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Synergistic promotion of nitrogen vacancies
and single atomic dopants on Pt/C3Ny
for photocatalytic hydrogen evolution

Ai-Ping Yan,'3 Yu-Jue Qiu, " Xing-En Wang," Guang-Hua Wang,? Xian-Kui Wei,"? Xin-Tian Li," Xiao-Die Chen,’
Xing Shang,” Shun-Liu Deng,’* Jian-Wei Zheng,"“* and Su-Yuan Xie'

SUMMARY

CsN, is widely applied in the synthesis of single-atom catalysts. However, understanding on the active site
and the reaction mechanism is not fully in consensus. Especially, bare studies have considered the coordi-
nation environment of the single-atomic dopant and the effect of nitrogen vacancy on C3N,. In this study,
we found that the presence of nitrogen vacancies promotes the activation of water and reduces the acti-
vation energy barrier for hydrogen generation. The results show that a synergistic effect between single-
atom Pt and nitrogen vacancies enables the catalyst to achieve a superior hydrogen production rate of
3,890 umol/g/h, which is 16.8 times higher than that of pristine C3N,4. Moreover, the catalyst is also appli-
cable for photocatalytic hydrogen production from seawater without significantly decreased hydrogen
production rate. This study paves the way for the rational design and optimization of next-generation pho-
tocatalysts for sustainable energy applications, particularly in solar-driven hydrogen production.

INTRODUCTION

Graphitic carbon nitride (C3Ny) is a typical type of advanced material with advantageously physical and chemical properties, such as notably
high surface area, thermal stability, quantum efficiency, interfacial charge separation and transport, and ease of modification through either
composite formation or the incorporation of desirable surface functionalities. It is also an ideal support to prepare single-atom catalysts as
C3Ny4 with abundant N atoms has favorable uncoordinated environment. Therefore, C3N4 has gained considerable attentions as an ideal
candidate in the field of photo-, electro-, and thermal catalysis, especially in the field of solar fuels production through water splitting and
CO,, reduction, and environmental remediation through the degradation of organic pollutants.

As a promising material in heterogeneous catalysis, the role of C3N, is generally clarified as a semiconductor or a support. Great efforts
have been normally devoted into various strategies to enhance its role including morphological control,* heteroelement doping,”” heter-
ojunction construction,®”"" and defect engineering.'”"? In fact, the photoexcitons are the vital driving force of various chemical reactions in
photocatalytic process; thereby their generation ability under photoirradiation determines the photocatalytic activity of semiconductor pho-
tocatalytic materials, directly affecting the final catalytic activities.'* Apparently, introducing the single active sites with low potential into
semiconductor photocatalytic materials can effectively promote the separation and migration of photoexcitons; thus higher photoactivity
can be achieved due to highly inhibited recombination kinetics of photoexcitons.'® Specifically, the C3N, framework containing electron-
rich N atoms can provide sufficient coordination sites and favorable space for capturing single-atom Pt through Pt-N bonding, making it a
widely used support material for single-atom catalysts.'“"” However, these approaches struggle to fundamentally improve charge separation
and transfer efficiency because charges in short-range organic semiconductor lattices tend to be confined within planar space.’®?° Besides
modifying the band structure, most of these strategies are aimed at increasing the amounts of active sites by expanding the surface area and
creating edge and nitrogen vacancies to coordinate more transition metal atoms.”' ™! These defects are thought to be filled by heteroatoms.
Many single-atomic transition metals including Ru,”® Pt,%° Fe,”’ Cu,”® Co,”” and Ni*” elements have been successfully anchored on C3N,. In
additional to achieving 100% metal atom utilization, the single atoms act as electron acceptors to improve charge transfer, as well as active
sites to activate reaction subtracts and intermediates.’’ *” It has also been proven that heteroatoms filled in the nitrogen vacancies of C3Ny4
show higher catalytic performances than those located on the plane or in the hole of C3N,.***® Generally, it is recognized that these nitrogen
vacancies create more opportunities for single atom to fill in so that the catalytic performance of reactions, for example photocatalytic water
splitting, can be promoted.’®'” However, scant attention has been paid to the effect of these nitrogen vacancies, which may not only create a
position for the loading of single metallic atoms but also have a synergistic effect with the single atom in the activation of reaction
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intermediates. Notably, the coordination environment significantly changes when both the Pt atom and nitrogen vacancy coexist. Therefore,
the electronic status and the reactivity should be strongly affected, resulting in the modification of their catalytic ability.

