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Solar water splitting is regarded as holding great potential for
clean fuels production. However, the efficiency of charge separa-
tion/transfer of photocatalysts is still too low for industrial applica-
tion. This paper describes the synthesis of a Pt-Au binary single-site
loaded g-C3N4 nanosheet photocatalyst inspired by the concept of
the dipole. The existent larger charge imbalance greatly enhanced
the localized molecular dipoles over adjacent Pt-Au sites in contrast
to the unary counterparts. The superposition of molecular dipoles
then further strengthened the internal electric field and thus pro-
moted the charge transportation dynamics. In the modeling photo-
catalytic hydrogen evolution, the optimal Pt-Au binary site
photocatalysts (0.25% loading) showed 4.9- and 2.3-fold enhance-
ment of performance compared with their Pt and Au single-site
counterparts, respectively. In addition, the reaction barrier over the
Pt-Au binary sites was lowered, promoting the hydrogen evolution
process. This work offers a valuable strategy for improving photo-
catalytic charge transportation dynamics by constructing polynary
single sites.

solar water splitting | binary single sites | localized dipole | internal
electric field

Solar water splitting has attracted worldwide attention due
to its immense potential in clean fuel production. It is
roughly composed of two processes: photogenerated charge
separation/transfer and surface chemical reactions. The photo-
generated charge separation and transfer is widely regarded as
the rate-limiting step, and its low efficiency is the crucial chal-
lenge that needs to be addressed (1-3). Therefore, much effort
has been devoted to developing new strategies in surface/inter-
face engineering of photocatalysts to improve the dynamics of
charge separation/transportation, and the key is to construct
effective built-in electric fields or even tune the diffusion
process of charges (1, 3, 4).

Recently, single-atom or single-site catalysts (SACs) sparked
considerable research interest in photocatalysis and many other
heterogeneous catalytic processes (5-9). Generally, due to their
unique electronic and geometric structures, single metal sites
can improve the photocatalytic performance mainly by optimiz-
ing the charge evolved surface chemical reactions (e.g., the
adsorption of reactants or charge transfer from catalysts to
reactants) (10, 11). However, single metal sites do not obviously
change the charge transportation process of the photocatalyst
and thus hardly contribute to the enhancement of charge sepa-
ration and transfer, which greatly limits the promotion of SACs
for particulate photocatalysis. Inspired by the synergy between
metal species in classical catalytic reactions, very recently,
binary metal site catalysts have been developed to achieve
the promotional effect of binary atomic sites, and a few success-
ful cases have been investigated (12-14). However, it is still a
challenge to construct effective binary sites.
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It is known that the dipole with one positive center and one
negative center is the basic unit of electric fields, which are the
main driving force of charge separation and transfer. Enlight-
ened by this concept, we have designed and constructed a
Pt-Au binary single-site loaded g-C;N,4 nanosheet photocatalyst
(Pt-Au SAC), which resulted in enhanced localized molecular
dipoles in the zone of adjacent Pt-Au sites due to their larger
charge imbalance compared with those in unary counterparts.
Therefore, via the superposition of these enhanced molecular
dipoles, the internal electric field was effectively strengthened
for Pt-Au SAC, which is stronger than those of Pt and Au
single-site counterparts. As confirmed by multiple spectroscopic
methods, including femtosecond transient absorption spectros-
copy (TA), the stronger internal electric field of Pt-Au SAC can
significantly enhance the charge transportation dynamics. As a
result, in solar water splitting, the hydrogen evolution rate of
optimum Pt-Au SAC (0.25% metal loading) was boosted
to 1.88 mmol g~! h™' (apparent quantum efficiency 1.72% at
365 nm), 4.9 and 2.3 times over Pt and Au single-site counter-
parts (Pt SAC and Au SAC, respectively). Besides, a lower
energy barrier was also realized over the Pt-Au binary sites, fur-
ther stimulating its catalytic performance. Previously, several
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reports about other binary single sites catalysts have shown
their advances as the synergistic reaction centers for optimizing
the reaction barriers or rate-determining steps (12-14). In our
case, the Pt-Au binary sites not only contribute to the lower
reaction barriers but also finely contribute to charge transporta-
tion dynamics by enhancing the localized molecular dipoles.
This discovery offered a strategy for improving the surface
charge separation/transfer of photocatalysis, which is one of the
central problems for improving the photocatalytic process.

