplementary Fig. 22 and
Fig. 2a show that the bright spots with high density were uniformly
dispersed over the entire carbon nitride matrix. Electron energy loss
spectroscopy (EELS) (Fig. 2b and Supplementary Fig. 23) measure-
ment revealed the bright spots corresponding to Sb atoms. The size
distribution as displayed in Fig. 2a shows that 99.6% of Sb species
are less than 0.2nm, demonstrating that Sb exists exclusively as
isolated single atoms*’. The mass ratio of Sb species in Sb-SAPC15
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Fig. 2 | Characterization of Sb-SAPC. a, High-magnification HAADF-STEM image of Sb-SAPCI15. The inset is the size distribution of the bright spots.
Scale bar, 2nm. b, EELS spectrum of Sb-SAPC15. c-e, High-resolution C 1s (¢) and N 1s XPS spectra (d) of PCN (up) and Sb-SAPC15 (down) and Sb 3d
XPS spectrum (e) of Sb-SAPC15. f,g, Sb K-edge X-ray absorption near edge structure (f) and Fourier transform-EXAFS spectra (g) of the Sb foil, Sb,0¢

and Sb-SAPC15. h, Fitting of the EXAFS data of the Sb-SAPC15 based on the model obtained from DFT optimization. The insets show optimized molecular
models based on DFT for EXAFS fitting. R indicates the radial distance in A.

(10.9wt%, Supplementary Table 2) is considerably larger than To investigate the interaction between the isolated Sb atoms
that of the noble or transition metal single atom species in many and the PCN skeleton, Fourier transform-infrared and X-ray pho-
reported SACs. toelectron spectroscopy (XPS) measurements were conducted.
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The spectra of PCN, PCN_Nal5 and Sb-SAPC15 show no obvi-
ous difference in the wavenumber ranges of 700-900 and 1,200-
1,600cm™" (Supplementary Fig. 24), indicating that the skeleton of
PCN hardly changed before and after incorporation of Na and Sb
ions (Supplementary Table 3 and Supplementary Note 4). All fluo-
ride elements have been removed during the calcination process
(Supplementary Figs. 25 and 26). In the high-resolution C 1s spec-
trum of pristine PCN (Fig. 2¢), the typical components at around
287.6 and 284.6 eV can be indexed as the C=N and adventitious car-
bon, respectively. It is important to note that a new nitrogen peak
(N 1s) emerges at 398.1 eV in the spectrum of Sb-SAPC15 (Fig. 2d),
which can be assigned to the chemical bond of Sb-N. The binding
energy of Sb 3d for Sb-SAPC15 (Sb 3d,, at 539.5eV and Sb 3d;, at
530.2¢eV) is close to that for Sb,O, (Sb 3d,,, at 539.8¢eV and Sb 3d;,
at 530.5eV)", indicating that the oxidation state of Sb in Sb-SAPC15
is close to +3 (Fig. 2e).

The oxidation state of the Sb atoms in Sb-SAPCI5 was fur-
ther determined by the position of the absorption edge in the Sb
K-edge X-ray absorption near edge structure (Fig. 2f). The absorp-
tion edge for Sb-SAPC15 is 2.2 eV higher than that for the Sb° foil,
and 1.5eV lower than that for Sb**,0;, suggesting a valence state of
around +3 for the Sb atoms in Sb-SAPC15. A Fourier transform-
extended X-ray absorption fine structure (FT-EXAFS) spectrum
(Fig. 2g) obtained from k*-weighted k-space (Supplementary Fig.
27) of Sb-SAPC15 shows only one peak at about 1.53 A, and no Sb-
Sb bond at 2.71 A can be detected, indicating that the Sb sites in
Sb-SAPC15 are atomically dispersed. The coordination structure
of the Sb atoms was estimated by fitting the EXAFS spectrum of
Sb-SAPC15 using Artemis (v.0.9.25)** (Fig. 2h and Supplementary
Table 4) based on the density functional theory (DFT) optimiza-
tion result from the carbon nitride cluster with single Sb sites
(Melem_3Sb3*, Supplementary Fig. 28c). The best fitting result
for the first shell shows that each Sb atom is coordinated with 3.3N
atoms on average and can be fitted well with the optimized DFT
model (Supplementary Fig. 28d), further indicating that the Sb spe-
cies are atomically dispersed, consistent with the HAADF-STEM
results (Fig. 2a and Supplementary Fig. 22). It is noteworthy that
postcharacterizations of Sb-SAPC15 after continuous reaction for
5days are almost the same as the fresh ones (Supplementary Fig.
29), confirming the excellent stability of Sb-SAPC (Supplementary
Fig. 7 and Supplementary Note 5).

Properties of Sb-SAPC and photocatalytic mechanism. The
optical properties and the band diagram of Sb-SAPC were inves-
tigated. The introduction of Sb and Na species slightly narrowed
the bandgap (2.77eV for PCN and 2.63eV for Sb-SAPC15), and
notably improved the light absorbance (Fig. 1¢ and Supplementary
Fig. 30a,b). Confirmed by valence-band XPS and Mott-Schottky
measurements, the introduction of Na and/or Sb species slightly
shifted the conduction band minimum from roughly —1.3 eV (ver-
sus NHE) to roughly —1.2eV while rarely influencing the valence
band maximum (roughly 1.45eV) (Supplementary Fig. 30c-g and
Supplementary Note 6).