Herein, we firstly employed the first-principle density functional theory (DFT) to study the effect of nitrogen vacancies for water splitting
over Ptsingle atoms loaded on C3N,. The coexistence of nitrogen vacancies and Pt single atom in an adjacent area is found to further promote
the single-atomic catalysis in water splitting by activating water and enhancing the catalytic reactivity of Pt. llluminated by the results of cal-
culations, Pt single atoms on exfoliated C3N,4 with different amount of nitrogen vacancies were deliberately prepared. Photocatalytic H, evo-
lution from water is chosen as a probed reaction as C3Ny is typically and widely applied in the reaction. A series of characterizations including
scanning electron microscopy (SEM), X-ray diffraction (XRD), synchrotron X-ray absorption spectroscopy (XAS), and aberration-corrected
transmission electron microscopy (TEM) were employed to study the geometric structure of C3N4 and the dispersion of Pt species. Electron
paramagnetic resonance (EPR) spectroscopy, X-ray photoelectron spectroscopy (XPS), UV-visible (UV-vis) diffuse reflectance spectroscopy,
and valence band (VB) X-ray photoelectron spectroscopy (VB-XPS) were conducted to investigate the existence and states of nitrogen va-
cancies, as well as the effect of nitrogen vacancies on electronic structure of Pt/C3N,. Combining the characterization results, the synergistic
effectis evident in the correlation between the amount of nitrogen vacancies and the hydrogen-generation performances. Finally, seawater is
used as the substrate to extend the practical application. This work provides a new insight on the role of nitrogen vacancy for single-atomic
doped C3N,, which shows a synergy with the single active site in the activation of reaction intermediates and the reactivity of active sites.

RESULTS AND DISCUSSION
Theory calculation

First-principle DFT was firstly employed to study the effect of nitrogen vacancies in C3N4 on the catalyst electronic structure and the water-
splitting performance. Five models including C3Ng4, C3N,4 with nitrogen vacancies (C3N4(Nv)), Pt single atoms doped in C3Ng4 (Pt/C3Ny), Pt sin-
gle atoms doped in the nitrogen vacancies of C3N4(Nv) (Ptn,/C3Ny), and Pt single atoms doped in the nitrogen vacancies of C3N4(Nv) with
one/two neighboring nitrogen vacancy/vacancies (christened as Ptn,/C3N4a(NV), Ptn/C3N4(Nv2)) have been built (Figures 1A-1C). The
adsorption energy of Pt single atoms in Ptn,/C3N4 and Ptn,/C3N4(NV) is significantly higher than thatin Pt/C3N4 (—8.74 eV and —8.57 eV versus
—3.07 eV as listed in Table S1), indicating that the presence of nitrogen vacancies is beneficial for the deposition of Pt single atoms.
Density of states (DOS) and band structures for C3Ng4, C3N4(Nv) and Pt/C3N4(Nv) are investigated to study the electronic structure of these
models. As shown in Figures 1D-1F and S1, upon introducing a nitrogen vacancy into C3Ng, the band-gap energy of C3N4(Nv) decreases from
2.75 eV to 2.64 eV. Moreover, a defect level formed by C2p and N2p orbitals emerges within the band gap (Figure S1C). Both C2p and N2p
orbitals contribute to the conduction band (CB) of C3N,, while the VB is predominantly composed of N2p orbitals, in agreement with previ-
ously reported findings.?” Upon incorporating Pt single atom into C3Ny, the band-gap energy of Pt/C3N, further decreases from 2.75 eV to
2.05 eV, accompanied by appearance of an impurity level within the band gap. In the case where Pt is introduced into the location of the
nitrogen vacancy in C3N4(Nv), the band-gap energy drops from 2.64 eV to 2.53 eV, and no distinct defect or impurity level is observed. Further
introduction of a nitrogen vacancy next to the Pt single atom in Ptn,/C3Na(Nv) leads to a further reduction in the band-gap energy from 2.53 eV
down to 2.25 eV. These results confirm that the coexistence of Pt single atom and nitrogen vacancies contributes to the narrower band gap in
Ptny/C3Na(Nv) compared to pristine C3N,4. Analogously, DOS indicates coexistence of Pt single atom and nitrogen vacancies in Ptn,/C3Ng(Nv)
(as shown in Figures 1G and S1) shifts the d—band center from —0.87 eV to —4.18 eV compared with Pt/C3N,, elucidating that the electronic
structure has a strong correlation with the coordination environment of Pt single atom, which can thus affect their catalytic performances.
Hydrogen evolution typically consists of two fundamental steps: the initial Volmer reaction (Equation 1) followed by either the Heyrovsky

reaction (Equation 2) or the Tafel reaction (Equation 3)* as shown in the following:
H,O + e — H*+ OH™ (Equation 1)
H* + H,O — H, + OH™ (Equation 2)
2H* — H, (Equation 3)

Therefore, the activation of water may have a significant effect on the Volmer step and the Heyrovsky step. As shown in Figures TH and S2,
the adsorption energies of water on pristine C3N4 and C3N4(Nv) are —0.40, and —0.41 eV, respectively, which are regarded as relatively weak
physical adsorption. After loading Pt single atom onto C3N4(Nv), the adsorption energy of water molecules slightly decreases to —0.35 eV on
Pt/C3N4. However, the adsorption energy significantly increases to —0.96 eV when Pt substitutes a nitrogen vacancy on Ptn,/C3Ny. Further-
more, the nitrogen-vacancy-substituted Pt single atom has a synergistic effect with the proximal nitrogen vacancies when there is one or two
nitrogen vacancy (vacancies) near the Pt single atom on Ptn,/C3N4(Nv) and Pty,/C3N4(Nv2). The adsorption energy dramatically increases to
—1.50 eV and —1.49 eV, respectively. These results indicate that the introduction of nitrogen vacancies on the single Pt atom-doped C3N4(Nv)
catalyst can promote the activation of water with a reduced steric hindrance in the Volmer step and the Heyrovsky step. As a consequence, the
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Figure 1. Structure models and corresponding calculated band structures