Results

Identification of Pt-Au Binary Single Sites. The as-prepared
single-site catalysts 0.25% Pt SAC, 0.25% Au SAC and binary
sites catalyst 0.25% Pt-Au SAC were firstly subjected for micro-
structure analysis (Fig. 1). Elemental mappings exhibited that
Pt and Au were homogeneously distributed on the g-C5N, sub-
strate (Fig. 1D, SI Appendix, Figs. S1 and S2). The loading con-
tents of Pt and Au were determined by inductively coupled
plasma mass spectrometry (ICP-MS) (SI Appendix, Table S1).
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was then employed to confirm
the state of the metal elements, and the bright spots in Fig. 1B
show that Pt and Au are single atoms (also shown in S7
Appendix, Figs. S3 and S4). This was further confirmed by the
selected area intensity surface plot for a pair of isolated atoms
(Fig. 1 E and F). The atomic distances between adjacent iso-
lated atoms were counted (Fig. 1C), which showed that the pre-
dominant atomic distances were in the range of 0.4-0.7 nm.
The distance between two adjacent metal atoms (where the

Fig. 1.
statistics based on multiple HAADF-STEM images. (D) Elemental mappings of Pt-Au SAC. (E) Magnified binary atomic pair as circled in the HAADF-STEM
image of (B) (where the area is labeled “a"”). (F) Corresponding intensity surface plot of the selected atomic pair (E) and theoretical model of g-C3N,4 with
two metal atoms located in the adjacent sixfold cavities.
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area is labeled “a” as shown in Fig. 1 B and E) was 0.694 nm,
which is close to the theoretical distance between two adjacent
metal atoms located in two heptazine cavities (Fig. 1F).
Besides, X-ray powder diffraction (XRD) patterns, Fourier
transform infrared spectra, thermal analysis, elemental analysis,
Brunauer-Emmett-Teller measurement, and related pore anal-
ysis indicated that other physical and chemical characteristics
of Pt, Au, and Pt-Au SACs are almost identical (SI Appendix,
Figs. S5-S7 and Tables S2 and S3).

Generally, the performance of SACs largely depended on
the coordination structure of single centers, thus the precise
structural analysis using multiple spectroscopic and theoretical
simulations was performed (Fig. 2 and SI Appendix, Fig. S8).
As shown in X-ray absorption near-edge structure spectrum of
Pt Ls-edge, 0.25% Pt-Au SAC and 0.25% Pt SAC exhibited
higher white line intensities than Pt foil, which is a typical fea-
ture of SACs (SI Appendix, Fig. S84) (14). The white line inten-
sities of 0.25% Pt-Au SAC and 0.25% Au SAC were also higher
than Au foil, as shown in Au Ls-edge spectrum (SI Appendix,
Fig. S8B). Those results were consistent with the HAADF-
STEM observations, revealing the atomic nature of metal spe-
cies. The extended X-ray absorption fine structure (EXAFS)
spectra_ showed main peaks of as-prepared SACs between 1
and 2 A (Pt/Au-N coordination), apparently different from the
metal bonding peaks in Pt and Au foils, and no new peaks were
observed, indicating the absence of Pt-Au bond. The fitting
results of EXAFS also indicated the absence of metal bonds
like Pt-Pt, Pt-Au, and Au-Au, confirming the atomic dispersion
of Pt and Au (SI Appendix, Fig. S9 and Table S4), which was
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Observation of Pt-Au binary single sites at atomic level. (A and B) A HR-TEM image and a HAADF-STEM image of Pt-Au SAC. (C) Atomic distance
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Fig. 2. Identification of the chemical structure of Pt-Au binary single sites. (A and B) Fourier transforms of EXAFS spectra (Pt K-edge and Au K-edge) at

R space. (C) EXAFS fitting curves of as-prepared SACs. (D) EPR spectra of different samples and corresponding diagram of C vacancy. (E) N 1s XPS of
different samples and corresponding illustration of -NH,. (F) Precise coordination structures determined by spectroscopic analysis and DFT optimization.

also evidenced by the wavelet transform analysis (Fig. 2C and
SI Appendix, Fig. S10). Moreover, the coordination parameters
extracted from the fitting curves (SI Appendix, Table S4)
showed that the Pt atoms in Pt SAC had a smaller coordination
number (approximated to Pt-N3) than that (approximated to
Pt-N,) in Pt-Au SAC; also, Pt-N; showed a shorter bonding
length (1.88A) than that of Pt-N, (2.01 A), while the Au atoms
in both Au SAC and Pt-Au SAC exhibited similar coordination
parameters (approximated to Au-Ns). Notably, the lower coor-
dination number and shorter bonding length of Pt atoms in Pt
SAC indicated that it had a different locating position com-
pared with that in Pt-Au SAC (SI Appendix, Figs. S11 and S12).
Therefore, further microstructure analysis by considering the
atomic structure of g-C5;N, was then performed.