The charge separation and recombination process were moni-
tored by steady-state photoluminescence emission spectroscopy
(Supplementary Fig. 31a)*. The radiative recombination of excited
charge pairs was clearly observed in pristine PCN while the photo-
luminescence intensity was markedly reduced with addition of Sb
and/or Na, indicating that the radiative recombination was greatly
retarded after addition of Sb and/or Na species. This phenomenon
is consistent with the highest photocatalytic activity of Sb-SAPC15.
In addition, the onset of photoluminescence wavelength gradually
red-shifted, which is also consistent with the narrowed bandgap.
The facilitated charge migration in Sb-SAPC15 could be further
verified by the enhanced photocurrent density (Supplementary Fig.
31c) and decreased electrochemical impedance in the Nyquist plots
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(Supplementary Fig. 31b,c). It is noteworthy that the substantially
shortened lifetime of photoluminescence (Supplementary Fig. 31d)
could be attributed to the generated deeply trapped sites, which
have been proved to facilitate the ORR process**.

To further investigate whether the deeply trapped sites in
Sb-SAPC15 could facilitate both ORR and oxygen evolution reac-
tion (OER), time-resolved-infrared absorption spectroscopy was
performed to monitor the charge carrier dynamics and the reac-
tivities of Sb-SAPC15 for ORR and WOR on the microsecond
time-scale*>*. To probe the charge-transfer dynamics from electron
to O, and hole to H,O, the decay kinetics of deeply trapped electrons
(at 5,000cm™") of PCN, PCN_Nal5 and Sb-SAPC15 were investi-
gated (Supplementary Fig. 32 and Fig. 3a) and compared under N,,
0, and H,0 atmospheres (Fig. 3b). The decay of the deeply trapped
electrons at 5,000cm™ on pristine PCN accelerated very slightly
(Fig. 3b) in O, compared to that in N, (Io,/In,=0.83). The decay
on PCN_Nal5 showed a little acceleration in O, compared to that
in N, (Io,/In,=0.66), indicating that introduction of Na could gen-
erate reactive sites for charge transfer of trapped electrons to O,
(refs. “***). When Sb was introduced into the catalyst, we observed
notable decay of the deeply trapped electrons on Sb-SAPCI15 in O,
as compared to that in N, (Io,/In,=0.46). This indicates that the
reactant O, would preferentially react with the deeply trapped elec-
trons that were induced by the Sb sites. In the case of holes, the
decay on pristine PCN and PCN_Nal5 changed very little in H,0
environment compared to that in N, (Iy,0/In,=0.86 for PCN and
Ii,0/In,=1.09 for PCN_Nal5), indicating that the photogenerated
holes barely transferred to H,O. On the contrary, the decay on
Sb-SAPC15 was substantially retarded in H,O compared to that in
N, (In,0/In,= 1.92), suggesting that the photogenerated holes could
readily transfer to H,O molecules: hole-consuming reaction by H,O
reduced the number of surviving holes in the catalyst and hence
elongated the lifetime of electrons®. Additionally, an isotopic exper-
iment (Supplementary Fig. 33) to simulate the real system (without
Ag* or NalO;) was conducted to verify the as-proposed mechanism
of WOR by using '°O, (as an electron acceptor) and H,"®*O (as an
electron donor). As shown in Supplementary Fig. 33b, the signal of
180, (m/z=36) could be detected after photocatalytic reaction for
1h, indicating that the OER indeed occurred in the real reaction
system. It is important to note that this signal could not be detected
in absence of Sb-SAPC15 or light irradiation, indicating that the
photogenerated holes participated in the WOR to generate '*O,.
The highly active holes for OER could also be confirmed by rotating
ring disc electrode measurements (Supplementary Fig. 34). A clear
signal of O, reduction to H,O was detected by the ring disc, verify-
ing O, generation on the Sb-SAPC surface via WOR. These results
confirm that the deeply trapped electrons and the corresponding
holes in Sb-SAPC15 are the major contributors to the ORR and
OER processes (Supplementary Note 7), respectively, leading to a
notably promoted photocatalytic activity of H,O, production.