(A and D) Pt/C3Ny, (B and E) Ptn,/C3Ny4, and (C and F) Ptn,/C3N4(Nv); (G) density of states (DOS) of Ptyn,/C3N4(Nv); (H) adsorption energy of H,O on C3Ny,
C3N4(Nv), Pt/C3Ny, Ptan/C3Ng, Ptn/C3Na(Nv), and Ptn/C3Na(Nv2). Inset is a model of a water molecule adsorbed on Ptn,/C3N4(Nv); (I) free-energy diagram
of hydrogen evolution over the Pt/C3Ng, Ptn,/C3N4 and Pty /C3N4(NV). Inset is the model of the transition state (TS) of a H, molecule adsorbed on the
Ptan/C3Na(NV). IS and FS represent initial state and final state. The single Pt atom and nitrogen vacancy are included in red circles.

activation energy for the H, generation from hydrogen atom was modified over Pt/C3Ny, Pty /C3Ng, and Ptn,/C3Ng(Nv). As shown in Figure 11,
the activation energy barrier for the combination of hydrogen atoms into H; in the Tafel step is 1.93 eV for Pt/C3N,. The activation energy over
Ptny/C3Ny significantly decreases to 0.35 eV. This confirms that the introduction of nitrogen vacancy for the substitution of Pt single atom can
dramatically improve the generation of H,. Notably, the activation energy barrier for H, evolution further decreases to 0.30 eV over
Ptn/C3Na(Nv), confirming that a synergy should exist between Pt single atom and nitrogen vacancy, leading to the promotion of H; evolution
from water.

Catalyst synthesis and structural analysis

The synthesis procedure of C3N4(Nv) and Pty /C3N4(NV) is illustrated in Figure 2A; C3Ny is firstly prepared by annealing urea at 550°C in air.
Subsequently, the obtained C3N, was pretreated in N, at 550°C, 600°C, and 650°C to afford C3N4(Nv) with different content of nitrogen va-
cancies. Finally, Pt atoms are deposited on C3N4 and C3N4(Nv) pretreated at different temperature by wet impregnation to obtain Pt/C3Ny,
Ptn/C3Na(Nvsso), Ptn/C3Na(Nveoo), and Ptn,/C3Na(Nvgso). To be noticed, DFT models are ideal while the actual sample should have mixed
structures containing the DFT models. So, these samples do not have a direct corresponding relationship with the DFT models. However, they
show a trend that, for the increment of the content of nitrogen vacancies, more single atom Pt can occupy the nitrogen sites (Ptn,). Also,
further increasing the content of nitrogen vacancies, more nitrogen vacancies can be proximal to Pt single atom Ptn,/C3N4(Nv). Therefore,
Ptrn/C3Na(Nvssg) has more local structures similar to Pty,/C3N4 compared to other samples. Pty,/C3Na(Nveog) and Ptn/CaNa(Nvgso) should
have more local structures similar to Ptn,/C3Na(Nv) and Ptn,/C3N4(Nv2). This can be confirmed by the following structural analysis.

iScience 27, 110420, August 16, 2024 3




¢? CellPress iScience
OPEN ACCESS

A
s Nv
) )8 © Catom
AL KX L KX
J“- Qﬁw AALAAAALLAAA, © Natom
o Calcination Exfoliation Wet impregnation
}H }‘ }R’ . \ ‘ O Pt atom
R Air N, Pt
}}e Urea
Urea C3N,(Nv) Ptu/CsN, (Nv)
B c P PUC,N
t/C3N,
_ Pty,/C3N4(NVgs) —— Pty /C3N4(NVsg)
" =3 — Pt /C3N4(Nvgss)
5 t/CaNeNVeog)| 3 &
s L Nl a0 s PtO,
p Bt JC N (NVe) = — Pt foil
g I (\'}§ /N
5 | Pt/C,;N, 3
e
I 03N4 - /_\
oo z 4Y;
g= 200 i ﬁ’f\/\/ __/\ =S
3320 3360 3400 3440 0 é 4 é 8
g factor R(A)

Figure 2. Preparation and structural characterization

(A) Scheme of the synthesis procedure of C3N4(Nv) and Ptn,/C3Na(Nv).

(B) STEM-HAADF images of Pty,/CaNa(Nvigo).

(C and D) (C) EPR spectra and (D) corresponding k*-weighted FT spectra at R space of Pt foil, Pt/CsN4, Pta/C3Na(Nvsso), and Pta,/CsNa(Nveso).