When g-C;N,; was employed as the support, vacancies and
sixfold cavities were two main pathways to stabilize single atoms
(15, 16). In our case, to probe the structural features of SACs,
electron paramagnetic resonance (EPR) spectroscopy was
utilized. As shown in Fig. 2D, a characteristic band appeared at
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g = 2.0042, representative of C vacancies (as also confirmed by
C/N mass ratio, X-ray photoelectron spectra (XPS) analysis
and solid-state NMR spectra in ST Appendix, Table S3 and Figs.
S13-S15). After only Pt atoms were loaded, the corresponding
intensity reduced significantly, indicating decreased unpaired
electrons and the coordinating of Pt with N atoms around C
defective sites (17, 18). However, when Pt and Au were
coloaded, this signal did not attenuate, showing nearly identical
intensity with that of g-C;Ny. This implied that Pt and Au
atoms in 0.25% Pt-Au SAC did not coordinate with adjacent
C/N atoms around C vacancies, thus causing no interference of
unpaired electrons. The EPR signal of 0.25% Au SAC showed
similar intensity with that of 0.25% Pt-Au SAC, suggesting that
metal atoms in 0.25% Pt-Au SAC and 0.25% Au SAC were
probably in the sixfold cavities of g-C;Ny, instead of C vacan-
cies. In comparison, Pt atoms in 0.25% Pt SAC were most likely
existing in the C vacancies. Then, the mass ratio of —NHjy
(401eV) in N1s XPS was investigated to further probe the
relationship between metal atoms and C vacancies (Fig. 2F)
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(19, 20). When metal atoms occupied the C vacancies, the num-
ber of —NHy groups would decrease due to their substitution
of H atoms. Results showed that —INH, mass ratios of 0.25%
Pt-Au SAC and 0.25% Au SAC were 9.96 wt% and 10.03 wt%,
respectively, which were close to that of pristine g-C5Ny (12.16
wt%). Nevertheless, the —NH, mass ratio of 0.25% Pt SAC
dramatically decreased to 5.48 wt%. This was caused by the
coordination between Pt atoms and NHy groups around C
vacancies, which was in good accordance with the result of
EPR analysis (17, 18).

Based on the results above and combined with the optimiza-
tion of density functional theory (DFT) calculations, the precise
coordination structures of Pt SAC, Au SAC, and Pt-Au SAC
were then drawn (Fig. 2F and SI Appendix, Fig. S16). Results
showed that in the energy-favorable models, the coordination
number of Au atoms (Au-Ns) in Au SAC and Pt-Au SAC was
identical. In contrast, the coordination structures of Pt atoms in
Pt SAC and Pt-Au SAC were Pt-N; and Pt-N,, respectively,
which was in good agreement with our EXAFS fitting results.
Also, unlike the Pt atoms in heptazine cavities over Pt-Au SAC,
the Pt atoms in Pt SAC were located in C vacancies, which is con-
sistent with those of the EPR and XPS analysis (Fig. 2 D and E).

Solar Water Splitting over Binary Single Sites. Then, solar water
splitting was performed to compare the reactivities of
as-prepared binary and single metal-site catalysts (Fig. 3).
Enhanced catalytic performance was observed in all loading
contents, especially obvious in loading content of 0.25 wt%;
thus, 0.25% Pt-Au SAC (where the mass ratio of Pt/Au is
around 1:1) was selected as the model to illustrate the promo-
tional interaction between Pt and Au binary sites (Fig. 34 and
SI Appendix, Figs. S17 and S18 and Tables S5-S7). The catalytlc
performance of 0.25% Pt-Au SAC (1.88 mmol g~! h™!, appar-
ent quantum efficiency of 1.72% at 365 nm) reached 4 9 and
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Fig. 3.