The DFT calculation also shows how the Sb and Na species
promote the inner and interlayer charge transfer in Sb-SAPC
(Supplementary Figs. 35 and 36). Four periodic models including
graphitic carbon nitride (GCN), sodium incorporated graphitic
carbon nitride (Na-GCN), antimony incorporated graphitic car-
bon nitride (Sb-GCN) and sodium and antimony co-incorporated
graphitic carbon nitride (NaSb-GCN) were optimized, and the
Bader charges of each layer in different models are presented in
Supplementary Fig. 35 (refs. ***°). The Bader charge difference
between each adjacent layers of pristine GCN is extremely small (|Agl
roughly 0.004 e™), suggesting very weak adiabatic coupling between
interlayers in GCN***, leading to poor interlayer charge transfer.
Both Na-GCN and Sb-GCN display a relatively large number of
electrons accumulating on the second and fourth layer (roughly
0.1e™ of layer charge)*>*. As a result, the Na-GCN and Sb-GCN
exhibit a high value of charge difference between the adjacent
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Fig. 3 | Excitation properties and OER/ORR reactivities of Sb-SAPC15. a, The systematic diagram of transition absorption after excitation as the probe

for OER/ORR (details for the pulse light 420 nm, 6 ns, 5mJ and 0.2 Hz). b, The comparison of transient absorption decay among PCN, PCN_Na15 and
Sb-SAPC15 at 5,000 cm™" under N,, O, and H,0 atmosphere (20 torr). The absorption intensities at the time point of 1ms was used as the benchmark for
investigating how deeply trapped electrons/holes interact with O,/H,0. ¢, Total density of states (TDOS), partial density of states (PDOS) and overlapped
density of states (ODOS) of Melem_3Sb3* combined with the isosurface of LUMO (isovalue is 0.05). HOMO, highest occupied molecular orbital.

d, Experimental Raman spectra recorded during photoreaction in a 2-propanol agueous solution with saturated oxygen. Spectrum a-d, PCN, Sb-SAPCT,
Sb-SAPC5 and Sb-SAPCI15 in 10% (v/v) 2-propanol aqueous solution, respectively. Spectrum e, Sb-SAPC15 in pure water. CB and VB indicate the

conduction band and valence band, respectively.

layers (IAgl roughly 0.3e7), indicating that adiabatic coupling has
been notably boosted by introducing Na or Sb. The copresence of
Na and Sb atoms makes the electron distribution more balanced
between the layers (Supplementary Fig. 351). In other words, when
both Naand Sbare presentin the carbon nitride structure, the Na- and
Sb-induced electron density polarization can be counterbalanced to
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lower the IAgl (roughly 0.05 e~) and at the same time the distance for
adiabatic coupling is notably increased (IAgl between the first and
second layer and between the third and fourth layer are significantly
increased). This indicates that the charge transfer between the inter-
layers in carbon nitride incorporated with Sb and Na atoms is better
facilitated than in pristine GCN***. The deformation charge density
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near surface of NaSb-GCN (Supplementary Fig. 36) reveals a clear
pathway from Na to Sb. The Sb on the surface of GCN with weak
interlayer bridging shows a larger number of electrons accumulat-
ing on the first layer (—0.0395¢~ of layer charge) than the second
layer (0.1345e™ of layer charge)*~°. Note that a clear electron accu-
mulation region and an electron depletion region, respectively, are
located at the first and second layer while the pristine CN layer (the
third layer) can hardly be polarized, indicating that the inner layer
charge transfer is substantially improved with incorporation of Sb
and Na species*®™". These results show that the electron transfer
can be notably promoted by the incorporation of Sb and Na species
in GCN, which can explain the higher photocatalytic activities of
Sb-SAPCI15.

The excited properties of Sb-SAPC were further studied by
time-dependent DFT (TDDFT) to understand the correlation
between structure and photocatalytic activity using a monolayer
cluster model*"*. The possible simulated excited states that contrib-
uted to photocatalytic H,0, production (corresponding to the spec-
tra from 420 to 470 nm) were confirmed by comparing the action
spectra (Fig. 1c and Supplementary Note 6) with the simulated
ones (Supplementary Fig. 37a—c). On the basis of the action spec-
tra and the photocatalytic H,0, production activities, the ES1-16 of
Melem_3, the excited states 1-15 of Melem_3Na* and the excited
states 1-26 of Melem_3Sb3* are highlighted in the distribution
heatmap of photogenerated electrons and holes (Supplementary
Fig. 37d-i)”. On the one hand, most of electrons accumulated
at the Sb sites (excited states 1-26, Supplementary Table 5), a
ligand-to-metal charge transfer from neighbouring melem units
to Sb, in Melem_3Sb3* with high density (roughly 20-80%), while
most of the states (excited states 1-16 for Melem_3, Supplementary
Table 6; excited states 1-15 for Melem_3Na*, Supplementary Table
7) show averagely distributed electrons at the C sites (<10%) in
Melem_3 and Melem_3Na* (refs. °'-**). Note that the photogene-
rated electrons and holes barely locate at the Na atoms, indicating
that the coordinated Na species on the catalyst’s surface could not
serve as the active sites for the photocatalytic reaction. Additionally,
a comprehensive investigation of charge separation and delocal-
ization of holes and electrons were conducted by using Melem_6,
Melem_6Na* and Melem_6Sb3* as models (Supplementary Figs.
38-40 and Supplementary Note 7). The substantially improved sep-
aration of electron-hole pairs and highly concentrated electrons/
holes may effectively promote both photocatalytic ORR and WOR
in Sb-SAPC15 by introducing atomic Sb sites.