The morphology and microstructure of the samples were investigated by using a series of characterization techniques including nitrogen
adsorption, microscopy, and XRD. XRD patterns (Figure S3) indicate that all the samples exhibit a strong diffraction peak near the high angle
at 20 = 27.8° and a weaker one close to the low angle at 20 = 12.7°. These peaks are attributed respectively to the interplanar stacking of
aromatic C-N heterocycles (the (002) plane) and the intraplanar repetitive units of triazine rings (the (100) plane) as per JCPD card no. 87-
1526.%” The similarity in XRD patterns among the five samples suggests that the introduction of nitrogen vacancies and the loading of sin-
gle-atomic Pt do not alter the crystal structure of C3N4. An atomic model for C3N,4 constructed from melon (melon-like) units is also depicted
in Figure 53.%° Aluminum oxide is used as a reference to compare the intensities of XRD signals. After normalization, the peak intensity of the
(002) plane decreases as the exfoliation temperature increases. This is due to the thermal delamination effect during high-temperature calci-
nation, leading to larger layer spacing and lower XRD peak intensities. Consistent with the result of XRD patterns, SEM images in Figure S4
also exhibit a porous layered morphology without obvious changes after the introduction of nitrogen vacancies. The increase in specific sur-
face area for Ptno/C3Ng(Nvss) and Ptn,/C3Na(Nvgso) is not so significant, insinuating that the surface area is not a major factor improving the
activity (Figure S5 and Table S2). Upon characterizing different regions using TEM (Figure S6), there are no discernible particles on the surface
of C3N4 nanosheets, thus ruling out the existence of Pt nanoparticles. This observation aligns with the XRD results presented in Figure S3,
where no diffraction peaks corresponding to metallic Pt nanoparticles are found in the XRD patterns. However, a Pt loading of around 1
wt % close to the theoretical value was measured for all the Pt-supported C3N4 and C3N4(Nv) (Table S3). These insinuate that Pt exists pre-
dominantly in the form of single atoms or highly dispersed species within the C3N4 matrix. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (STEM-HAADF) measurement was then conducted. As illustrated in Figure 2B, a dense distribu-
tion of bright spots with diameters smaller than 0.2 nm is evident on the C3N4(Nv) substrate, confirming that Pt species exists as single atoms,
consistent with the assumption from XRD and TEM.

To investigate the content of nitrogen vacancies, EPR spectroscopy characterization was carried out. As shown in Figure 2C, all samples
including C3Ny, Pt-supported C3N4, and C3N4(Nv) exhibit a Lorentzian line with a g value of 2.002 attributed to the presence of unpaired elec-
trons in sp>-hybridized carbon atoms within the -conjugated aromatic rings.”’ Compared with pristine C3Ng, stronger EPR signals are
observed for Pt supported on C3N4 with higher exfoliation temperature in Ny, and Ptn,/C3Ng(Nveso) shows the strongest signal.42 This
enhancement indicates the successful creation of nitrogen vacancies which may facilitate the transfer for photogenerated charges. The Four-
ier transform infrared (FTIR) spectra display three types of characteristic vibrational absorption peaks: a sharp peak at around 810 cm ™", a set
of peaks within the range of 1,200-1,700 cm~', and a broad peak between 2,800 and 3,500 cm™! (Figure S7). These correspond to the bending
vibration of triazine rings, the stretching vibrations of aromatic C-N heterocycles, and the stretching vibrations of -NH, (where x = 1,2) groups
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Figure 3. XPS and XANES spectra
(A) Pt 4f XPS spectra Pt/C3Ng, Ptno/C3Na(Nvsso), Ptan/CaNa(Nveoo), and Ptn/CaNa(Nveso) and (B) XANES spectra of Pt foil, Pt/C3Ng, Pta,/CsNa(Nvsso), and Pt/
C3N4(Nvgso). Inset image is the enlarged pre-edge of Pt/C3Na, Ptno/C3Na(Nvssg), and Ptn,/C3Na(Nvgso).

located at the edges of the C3N4 framework, respectively.**** Notably, after high-temperature treatment in Ny, the intensity of the peak at
810 cm ™" tended to reduce in Pty,/C3Na(Nv) pretreated at higher temperature, which could be attributed to the disruption of C-N bonding
sites in the triazine rings, indicating the successful introduction of nitrogen vacancies,’® Although Pty,/C3Na(Nvego) does not decrease clearly.
This may be due to the baseline interference from other species (for example, species at 730 cm ™) or water.

Further exploration of the coordination environment of Pt in the catalysts was conducted using extended X-ray absorption fine structure
(EXAFS) characterization. After Fourier transformation (FT) processing and weighting by k3, the EXAFS spectra revealed a single peak in sam-
ples of Pt/C3Ng, Ptn/C3Na (Nvssg), and Ptn,/C3Ng (Nvgso) (@s shown in Figure 2D), corresponding to the first coordination shell of Pt, which can
be attributed to Pt-C/N interactions.**"® In comparison, the standard Pt foil sample presents a strong peak at 2.36 A, which is associated with
Pt-Pt coordination. However, in the EXAFS spectra of single-atom Pt catalysts, such a peak is typically absent with a Pt-O feature instead, and
no characteristic signal of Pt-Pt coordination is observed in the EXAFS spectra of Pt/C3Ng, Ptn/C3Na(Nvsso), and Ptn,/C3Na(Nveso), indicating
that Pt atoms are atomic dispersed without forming Pt-Pt bonds. In Pt/C3Ny, Ptn,/C3Na(Nvsso), and Ptn,/C3Na(Nvgso), the coordination
numbers of Pt—C/N are 5.1, 4.3, and 3.9, with average bond lengths of about 2.07, 2.07, and 2.09 A, respectively (Table S5). This substantiates
that the predominant vacancy type in the samples is N2C, given that N3C defects typically exhibit a coordination number of 3 and confirms the
existence of nitrogen vacancies near Pt. The increased bond length coincides with the model of the coexistence of Pt single atom and nitro-
gen vacancy in proximal position.