2.3 times over those of 0.25% Pt SAC and 0.25% Au SAC,
respectively. Because variation of the Pt/Au mass ratio in
0.25% Pt-Au SAC can also affect catalytic performance, the
effect of the Pt/Au mass ratio on catalytic activities was also
investigated (SI Appendix, Fig. S18). The best catalytic perfor-
mance was obtained when the Pt/Au mass ratio was 1:1, which
could be attributed to the formation of the most abundant
Pt-Au binary single sites. Therefore, unless otherwise specified,
0.25% Pt-Au SAC in this work refers to the sample with total
metal loading 0.25 wt%, and the mass proportion of Pt/Au was
1:1. The cycle test result showed that 91% of the reactivity was
maintained after three cycles, indicating that the binary sites
were relatively stable (Fig. 3B), which is further confirmed by
XRD patterns and HAADF-STEM analysis of samples after
reaction (SI Appendix, Figs. S19 and S20). Then, to identify the
origin of the enhancement, a series of samples were designed
and evaluated (Fig. 3C). It is shown that the activities of
both 0.12% Pt SAC (0 26 mmol g~' h™!) and 0.12% Au SAC
(0.42 mmol g~ h™') were weak, with a combined hydrogen
evolution rate of 0.68 mmol g~' h™! Wthh is only 36.2% over
0.25% Pt-Au SAC (1.88 mmol g’1 h™"). This result showed
that the activity enhancement was mainly attributed to the coex-
istence and synergism of Pt and Au binary sites. The influence of
sacrificial agents on solar water splitting was also assessed.
When ascorbic acid was employed as the sacrificial agent, the
highest reactivity was obtained. The interaction between sacrifi-
cial agents and binary sites SACs would be discussed in our
following work.

Analysis of the Enhancing Effect of Localized Dipoles. Thereafter,
the significant activity enhancement of binary sites inspired us
to further investigate its working mechanism. Generally, the
activity of photocatalysts was highly correlated with their
electronic states and band structures, which determine the
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Solar water splitting over binary single sites. (A) Solar water splitting evaluation of as-prepared SACs. (B) Cycle test of 0.25% Pt-Au SAC.

(C) Comparison of different samples under loading contents 0.12% and 0.25%. (D) The influence of sacrificial agents on solar water splitting.
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efficiency of charge separation and transfer (21). Band align-
ments of as-prepared SACs were measured using UV-visible
(UV-vis) diffuse reflectance spectra and valence band XPS (S7
Appendix, Figs. S21-S23), where Pt SAC, Au SAC, and Pt-Au
SAC had similar alignments; thus, the major contribution of
band structures can be ruled out. In this case, the different
metal species in Pt-Au SAC reminded us of the charge imbal-
ance between adjacent Pt and Au sites. Thus, the theoretical
simulations were carried out to display the electronic states of
adjacent Pt and Au sites (Fig. 44). Results showed that Bader
charges of adjacent Pt and Au atoms are —0.38 and —0.48 e,
respectively, indicating the unbalanced charge distribution
zones in Pt-Au SAC (the molecular fragments in the image Fig.
44). In comparison, the charge imbalance in Pt SAC and Au
SAC was weaker, especially in Pt SAC, which showed the
almost symmetric charge distribution. This suggested the for-
mation of stronger localized molecular dipoles over Pt-Au SAC
than those of unary counterparts. A typical dipole can be
approximated by a pair of positive and negative charges of
equal magnitude separated by a small distance (Fig. 4B), which
are universal in chemical molecules, due to the uneven

distribution of charge centers. In this study, bond dipoles were
formed in Pt-N and Au-N bonds because of the different elec-
tronegativities between precious metals and N atoms (Fig. 4B).
The vector superposition of bond dipoles would then form
molecular dipoles in the adjacent zones of single metal sites.
Thereafter, we performed molecular dipole moment calcula-
tions (Fig. 4C), and results showed that the molecular dipole
moment of binary sites catalyst Pt-Au SAC (6.16 D) was larger
than those of Pt SAC (2.15 D) and Au SAC (5.73 D). And all
these dipole moments showed directions parallel to the surface
of g-CsN,4 nanosheet support. Moreover, the molecular frag-
ments in Fig. 4C constituted the whole photocatalyst; therefore,
in Pt-Au SAC, the superposition of the enhanced molecular
dipole moments would partially contribute to the enhancement
of the whole internal electric field, which can boost the charge
separation and transfer during the photocatalysis process (22).
To verify the enhancement of internal electric field in Pt-Au
SAC, several tests, including Kelvin probe force microscopy,
were then performed (Fig. 4D and SI Appendix, Figs. S24-S26
and Tables S8 and S9). The strength of internal electric field
could be obtained by calculating the surface potential and the
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Q(Au)=-0.48 ¢