The influence of Sb single atoms on the photo-redox reactions
was further studied by analysing the contributions of molecular
orbital to holes and electrons from ES1 to ES26 of Melem_3Sb3*
(Supplementary Table 5). Several molecular orbitals, whose ener-
getic levels are equal to or lower than the highest occupied molecu-
lar orbital, all contribute to holes (ranging from 0 to roughly 60%),
while almost all electrons are contributed by the lowest occupied
molecular orbital (LUMO) (MO155) in most of transitions. This
observation indicates that the electronic configuration of LUMO can
almost represent the photogenerated electronic configuration. The
result from partial DOS (PDOS) of Melem_3Sb3* shows that a new
molecular orbital mainly contributed by electrons from Sb forms
the LUMO. It is important to note that this molecular orbital exhib-
its a slightly lower energetic level than the molecular orbital con-
tributed by C and N, which is in accordance with the slightly shifted
conduction band minimum of Sb-SAPC15 (ref. ). Combined with
the simulated results of charge separation, isosurface of LUMO of
Melem_3Sb3* reveals that most of the electrons (>75%) are con-
centrated at the single Sb sites with ideal electronic configuration
for adsorption of electrophilic oxygen (Fig. 3c). To study the ORR
mechanism on Sb-SAPC, rotating disc electrode analysis was per-
formed to investigate the number of electrons (n) transferred in the
ORR process (Supplementary Fig. 41). The estimated n value is close
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to 2 for Sb-SAPC15 in both dark and light irradiation conditions.
The preferred 2e~ ORR pathway on Sb-SAPC can be further sup-
ported by DFT calculation using the computational hydrogen elec-
trode method. As shown in Supplementary Fig. 42a, the calculated
AG.ooy is 4.53eV (U=0V versus the reversible hydrogen electrode
(RHE)), which is smaller than 4.59 eV of AG.,, a crucial intermedi-
ate in 4e- ORR™. The large energetic barrier towards forming *O
would suppress the 4e~ ORR process. For a 2e~ ORR catalyst, the
adsorption energy of *OOH should be larger than the thermoneu-
tral value at the equilibrium potential (U=0.7V versus RHE), cor-
responding to AG.qqy of 3.52eV. The calculated AG.,oy is 3.83eV
(U=0.7V versus RHE), suggesting that the ORR on single atom Sb
may follow a 2e~ pathway (Supplementary Fig. 42b). This shows that
the difference between *OH and *O is as high as 3.742 eV, indicating
that a considerably large energetic barrier needs to be overcome for
the 4e~ OER process. In this case, the Sb site should not function as
an effective site to catalyse 4e~ OER. It is noteworthy that the cal-
culated AG.; on Sb-SAPC15 is substantially larger (0.937 V) than
that on Pt (111) (Supplementary Fig. 43), suggesting that hydrogen
evolution reaction on Sb-SAPC15 is energetically unfavourable,
matching well with the experimental result (Fig. 1e).

To identify the intermediate in the photocatalytic process, Raman
spectroscopy measurements (Fig. 3d) were performed under ope-
rando conditions. For PCN, after reaction with 2-propanol as an
electron donor under visible light irradiation, a new band appears
at 896 cm™, which can be assigned to the C-O vibration and O-O
stretching on the melem'’. While for Sb-SAPCs, a new absorption
band at 855cm™ increases with Sb content in the sample, which
can be assigned to the O-O stretching mode of a Sb-OOH species
with end-on adsorption configuration®*. This relative chemi-
cal shift between O, end-on/side-on adsorption configuration has
been also confirmed by DFT calculations (Supplementary Fig. 44
and Supplementary Note 8). It is noteworthy that Sb-OOH exists
even without addition of electron donor, indicating that formation
of Sb-OOH, rather than the side-on configuration, dominates in
the photocatalytic process on Sb-SAPCs. The end-on adsorption
shall notably suppress the 4e~ ORR, leading to a high selectivity
of the 2e™ process**’. Additionally, electron spin resonance signal
of 5,5-dimethyl-1-pyrroline N-oxide--O,~ (DMPO--O,") could be
hardly observed in the Sb-SAPC system (Supplementary Fig. 45).
Since -O,” is an important intermediate in the stepwise 1le~ pathway
(equation (6)) during formation of 1-4 endoperoxide, the invis-
ible signal of DMPO--O," in the Sb-SAPC system demonstrates
rapid reduction of O, on Sb-SAPC to generate H,O, via a 2e- ORR

22,23,55

pathway
0, +HT + e~ — -OOH (—0.046 V versus NHE) (6)

On the basis of the above characterizations and analyses, the
reaction mechanism (Fig. 4) of Sb-SAPC for photocatalytic H,0,
production is proposed as follows: first, efficient charge separation
occurred on Sb-SAPC under visible light irradiation, generating
photoexcited electrons and holes for ORR and WOR, respectively.
Then, water molecules were oxidized to evolve O, by photogen-
erated holes localized at the N atoms near the single Sb atoms.
Simultaneously, O, molecules dissolved in water and generated
from the WOR both participated in the ORR process to produce
H,0,. It is worth noting that the efficient charge separation, ideal
single atomic sites for end-on type O, adsorption and close spatial
distribution of active sites boost both the 2~ ORR and 4~ WOR for
efficient H,0, production.