XPS was employed to investigate the chemical status of Pt, C, and N species on the surface of various photocatalysts (Figures 3 and S8-
S10). C 1s peak at 284.8 eV associated with amorphous carbon (C-C/C=C) within the C3Ny is used as the reference value to calibrate the bind-
ing energies across the entire spectra. The peak corresponding to N-C=N groups in the aromatic rings of the carbon nitride molecule moves
toward lower binding energy from 288.3 eV to 288.1 eV with higher pretreated temperature when nitrogen vacancies are generated
(Figures S9A and S10A). In the N1s spectra, three main peaks can be discerned. The peak at ~398.6 eV represents sp>-hybridized N atoms
in the C-N=C bonds of the triazine rings. The peak at ~399.7 eV attributes to bridging N atoms in the central positions of the heptazine rings,
and the peak at 401.2 eV signifies N atoms in terminal amino groups -NH,. These peaks show a trend of shifting toward higher binding energy
(Figures S9B and S10B). And the decrease in the intensity of N2C (-NH,) is compelling evidence for the formation of N2C vacancies on the
surface of CsN4(Nv). In addition, the peaks of Pt 4f spectra at ~72 eV and 75.4 eV are ascribed to Pt?* and no characteristic peak appears
for Pt metal (Figure 3A). This further indicates that Pt is atomic dispersion coordinated with C and/or N atoms. Interestingly, with the additional
amount of nitrogen vacancies, Pt peaks shift toward higher binding energy. These shifts are because of the strong interaction between Pt
single atom with 3d unoccupied orbitals and N with lone pair electrons in C3Ng4. The increased content of nitrogen vacancies causes less co-
ordination amounts with Pt, as well as less electrons transfer from N species to Pt species, resulting in a higher oxidation state of Pt species,
which thus may favor the reaction of photocatalytic H, evolution®” with electron-deficient Pt active sites. Figure 3B presents the Pt X-ray
absorption near-edge structure (XANES) spectra of samples Pt/C3Ng, Ptn,/CaNa(Nvsso), and Ptn,/C3Na(Nvgso), showing that the absorption
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Figure 4. Band structure

(A) UV-vis absorption spectrum.

(B) The band gap obtained based on the Tauc formula.

(C) Band structure of C3N,, Pt/C3Ng, Ptno/C3Na(Nvsso), Pta/C3aNa(Nveoo), and Pty,/C3Na(Nvgso).

pre-edges of all samples are at higher energy than that of the standard Pt foil. And an energy redshift is observed for Pty,/C3N4(Nv) with
higher pretreated temperature, arising from the electronic interaction between the single-atom Pt and the nitrogen vacancies. This electronic
interaction between single-atom Pt and the nitrogen vacancies is enhanced with increasing nitrogen vacancy content, leading to more elec-
tron deficiency. The result is consistent with XPS results.

Optical and photoelectrochemical properties

To study the electronic structure of the samples, UV-vis and VB-XPS were then carried out. Pt presented in the form of single atoms coordi-
nated to nitrogen atoms. Therefore, the samples can be treated as pure sample to use the Kubelka-Munk formula. As shown in Figure 4A, the
light-absorption band of Ptn,/C3N4(Nvsse), Pt no/CaNa(Nvgoo), and Pt n/C3Na(Nvgso) in the range of 450 nm—-800 nm has a red shift. The
introduction of nitrogen vacancies and single-atom Pt causes a significantly enhanced absorption.”® As shown in Figure S11, the color of
the samples becomes deeper with an increased concentration of nitrogen vacancies. Therefore, the electronic structure should change
with the introduction of nitrogen vacancies. The Kubelka-Munk method was then employed to transform UV-vis to obtain the corresponding
Tauc plot. Pt presented in the form of single atoms coordinated to nitrogen atoms. Therefore, the samples can be treated as pure sample
to use the Kubelka-Munk formula. As depicted in Figure 4B, the band-gap energies (Eg) of the five samples including C3Na, Pt/C3Ng,
Ptrn/C3Na(Nvsso), Ptane/CaNa(Nvgoo), and Pino/CaNg(Nvgso) are 2.71 eV, 2.60 eV, 2.57 eV, 2.55 eV, and 2.47 eV, respectively. The Eg is gradually
decreased, which coincids with the result DOS, confirming that the introduction of single Pt dopants and nitrogen vacancies can lower the
band gap to improve the reactivity. The CB positions of the synthesized materials can be determined based on the Tauc plot derived
from the solid UV diffuse reflectance spectra, while the accurate VB positions of each sample can be obtained from the XPS VB spectra
(VB-XPS), with the Fermi level as the reference (Figure S12). Consequently, the energy band structure of the catalysts could be afforded as
illustrated in Figure 4C. Ptn,/C3N4(Nv) possesses more negative reduction potentials, which is in favor of H; activation and may promote
the H; evolution. The band gap is reduced following the trend of the nitrogen vacancy concentration increment, which coincides with the
DFT calculation except for Pt/C3N4 and Pty,/C3N4(Nv). In the DFT band structure calculations, we neglected the influence of defect level
or impurity level. If we account for the impact of defect level or impurity level, the estimated band gaps for Pt/C3N4 and Ptn,/C3N4(Nv) would
be revised to 0.767 eV and 0.637 eV, respectively. This adjustment aligns with the fact that nitrogen vacancies serve to reduce the band gap.
The narrower band gap leads to stronger responsiveness to visible light and easier formation of free photogenerated charge carriers. Also,
based on the DFT calculation results, the coexistence of single-atom Pt and nitrogen vacancy could enhance the water activation and reduce
the energy barrier for H, generation. Ultimately, the photocatalytic hydrogen production performance could be improved.
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Figure 5. Characterization of photogenerated electron migration behavior