Pt-Au SAC
Q(Pt)=-0.38 e Q(Au)=-0.48 ¢
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Fig. 4. Analysis of the enhancing effect of localized dipoles. (A) Calculated charge distribution over metal sites of as-prepared SACs where yellow and
light blue iso-surfaces represent charge accumulation and depletion, respectively. (B) lllustration of a typical electric dipole and bond dipoles in Pt-Au
SAC. (C) The calculated molecular dipole moments of Pt SAC, Au SAC, and Pt-Au SAC, respectively, where the red arrows represent the direction of the
dipole moments (unit of dipole moment: Debye). (D) The KPFM images of as-prepared SACs. The size of the selected areas was 10 pm x 10 pm.
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surface charge density of catalysts, where the surface potential
could be acquired by KPFM and the surface charge density
could be obtained by zeta potential measurements (23, 24).

The relationship between surface potential, surface charge
density, and internal electric field of a semiconductor is
expressed as follows (25-27):

_ 1/2
E= (ﬂ> , 1]

EEQ

where E is the strength of internal electric field (in V/m), V5 is
the surface potential (in V), p is the surface charge density (in
C/mz), e is the low-frequency dielectric constant, and g is the
vacuum dielectric constant, 8.854 x 10™'? F/m.

As we can see in the above equation, the strength of internal
electric field was proportional to 0.5 power of both the surface
potential and the surface charge density. Then the strength of
the internal electric field could be evaluated by the combination
of those two parameters. As exhibited in Fig. 4D of the KPFM
images, Pt-Au SAC shows higher surface potential (average
surface potential 827.0 mV) than those of both Pt SAC and Au
SAC (average surface potential 753.3 mV and 783.7 mV, respec-
tively, SI Appendix, Table S8). In addition, those three SACs
have similar zeta potentials (SI Appendix, Table S9). Thus, the
difference in internal electric fields for SACs here can be con-
sidered as mainly proportional to 0.5 power of the surface
potential. The higher surface potential of Pt-Au SAC indicates
its stronger internal electric field, which was consistent with the
molecular dipole moment calculations. Generally, a stronger
internal electric field could vastly improve the separation effi-
ciency of photo-induced carriers and enhance the catalytic
reactivity (28, 29).

Enhanced Charge Transportation Dynamics. Thereafter, TA was
employed to investigate the charge transport dynamics of
as-prepared SACs (Fig. 5 A and B and SI Appendix, Figs.
S27-S31). The pump pulse with center wavelength 330 nm was
chosen to effectively excite the as-prepared samples (as shown
in SI Appendix, Fig. S21A4). Results showed that all samples had
similar charge transportation dynamics where broad positive
absorption features between 600 and 770 nm were observed,
which is due to the excited-state absorption that reflects the
lifetime of photoexcited electrons in semiconductors (30). Neg-
ative profiles were obtained between 460 and 520 nm, which
were attributed to probe bleach of the neutral ground-state
absorption caused by neutral singlet excitons (31). Since
dynamics observed in the range 460-520 nm involved the con-
tribution of both holes and electrons, the relaxation process
could be better described using a positively valued absorption
region of 600-770 nm. A set of representative data taken at 760
nm were investigated. Results showed that TA spectra over all
as-prepared samples featured an instantaneous buildup of TA
signal, followed by a relaxation process in a biexponential
manner. The relaxation process consists of two steps: the time
constant 7, is the process of energized electrons captured
by near-band-gap states, and the much slower time constant
T, was attributed to the recombination of trapped electrons
and valence band holes (32, 33). The fitting results are as fol-
lows: t; = 6.39 £ 0.99 ps (61%), T2 = 370.1 & 20.8 ps (39%) for-
pristine g-C3Ny, t; = 4.45 £+ 0.63 ps (59%) and t, = 246.5 +
52.1 ps (41%) for Pt SAC, t; = 3.54 + 0.55 ps (61%) and
T, = 201.4 + 49.3 ps (39%) for Au SAC, 7, = 2.04 + 0.62 ps
(64%) and 1, = 124.8 + 20.4 ps (36%) for Pt-Au SAC. The
average lifetimes were calculated to be 360.10, 240.19, 196.03,
121.37 ps for g-C3Ny, Pt SAC, Au SAC and Pt-Au SAC, respec-
tively. The almost three-fold decrease of the average lifetime
over Pt-Au SAC compared with pristine g-CsN4 could be
ascribed to the opening of additional channels for electron
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transfer (34). Besides, the accelerated time constant t; (2.04 ps)
over Pt-Au SAC also proved the efficient electron transfer over
Pt-Au binary single sites. The same conclusion could be drawn
from the time-resolved photoluminescence (PL) spectra meas-
urements (SI Appendix, Figs. S32 and S33 and Tables S10 and
S11), indicating that the coexistence of Pt and Au atomic sites
boosted the electron transfer and trapping process from the con-
duction band, which enhanced the separation of photo-induced
charges and promoted the photocatalytic process.