Conclusions

In summary, we have reported a well-defined, highly active, selec-
tive and photochemically robust single Sb atom photocatalyst for
non-sacrificial H,O, production in a water and oxygen mixture
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Fig. 4 | Mechanism of photocatalytic H,0, production. The white, grey,
blue, red and magenta spheres refer to hydrogen, carbon, nitrogen, oxygen
and Sb atoms, respectively. After shining visible light, the photogenerated
electrons are localized at the Sb sites (with a blue glow), while the
photogenerated holes are localized at the N atoms at the melem units
(with a red glow). Subsequently, the dissolved O, molecules are adsorbed
(orange arrows) onto the Sb sites and then get reduced (blue arrows) via
a 2e transfer pathway through forming an electron u-peroxide as the
intermediate. Simultaneously, water molecules are oxidized (pink arrows)
to generate O, by the highly concentrated holes on the melem units.

under visible light irradiation. The single Sb sites are able to accu-
mulate electrons, which act as the photoreduction sites for O, via a
2e” ORR pathway. Simultaneously, the accumulated holes at the N
atoms of the melem units neighbouring to the Sb sites accelerate the
water oxidation kinetics. The collaborative effect between the single
atom sites and the support shall open up a strategy for designing
various SACs for a variety of photocatalytic reactions in energy con-
version and environmental remediation.

Methods

Preparation of photocatalysts. Unless otherwise stated, the purities of all reagents
for photocatalyst preparation and for photoelectrochemical measurements are
above the analytical grade. The pristine PCN and PCN_Nal5 were prepared
according to the reported methods". The Sb-SAPCs were prepared by a bottom-up
method as follows: a certain amount of NaSbF; (HuNan HuaJing Powdery
Material, 0.5 mmol, 1 mmol, 3, 5, 10, 15 and 20 mmol) was dissolved in 30 ml of
ethanol under sonication for 60 min at 60 °C, followed by adding 4 g melamine
(Wako Pure Chemical Industries). The solvent in the solution was removed by
combination of rotatory evaporator and vacuum oven. The obtained white powder
was transferred into a tube furnace. To ensure that oxygen was not present during
thermal treatment, the tube furnace was first vacuumed to <1 torr before switching
on the N, gas flow. This process was repeated three times, and then 50 mImin~' N,
gas flow was maintained for 30 min before heat treatment. During the synthesis
process (including heating and cooling), the system was pressurized by N, flow so
that oxygen could not influence the synthesis. The temperature of the furnace was
increased from 25°C to 560°C at a ramp rate of 2°C min~' in N, atmosphere then
kept at 560 °C for 4h. After heat treatment, the furnace was cooled down naturally
to 25°C lasting for at least 8 h with continuous N, flowing.

Photocatalytic reaction towards H,O, production. Here, 100 mg of photocatalyst
was added to 50 ml of deionized water in a borosilicate glass bottle (maximum
diameter, ¢ 60 mm; capacity 100 ml), and the bottle was sealed with a rubber
septum cap. The catalyst was dispersed by ultrasonication for 15min, and

O, was bubbled through the solution for 30 min. The bottle was kept in a
temperature-controlled air bath at 25+ 0.5°C with wind flow and was irradiated

NATURE CATALYSIS | VOL 4 | MAY 2021 | 374-384 | www.nature.com/natcatal

at A>420nm using a 300 W Xe lamp (PXE-500, USHIO Inc.) under magnetic
stirring. To study the WOR, 50 mg of photocatalyst was added into NalO, (0.1 M,
50ml) solution in a borosilicate glass bottle (¢ 60 mm; capacity 100 ml). After
completely removing O, from the reaction system, the bottle was irradiated by a
300 W Xenon Lamp. The light intensity of visible light and infrared light (I, ,,)
after passing an ultraviolet (UV) cut filter (A>400 nm) was first measured. Then,

a glass filter with 2> 500 nm was used to replace the UV cut filter for measuring
the light intensity (I ,,). The difference between I, and I, ;,, was used to calibrate
the total light intensity. After a certain time interval, the gas was extracted from the
bottle and examined by gas chromatography equipped with a thermal conductivity
detector. To examine the H,O, production from O, generated by WOR, a certain
amount of photocatalyst (Sb-SAPC15 200, 100 and 50 mg; Pristine PCN 200 mg)
was added into 50 ml of NaNO; solution (pH 7) with AgNO; (0.1 mM). Every hour,
1.5ml of solution was extracted to acquire the time-dependent H,O, production
without the initial introduction of O,. The amount of H,O, in these experiments
was determined by a colorimetric method using PACKTEST (WAK-H,0,,
Kyoritsu Chemical-Check Laboratory, Corp.) equipped with a digital PACKTEST
spectrometer (ED723, GL Sciences Inc.).