(A) Steady-state photoluminescence (PL) spectra.

(B) Time-resolved PL spectra.

(C) Transient photocurrent response.

(D) Electrochemical impedance spectra of C3Ng, Pt/C3Ny, Ptn/C3Na(Nvsso), Ptn/C3Na(Nvgoo), and Ptne/CaNa(Nvgso).

For photocatalysis, the dynamic behavior of photon exciton is important. Steady-state photoluminescence (PL) measurements were con-
ducted to study the separation efficiency of photogenerated electron-hole pairs. As shown in Figure 5A, C3N,4 has the strongest fluorescence
intensity (PL signal) among the rage of 400-650 nm, indicating that most of the photogenerated electron are recombined with holes to
generate fluorescence. After loading Pt single atom, the intensity obviously reduces, indicating that the deposition of Pt single atoms im-
pedes the recombination of photogenerated electron-hole pairs. Moreover, further creating nitrogen vacancy onto C3N,4 could reduce
the PL signal. Notably, the intensity dramatically decreases for Ptn/C3Na(Nvgoo) and Ptn,/C3Na(Nvgs), insinuating that the single-atom Pt
and neighboring nitrogen vacancy has a synergistic effect on the suppressing of recombination of photogenerated charge carriers.”” This
could be due to the polarization when single-atom Pt and nitrogen vacancy coexists, which can be evident in XPS. As a consequence, the
lifetime of exciton is significantly extended. Time-resolved PL spectra were further conducted to analyze the decay kinetics of photogener-
ated electron carriers. The spectra are displayed in Figure 5B, and the fitted parameters are shown in Table S4. Ptn/C3Ng(Nv) exhibit slow
decay kinetics compared to those of single-atom Pt/C3N,4 and pristine C3N4. The average exciton lifetime of Ptx,/C3N4(Nvgso) is 10.5 ns, which
is almost twice that of C3N, and significantly higher than that of others. These imply that the introduction of single-atom Pt and nitrogen
vacancy generates impurity level, changes the dynamic features of photogenerated charge carriers, and slows down the migration and
recombination rate of photogenerated electrons and holes.

Transient photocurrent response tests were conducted to investigate the migration of photogenerated charge carriers in the samples. As
shown in Figure 5C, the photocurrent responses of Ptn,/C3Ng(NV) are all much higher than those of the pristine C3N4 sample. Moreover,
Ptn/C3Na(Nvgso) with the most nitrogen vacancies have the highest current density response. This indicates that single-atom Pt and the ni-
trogen vacancies synergistically improve the separation efficiency of photogenerated charge carriers in C3Ng4, which is beneficial for improving
the photocatalytic hydrogen production activity. The photocurrent response curve decreases continuously as time prolongs, attributed to the
formation of bubbles adhering to the sample during testing, causing sample detachment, which in turn leads to a decrease in the photoelec-
tric current response curve over time. This is more severe for Ptn,/C3Na(Nvgso) and Pty,/C3N4(Nvggo), which have higher activity for H, gen-
eration. Also, according to the electrochemical impedance spectroscopy (EIS) plots (Figure 5D), Ptn,/C3Na(Nvgso) has the smallest semicircle
radius, indicative of its lowest surface resistance and highest charge transfer efficiency. This is consistent with the results from the transient
photocurrent response test. The corresponding Nyquist equivalent circuit diagram is also depicted, where Ry, Ry, and C; represent the charge
transfer resistances of the electrolyte solution (in this case, 0.5 M Na,SQy), the working electrode, and the constant phase element (CPE),
respectively. A smaller R, value corresponds to a lower charge transfer resistance and faster transfer rate. After fitting the Nyquist plot,
the R, values for C3Ng4, Pt/C3Ny, Ptno/CaNa(Nvsso), Ptae/C3Na(Nvgoo), and Pin/C3Na(Nvgso) were measured to be 7,108, 6,803, 6,294, 6,179,
and 4,951 Q, respectively, which show an inverse trend between the pretreated temperature and the Ry. Ptn,/C3Ng(Nvgso) owns the lowest
R, value, suggesting that the synergistic interaction between single-atom Pt and nitrogen vacancies effectively suppresses the recombination
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Figure 6. Performance and mechanism of water splitting over Pty,/C3N4(Nv)
H, production rates of (A) C3Ny4, Pt/C3Ny, Ptn,/C3Na(Nvsso), Ptne/C3Na(Nveoo), and Ptn/C3Na(Nveso). Inset is the cycle stability test of Pty,/C3Na(Nvgso). (A >
420 nm); (B) proposed mechanism of the photocatalytic H, evolution on Pty,/C3N4(Nv2).