To further confirm the enhanced charge transportation pro-
cess due to the strengthened internal electric field in Pt-Au
SAC, the steady-state surface photovoltage (SS-SPV), electro-
chemical impedance spectroscopy (EIS), PL spectra, and tran-
sient photocurrent curve (TPC) measurements were then
performed (Fig. 5 C-F). The SS-SPV spectra could directly
evaluate the intensity of the internal electric field caused by the
charge separation process. Results displayed an obvious surface
photovoltage response in the range of 300-420 nm, where
Pt-Au SAC showed the highest photovoltage signal, indicating
the highest charge separation and transfer efficiency (Fig. 5C).
Meanwhile, PL spectra of as-prepared samples were collected
under the excitation of 330 nm (which could effectively excite
all the samples as shown in ST Appendix, Fig. S214) using iden-
tical testing conditions. Due to the basically same absorbances
of as-prepared samples, the obtained results could be emplo-
yed to discuss the charge separation/transfer efficiency. The
quenched signal caused by the radiative recombination between
photoexcited electrons and holes in PL spectra showed that
0.25% Pt-Au SAC had the highest charge separation efficiency
due to the faster electron transfer process (Fig. 5D). This is
self-consistent with the above TA analysis. As shown by EIS
(Fig. 5E), the arc radius of 0.25% Pt-Au SAC was the smallest
among all SACs, indicating the smallest charge transfer resis-
tance under photocatalytic conditions. The simulated interfacial
charge transfer resistance of Pt-Au SAC was 117 kQ, which is
much smaller than that of Pt SAC, Au SAC, and g-C;N, (228,
175, and 285 kQ, respectively). Besides, the TPC results showed
that 0.25% Pt-Au SAC had considerably higher photocurrent
than 0.25% Au SAC, 0.25% Pt SAC, and g-C3;N, (Fig. 5F).
This demonstrated that binary sites Pt and Au could signi-
ficantly improve the separation efficiency of photo-induced
carriers, thus enhancing photocatalytic activity.

Moreover, the reaction barrier was also evaluated over
as-prepared SACs (SI Appendix, Figs. S34-S36), which is
another essential factor that should be considered in solar
water splitting. Results showed the H* adsorption free energy
over Pt-Au SAC was only —0.09 eV, which is closer to 0 (the
ideal energy level) than Pt SAC (—0.40 eV) and Au SAC
(—=0.37 eV). This indicated an optimized energy barrier in
Pt-Au binary single sites, which is favorable for the hydrogen
evolution process. In addition, the calculation results (S7
Appendix, Fig. S36) of H* adsorption free energy revealed that
both Pt and Au single atoms in Pt-Au SAC could function as
the H* reduction sites. However, the stronger adsorption of H*
on the Au site (—0.73 eV) compared with the Pt counterpart
(—0.09 eV) indicated that the Pt atomic sites were more favor-
able for the hydrogen generation process. This was also consis-
tent with the calculated charge distribution (Fig. 44) results
showing that less charge distribution was observed around Pt
atomic sites (Bader charges of adjacent Pt and Au atoms are
—0.38 and —0.48 e, respectively).