Apparent quantum efficiency analysis. The photocatalytic reaction was carried
out in pure deionized water (30 ml) with photocatalyst (60 mg) and with or
without addition of ethanol as an electron donor in a borosilicate glass bottle.
After ultrasonication and O, bubbling, the bottle was irradiated by an Xe lamp for
4h with magnetic stirring. The incident light was monochromated by band-pass
glass filters (Asahi Techno Glass Co.), where the full-width at half-maximum of
the light was 11-16 nm. The number of photons that enter the reaction vessel was
determined by a 3684 optical power meter (Hioki E.E. Corp.).

Determination of solar-to-chemical conversion efficiency. Solar-to-chemical
conversion efficiency was determined by a PEC-LO1 solar simulator (Peccell
Technologies, Inc.). The photoreaction was performed in pure deionized
water (100 ml) with photocatalyst (500 mg) under an O, atmosphere (1 atm)

in a borosilicate glass bottle. A UV cut filter (A>420 nm) was used to avoid
decomposition of the formed H,0O, by absorbing UV light'>'*, The irradiance
of the solar simulator was adjusted to the AM1.5 global spectrum'>'**. The
solar-to-chemical conversion efficiency (17) was calculated by equation (7):

AGHZOZ X nH,0,

0 (%) = x 100%. 1%

fir X Sip X Iam

where AGy, 0, is the free energy for H,0, generation (117 k] mol™), ny, 0, is the
amount of H,0, generated and ¢, is the irradiation time (s). The overall irradiation
intensity (I,y,) of the AM1.5 global spectrum (300-2,500 nm) is 1,000 W m~? and
the irradiation area (S,,) is 3.14 X 10~ m2.

Instruments. HRTEM, HAADF-STEM, selected area electron diffraction

and energy-dispersive X-ray spectroscopy were performed on a Titan Cubed
Themis G2 300 electron microscope with an accelerating voltage of 300kV.

EELS was conducted using a Quantum ER/965 P detector. The crystalline

phases were characterized by a powder X-ray diffraction instrument (MiniFlex
11, Rigaku) with CuKa (4=1.5418 A) radiation (cathode voltage 30kV, current
15mA). Absorption properties of the powder samples were determined using
the diffuse reflection method on a UV-visible light near-infrared spectrometer
(UV-2600, Shimadzu) attached to an integral sphere at room temperature.

XPS measurements were performed on a Kratos AXIS Nova spectrometer
(Shimazu) with a monochromatic Al Ka X-ray source. The binding energy was
calibrated by taking the carbon (C) 1s peak of adventitious carbon at 284.6eV.
Valence-band XPS was performed on an ESCALAB 250Xi (Thermo Scientific).
The equilibration of Fermi level of the instrument was performed by measuring
the VB-XPS of Au metal basis as the reference. The Fermi level of the instrument
was equilibrated at 4.5eV. In this case, the numerical value of the binding energy
in the calibrated VB-XPS spectrum is the same as the potential versus standard
hydrogen electrode. Electron spin resonance signals of spin-trapped paramagnetic
species with 5,5-diemthyl-1-pyrroline N-oxide (DMPO, methanol solution) were
recorded with an A300-10/12 spectrometer. Photoluminescence spectroscopy
was performed on a FP-8500 spectrofluorometer (JASCO Corporation). The
temperature for the photoluminescence measurements was about 25 °C controlled
by an air conditioner, which worked 24/7. Time-dependent photoluminescence
spectroscopy was conducted on a FS5 fluorescence spectrometer (Edinburgh
Instruments). Raman spectroscopy was performed on a Laser Microscopic
Confocal Raman Spectrometer (Renishaw inVia) at 785 nm. The pH value of the
solution was measured by a pH meter (HORIBA pH meter D-51, Horiba).

The X-ray absorption spectroscopy for the Sb K-edge was measured at
beamline BLO1C at the National Synchrotron Radiation Research Center (NSRRC,
Hsinchu, Taiwan). The data analysis for the X-ray absorption spectroscopy using
IFEFFIT was conducted using the Demeter system.

Photoelectrochemical characterizations. Photoelectrochemical characterizations

were conducted on a conventional three-electrode potentiostat setup connected to
an electrochemical analyser (Model 604D, CH Instruments). The fluorine-doped

381


http://www.nature.com/natcatal

ARTICLES

NATURE CATALYSIS

tin oxide (FTO) glass of 1 X2 cm in size was covered with photocatalyst that was
achieved by first mixing a catalyst (100 mg) with ethyl cellulose binder (10 mg) in
ethanol (6 ml) for 1h and then depositing the final viscous mixture by a doctor
blade method, followed by drying at room temperature and further drying at 40°C
overnight in a vacuum oven. The area of the photoelectrode was controlled to be

1 cm?. The photoelectrochemical system consisted of an FTO glass covered by the
photocatalyst, a coiled Pt wire and a saturated Ag/AgCl/KCI (saturated) electrode
as the working, counter and reference electrode, respectively. The photocurrent
was collected at 0.8V versus NHE (0.6 V versus Ag/AgCl) in a phosphate buffer
solution (PBS, pH7.4). The solution was saturated with O, by bubbling O, for
15min (0.51min™")">**”, Electrochemical impedance spectroscopy analysis was
performed at a d.c. voltage of —0.6 V versus Ag/AgCl with an a.c. voltage amplitude
of 5mV in a frequency range from 100kHz to 0.01 Hz. For the Mott-Schottky
measurements, similar strategy was performed on FTO glass (1.5X 3 cm) by

the same doctor blade method. The area of the electrode for the Mott-Schottky
measurements was controlled to be 0.50 cm®. Mott-Schottky measurements were
performed at a potential range from 0.2V to —0.6 V versus NHE, with an a.c.
voltage amplitude of 5mV and in a frequency range of 25-500 Hz. Each increase of
potential is 0.05 V. The quiet time for each test is 2s.