of photogenerated charge carriers, thereby enabling highly efficient photocatalytic hydrogen evolution performance. On the basis of the
aforementioned study on theoretical calculations and characterizations, the presence of single Pt dopants in C3N,4 and nitrogen vacancies
can both present advantage in molecular and electronic structures for the photocatalytic H, evolution from water. The coexistence of Pt dop-
ants and nitrogen vacancies can significantly boosts these benefits, and the synergy is thus proposed.

Photocatalytic hydrogen evolution

H, evolution from water under visible light was then employed to compare C3Ng, Pt/C3Ny4, and Ptn/C3N4(Nv). To substantiate that the
enhanced photocatalytic hydrogen production capability of C3Ny is not exclusively due to the incorporation of nitrogen vacancies, experi-
ments investigating varying concentrations of nitrogen vacancies were also conducted. Pristine C3N,4 exhibits an increasing trend in
hydrogen-generation efficiency with increased concentration of nitrogen vacancies (Figure S13). This is reasonable as the introduction of ni-
trogen vacancy into the C3N, framework could narrow the band gap and introduce a new defect level which can retard the recombination of
photoelectron and hole and thus improve the photocatalytic performance. When single-atom Pt is loaded onto the C3N4(Nv), photocatalytic
hydrogen production performance is further enhanced (as depicted in Figure 6A). Similarly, Pt supported on C3N4(Nv) pretreated at higher
temperature with higher nitrogen vacancy concentrations presents better hydrogen production performance, indicating a clear synergistic
promotion of nitrogen vacancies and single-atomic Pt dopants. Ptn,/C3Na(Nvgso) exhibits the highest photocatalytic activity with a hydrogen
production rate of up to 3,890 umol/g/h, which is 16.8 times, 4.4 times, and 3.1 times that of C3N4 (232 pmol/g/h), C3N4(Nveso) (894 umol/g/h),
and Pt/C3Ny4 (1,264 umol/g/h), respectively. The apparent quantum efficiency (AQE) of Ptn,/C3Na(Nvgso) is 5.05% at 420 nm. The significantly
improved hydrogen production performance of Pty,/C3Na(Nvgso) catalyst can be concluded due to the introduction of Pt single atoms and
the nitrogen vacancies. Firstly, the introduction of single-atom Pt provides active sites conducive to photocatalytic hydrogen production. Sec-
ondly, the narrower band gap (2.47 eV) of Ptn,/C3Na(Nvgso) extends the range of light response, thereby enhancing the utilization efficiency of
visible light. Thirdly, the introduction of single-atom Pt and nitrogen vacancies in Ptn,/C3N4(Nvgso) promotes the separation of photogener-
ated charge carriers and accelerates the migration rates of photogenerated electrons and holes. More importantly, the synergistic interaction
between single-atom Pt and nitrogen vacancies in Ptn,/C3Na(Nvgso) promotes the activation of water and reduces the energy barrier for H;
generation, thus boosting the photocatalytic hydrogen evolution performance. Actually, both the synergy and the electronic structure opti-
mization by introducing nitrogen vacancies play roles in the performance enhancement. The hydrogen production performance of carbon
nitride exhibits an ascending trend with the rise of nitrogen vacancy concentration, indicating that the electronic structure optimization by
introducing nitrogen vacancies promotes the catalytic performance. However, this improvement does not surpass that observed when plat-
inum (Pt) is loaded (Figure S14). For example, the catalytic performance enhancement of C3N4(Nvgso) compared to C3Ny is 662 pmol/g/h. The
catalytic performance difference for Ptn/C3Na(Nveso) and Pt/C3N, increases to 2,626 umol/g/h. The significant increment reflects that a syn-
ergy should exist between the nitrogen vacancies and single Pt atoms. Geometrically, with platinum atoms neighboring nitrogen vacancies,
there is an enhanced affinity for water molecule adsorption. Additionally, the lowering of the platinum d-band center decreases the adsorp-
tion capability for hydrogen atoms, thereby facilitating the evolution of hydrogen gas (Figure 6B). Compared with other reported photoca-
talysts listed in Table S6, Ptno/C3Na(Nv) exhibits superior photocatalytic hydrogen production activity. Additionally, there is no notable
decrease in the hydrogen production rate for 15 h after five cycles (Figure 6A inset) over Ptn,/C3Na(Nvgso). The spent catalyst was collected
and characterized with XRD and HRTEM (Figure S15); no obvious aggregation can be observed indicative of atomic dispersed Pt species. The
catalyst is further applied in photocatalytic hydrogen production from seawater, which is among more than 95% of water resources on the
Earth’ surface. The results (Figure S16) demonstrate that the catalyst is also effective for photocatalytic decomposition of seawater in produc-
ing hydrogen, with an optimal hydrogen production rate of 3,796 pmol/g/h. These findings collectively highlight the excellent photocatalytic
performance, stability, and versatility of the Ptn,/C3Na(Nv) catalyst, making it a promising candidate for practical applications as the
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desalination of seawater is costly. The ability to efficiently utilize seawater as a feedstock further enhances the potential application of this
catalyst for sustainable and environmentally friendly energy production.