Discussion

In summary, a binary single-site catalyst composed of a pre-
cious metal (Pt) and another precious metal (Au) was explored.
Promotional interaction between binary sites was observed in
solar water splitting, where the activity of the Pt-Au binary sites
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Enhanced charge transportation dynamics. (A) Contour plot of the TA spectrum over 0.25% Pt-Au SAC tested in ethylene glycol and excited by

a 330-nm pump. (B) TA kinetics probed at 760 nm for as-prepared SACs. (C) SS-SPV responses of as-prepared catalysts. (D) PL spectra of as-prepared
catalysts. (E) TPC responses of as-prepared catalysts. (F) EIS of as-prepared catalysts.

(Pt-Au SAC) reached 1.88 mmol g~' h™! (apparent quantum
efficiency of 1.72% at 365 nm), 4.9 times and 2.3 times as those
over Pt SAC and Au SAC, respectively. Theoretical and spec-
troscopic results showed that Pt and Au atoms in Pt-Au SAC
and Au SAC were preferentially stabilized in sixfold cavities
between heptazine subunits (with Pt-N4/Au-Ns coordination).
However, the Pt atoms in Pt SAC were prone to occupy C
vacancies (with Pt-N; coordination). The larger charge imbal-
ance in the zone of adjacent Pt and Au sites of Pt-Au SAC led
to the enhancement of localized molecular dipoles compared
with those in unary counterparts, greatly improving the charge
separation and transfer by strengthening the internal electric
field and thus boosting the solar water splitting. Besides, the
lowest reaction barrier was also realized on the Pt-Au binary
sites, also contributing to solar water splitting.

Materials and Methods

Preparation of Catalysts. All chemicals are of analytical grade and were used
directly as received without further purification. g-CzN; was prepared by
a modified heat-etching method using the mixture of urea and thiourea
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(1% wt of thiourea to urea) as the precursor (35). Then, the obtained material
was reduced at 500 °C in the atmosphere of Hy/Ar (5 vol% H»/95 vol% Ar) for
1 h. Pt SAC, Au SAC, and Pt-Au SAC were prepared by a simple impregnation-
adsorption method (36). In a typical procedure, briefly, 200 mg g-C3N, was dis-
persed in 50 mL distilled water, and then appropriate amounts of
H,PtClg-6H,0 (1.48 mgp: mL™") and HAUCl; (2 mga, mL™") solutions were
added dropwise, followed by stirring at 70°C for 2 h. The product was
obtained by filtration, repeated washing with deionized water and ethanol,
and vacuum drying at 60 °C overnight.

Characterization. XRD patterns were collected using a Rigaku D/Max 2200PC
X-ray diffractometer with Cu Ka radiation (A = 0.15418 nm). High-resolution
transmission electron microscopy (HR-TEM) analyses were performed using a
JEOL JEM-2100F at an accelerating voltage of 200 kV (Japan). The HAADF
images and elemental mapping results were acquired using the STEM mode
of FEI Titan Themis G1 with double aberration correctors and four energy dis-
persive spectrometer (EDS) detectors, each of which had an active area of
30 mm? for detecting the EDS signals. Thermal analysis was conducted via a
synchronous thermal analyzer (Mettler Toledo, TGA DSC1). Fourier transform
infrared spectra were obtained on an infrared spectrometer (Bruker tensor
27, German). Metal loading contents were determined by ICP-MS (X7 Series,
Thermo Electron Corporation). XPS measurements were carried out in a
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Thermal ESCALAB 250 electron spectrometer using Al Ka radiation X-ray
source (hv = 1,486.6 eV). Solid-state '*C and "H NMR spectra were recorded by
a Bruker Avance Il WB 400 at 10KHz resonance frequency. UV-vis diffused
reflectance spectra of the samples were obtained using a Shimadzu Corpora-
tion UV-vis spectrophotometer to record the absorption spectra of the sam-
ples. Kelvin probe force microscopy images were obtained by using a Bruker’s
Dimension lcon Atomic Force Microscope System in lift mode. Zeta potentials
were measured with a Zetasizer Nano ZS90 (Malvern Instruments). PL spectra
were measured using an Edinburgh Instruments FLS920P equipped with a Xe
lamp-920 at room temperature under the excitation of 330 nm. Time-resolved
PL decay curves were recorded on a FLS920 fluorescence lifetime spectropho-
tometer under the excitation of 330 nm and probed at 440 nm. The
femtosecond-TA measurements were carried out on a Helios pump—probe
system (Ultrafast Systems). White-light continuum probe pulses (350 — 800
nm) were produced by focusing a miniscule portion of the fundamental 800-
nm laser pulses (Coherent, 800 nm, 1 kHz, 7 mJ pulse’1, 35 fs) onto a calcium
fluoride crystal. Pump pulses centered at 330 nm were generated from an
optical parametric amplifier (TOPAS-800 fs), and the samples were measured
by probing polarizations oriented at the magic angle. The instrument
response function was determined as ~100 fs by a routine cross-correlation
procedure. The SPV spectra were obtained on a CEL-SPS1000 surface photo-
voltage spectrometer, a product of Beijing CEAULIGHT. The measurement sys-
tems included a lock-in amplifier (SR830, Stanford Research Systems) and a
simple chamber. Electron spin resonance (EPR) spectroscopy was conducted
on a Bruker model EPR JES-FA200 spectrometer. Photoelectrochemical activity
tests were performed using an electrochemical work station (CHI660E Instru-
ments) with a standard three-electrode system (an Ag/AgCl electrode refer-
ence electrode and a Pt foil counter electrode); 0.5 M Na,SO, solution was
used as the electrolyte.