Isotopic experiments with '*0, and H,'¢O. First, 60 mg of Sb-SAPC15 was
dispersed in 30 ml of H,'°O via sonication for 15 min. Subsequently, 10 ml of '*O,
gas (>98% '*O; Taiyo Nippon Sanso Corporation) was injected to the suspension.
Then, the system was completely sealed and irradiated by visible light. After a
certain time interval (6, 24 and 72h), 1 ml of suspension was extracted and injected
into a glass test tube filled with N, and 0.1 g of Fe,(SO,); dissolved in 1 ml of H,SO,.
After injection of suspension, the test tube was sealed and irradiated under UV
light for 5h. The gas (0.1 ml) in the test tube was extracted by gas chromatography
syringe and injected into a Shimadzu GC-MS system (GC-MS-QP2010).

Isotopic experiments with H,'*O. Here, 20 mg of Sb-SAPC15 was dispersed in 10g
of H,"0 (>98% '*O; Taiyo Nippon Sanso Corporation) containing 1 mM AgNO,
under sonication for 15min. Afterwards, N, was bubbled into the suspension for
2h at a flow rate of 0.51min~" to ensure complete removal of the dissolved oxygen
(**0,) in the system'®. Then, the system was completely sealed and irradiated

by visible light. After a certain time interval (0.5, 1, 3, 5, 10 and 24 h), 1 ml of
suspension was extracted and injected into a glass test tube filled with N, and 0.1g
Fe,(SO,), dissolved in 1 ml of H,SO,. After injection of suspension, the test tube
was sealed and irradiated under UV light for 5h. The gas (0.1 ml) in the test tube
was extracted by gas chromatography syringe and injected into a Shimadzu GC-
MS system (GC-MS-QP2010).

Isotopic experiments in real experimental conditions. A poly-tetrafluoroethylene
gas bag was used for the isotopic experiment. First of all, 3 ml ultrapure N, was
injected into the bag, followed by injecting 1 ml aqueous suspension of Sb-SAPC15
(concentration 1 mgml™'; 1 mg of Sb-SAPC15 powder dissolved in 1 ml of H,"*O).
Subsequently, 100 pl of O, gas was injected and the bag was properly sealed and put
over an ultrasonicator. Additionally, control experiments in absence of Sb-SAPC15
or light irradiation were conducted for confirming the photo-induced oxygen
generation reaction. Furthermore, GC-MS spectra of the gas extracted from the
Sb-SAPC15 system with other electron acceptors (0.1 M Ag* or 0.1 M NalO,) or
without addition of Sb-SAPC were also conducted for comparison.

H,0, degradation study. Here, 50 ml of deionized water in a borosilicate glass
bottle (¢ 60 mm; capacity 100 ml) without addition of catalyst was bubbled with
O, for 30 min. Then, a certain amount of H,O, was added into the bottle, and the
concentration of H,O, was manipulated to be 1 10°mgl-". Finally, the bottle

was sealed with a rubber septum cap. To investigate the hole transfer to H,O,, the
following experiment was performed: 50 mg of photocatalyst was added into 50 ml
of NalIO; (0.1 M) and H,0, (0.01 wt%) solution in a borosilicate glass bottle (¢

60 mm; capacity 100 ml). The same solution without addition of photocatalyst was
also measured as a control. Additionally, the same experiment was also conducted
in 50 ml of NalO, (0.1 M) phosphate buffer solution (0.1 M, pH7.4). After
completely removing O, from the reaction system, the bottle was irradiated by a
300 W Xenon lamp with a UV cut filter (light intensity 30.3 W m~2 at 420-500 nm).

Details for TDDFT calculations. The optimization and frequency combined
with vertical excitation properties were performed via TDDFT in the Gaussian

09 program S2, which was carried out by using the wb97xd/6-311g(d) level of
theory for C, N and H elements and SDD for Sb element. Three monolayer cluster
models were optimized to represent the major surface properties of CN sites in
PCN, Na sites in PCN_Nal5 and Sb sites in Sb-SAPC15 (refs. *>*%). The charges of
monolayer cluster models were settled in consideration of the oxidation state of Sb
and Na on the basis of the experimental results as follows: 0 for Melem_3; +1 for
Melem_Nal* and +3 for Melem_3Sb3*. To give a comprehensive understanding
of the relationships between the electronic configuration during excitation and
the realistic experiment results, 50 excited states of these three cluster models
were used to simulate UV absorption spectra®. Note that the absorption edges of
simulated UV spectra are unusually large compared to those of experimental ones
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for two reasons: (1) to simulate the charge-transfer properties of the high-quality
model, functions of ®97xd, a function including a large amount of Hartree-Fock
exchange, were used. These exchange functions usually overestimate the excitation
energies, as well as the simulated highest to lowest highest occupied molecular
orbital gap™*>**, (2) In the solid state, p-conjugated molecules adjacent to the one
carrying a charge become strongly polarized, an effect that stabilizes the cationic
and anionic states (each generally by about one eV in p-conjugated materials).