X-Ray Absorption Fine Structure. The X-ray absorption fine structure spectra
(Pt and Au Ls-edge) were collected at 1W1B station in Beijing Synchrotron
Radiation Facility (BSRF). The storage rings of BSRF were operated at 2.5 GeV
with a maximum current of 250 mA. Using an Si (111) double-crystal mono-
chromator, data collection was carried out in transmission mode using an ioni-
zation chamber. All spectra were collected in ambient conditions. The
acquired EXAFS data were processed according to the standard procedures
using the ATHENA module implemented in the IFEFFIT software packages
(37). The ks-weighted EXAFS spectra were obtained by subtracting the post-
edge background from the overall absorption and then normalizing with
respect to the edge-jump step. Subsequently, ks-weighted y(k) data of Pt and
Au K-edge were Fourier transformed to real (R) space using Hanning windows
(dk=1.0A""to separate the EXAFS contributions from different coordina-
tion shells. To obtain the quantitative structural parameters around central
atoms, least-squares curve parameter fitting was performed using the ARTE-
MIS module of IFEFFIT software packages.

Theoretical Calculation. All the calculations were carried out based on DFT
with the Perdew-Burke-Ernzerbof form of generalized gradient approxima-
tion functional by employing the Vienna ab initio simulation package (VASP)
(38-41). The Blochl's all-electron-like projector augmented wave method was
used to describe the interactions between valence electrons and ion cores
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(42, 43). The wave functions at each k-point were expanded with a plane
wave basis set, and a kinetic cutoff energy of 450 eV was applied. Brillouin
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as large as 20 A is used along the c direction normal to the surface. The adsorp-
tion energies (E,qs) of Pt and Au atom on perfect and defective g-C3N, were
calculated using the following formula:

Eads _ Esub+Pt+Au - ;ub — EPt — EAu . [2]
The molecular dipole moment computations were carried out by the Gaussian
16 program Revision B01. The theoretical method was the popular B3LYP,
adding the D3 version of Grimme's dispersion with Becke-Johnson damping
function (45-48). The triple-zeta turbomole basis set, Def2-TZVP, was used for
C, H, N, Au, and Pt atoms (49). The effective core potential included in the
Def2-TZVP basis set was used for Au and Pt atoms to reduce the computa-
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crystal structures to calculate the dipole moment. The edge atoms of the frag-
ments are saturated with hydrogen atoms. The fragment we choose is in the
unit cell for three crystal structures.

Catalytic Performance Evaluation. The photocatalytic hydrogen production
test was performed with a photocatalytic activity evaluation system (Beijing
CEAULIGHT, product model CEL-PAEM-D8). A 300-W Xe lamp was employed
as the light source, and the area of the surface irradiated was about 31 cm?.
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H, production amountin 6 h.

The apparent quantum efficiency (AQE) at a wavelength of 365 nm was
measured under the identical reaction condition by placing band-pass filters
in front of the light source. The CEL-NP2000 spectroradiometer was used to
measure the intensity of the incident light. The AQE was calculated according
to the following equation (50):

AQE[%)] — number of .rea.cted electrons % 100
number of incident photons i3]
~ number of evolved H, molecules x 2

= 100.
number of incident photons x 100
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