In this case, the bandgap is typically considerably lower in energy than the
molecular fundamental gap and the optical gap™. Since the evitable system error
cannot be eliminated, the possible simulated excited states that contributed to
H,O, production (corresponding to spectra from 420-470 nm) were confirmed
by comparing the experimental spectra and simulated ones. Then, the transition
density of electron/holes were considered at all these excited states.

For analysis of the excitation and charge-transfer properties, Multiwfn v.3.6
(released on 21 May 2019)” was performed. Visualization of hole, electron and
transition density was also performed by Multiwfn; functions of IOp(9/40=3)
were set during the vertical excitation based on TDDFT calculation®. The electron
distributions at these excited states were presented as heatmaps by combination of
GaussView and Multiwfn**-*. The isosurface of LUMO orbitals were presented by
setting the isovalue at 0.05.

Details for the free energy diagram. The cluster model is more likely to predict
the ORR process on the basis of our previous investigation™. The free energy
diagram of Melem_3Sb3* was calculated as follows:

The optimized structure of Melem_3Sb3* was used as the initial structure for
calculating the most stable adsorption configurations of *OOH, *O and *OH. The
ORR following the 2e~ and 4e~ pathway produces H,O and H,0,, respectively. The
associative 4e~ ORR is composed of four elementary steps (equations (8)-(11)):

%+ 0;(g) + H" + e~ — «OOH (8)
*OOH + HT + e~ — 0 + H,0 (1) )
04+ H' + e — xOH (10)
*OH + H" +e7 = HO(l) + * (11)

The 2e~ ORR comprises two elementary steps (equations (12) and (13)):

*+0,(g) +H" +e~ — «O0H (12)

*O0H + HT + e — Hy0, (1) + * (13)

The asterisk (*) denotes the active site of the catalyst.
The free energy for each reaction intermediate is defined as:

G = Eppr + Ezpg — Ts + Eqq (14)

where Epp; is the electronic energy calculated by DFT, E,,; denotes the zero

point energy estimated within the harmonic approximation and T is the

entropy at 298.15K (T'=298.15K). The E,,; and T; of gas-phase H, and reaction
intermediates are based on our previous work™. For the concerted proton-electron
transfer, the free energy of a pair of proton and electron (H* +e~) was calculated
as a function of applied potential relative to RHE (U versus RHE), that is,

pu(H*) +pu(e”) =1/2u(H,) — eU, according to the computational hydrogen electrode
model proposed by Nerskov®. In addition, the solvent effect was reported to play
an important role in ORR. In our calculations, the solvent corrections (E,,) for
*OOH and *OH are 0.45 eV in accordance with previous studies®>**. We used the
energies of H,0 and H, molecules calculated by DFT together with experimental
formation energy of H,O (4.92eV) to construct the free energy diagram. The

free energies of O,, *OOH, *O and *OH at a given potential U relative to RHE are
defined as:

AG (0,) = 4.92 — 4eU (15)
AG (OOH) = G (xOOH) + @ — G () —2G(H,0) —3eU  (16)
AG (0) = G (+0) + G (H;) — G () — G (H,0) — 2¢U a7)

G (H)

AG (OH) = G (+OH) + ~—=% — G (x) — G (H,0) — eU (18)

Details for simulations of charge transfer. All theoretical calculations were
performed based on DFT, implemented in the Vienna ab initio simulation
package®”. The electron exchange and correlation energy were treated within
the generalized gradient approximation in the Perdew-Burke-Ernzerhof
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functional®®®. The valence orbitals were described by plane-wave basis sets with
cutoff energies of 400 eV. For the simulation of Na and Sb incorporated in bulk
phase of g-C;N,, a 1 1x 2 supercell of pristine bulk g-C;N, was adopted. And the
k-points were sampled in a 3 X 3 X 2 Monkhorst-Pack grid. For the simulation of
Na and Sb near the surface of g-C,N,, the k-point sampling was obtained from the
Monkhorst-Pack scheme with a (22 x 1) mesh. The atomic coordinates are fully
relaxed using the conjugate gradient method™. The convergence criteria for the
electronic self-consistent iteration and force were set to 10~*eV and 0.02eV A",
respectively. The vacuum gap was set as 15 A. To quantitatively compare the degree
of charge transfer, a Bader charge analysis has been carried out*.

Data availability
Source data are provided with this paper. The data that support the findings of this
study are available from the corresponding author upon reasonable request.
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