Conclusion

In summary, we have successfully supported single-atomic Pt dopants onto nitrogen-doped carbon rich in nitrogen vacancies through a wet
impregnation method. The optimized photocatalyst, Ptn,/C3Na(Nveso), exhibits a hydrogen production rate of 3,890 umol/g/h under visible
light, which is approximately 16.8 times higher than that of the pristine C3N,4 (232 pmol/g/h). The enhanced photocatalytic performance can
be attributed to the synergistic effect between nitrogen vacancies and single-atomic Pt dopants, which promotes the separation of photo-
generated carriers and increases the migration rate of photogenerated charges. This could be supported from the DFT calculation and exper-
imental characterizations. Ptn,/C3N4(Nvgso) has a narrower band gap, thus exhibiting stronger responsiveness to visible light, making it easier
for charges to transfer to the Pt active sites. The effective coordination between Pt and nitrogen in the system, as well as the synergistic effect
between Pt and nitrogen vacancies, is beneficial for the migration of photogenerated carriers and the extension of their lifetime. Conse-
quently, excellent catalytic stability, rapid charge transfer, and faster kinetics could be afforded through this catalytic system. This study
has introduced a new understanding on the coordinated environment of catalytic active site for single atom-loaded C3N,4 during the hetero-
geneous catalytic reactions. It provides new insights into the design of efficient catalysts and the understanding on the single-atom catalysis.
Moreover, this catalyst is also effective for photocatalytic hydrogen production from seawater decomposition, with a hydrogen production
rate of 3,796 pmol/g/h without obvious attenuations, revealing its potential applicability.

Limitations of the study

Our research, by combining theoretical calculations with experimental validations, has jointly confirmed that the synergistic effect between
single-atom platinum and nitrogen vacancies facilitates the modulation of the band structure of graphitic carbon nitride, enhancing its
responsiveness to light and facilitating the separation and migration of photogenerated electrons and holes. This significantly boosts the per-
formance of carbon nitride in photocatalytic water splitting. Nonetheless, overall water splitting has more practical meaning in real world. In
future, we will aim to explore its application in overall water splitting, thereby advancing toward a green and sustainable development.
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H,PtCl, Sinopharm Chemical Reagent Co.,Ltd 16941-12-1
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Ar (99.999%) MESSER 7440-37-1
RESOURCE AVAILABILITY

Lead contact

Further information and request for resources should be directed to and will be fulfilled by the lead contact, Jian-Wei Zheng (jwzheng@xmu.
edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Pseudonymized data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The DFT simulated calculation was carried out using the Vienna ab initio simulation package (VASP). A two dimensional (2D) melon sheet was
constructed, with a large vacuum space of 15 A to separate two neighboring 2D melon sheets, and the (2x2) supercell was used here. A cubic
cell was adopted for the carbon nitrides materials with experimental lattice constants of a = 14.25 A and b = 14.25 A. The generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional was employed for the DFT exchange correlation energy, and a 450 eV
cutoff was assigned to the plane-wave basis set. The k -point meshes in the Brillouin zone integration were sampled by 2x2x 1 for the surface.
The electronic energy is considered self-consistent when the energy change is smaller than 107> eV, and all structures were relaxed until
forces on atoms less than 0.01 eV/A. Since the van der Waals (vdW) interaction is expected to be important in these layered structures, in
this work, we adopt the DFT-D3 correction.

To overcome the disadvantages of standard DFT-PBE calculations in computing an accurate band gap, we employed the Heyd-Scuseria—
Ernzerhof (HSE06) hybrid functional with mixing parameter of 0.25.

The adsorption energy (E,4s) of Pt atoms at the surface of various g-C3N4 was used to evaluate the stability of coordination structure, which
was calculated by the following equation:

AE.ds = Egjab + Pt — Eslab — Ept (Equation 4)

Where Eq.p, + py is the total energy for the adsorption Pt, Eg ., is the energy of pure surface, and Ep, is the energy of Pt in gas phase.
The adsorption energy of reaction intermediates can be computed using the following equations:

AG = AE + AEzpg — TAS (Equation 5)

AE = Egab + ads* = Eslab — Eads (Equation 6)

Where AEzpe is the zero-point energy change and AS is the entropy change. T is the temperature (298.15 K).
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METHOD DETAILS
Catalyst preparation method

1) Synthesis of C3Ny4: 8 g of urea was weighted in a covered crucible. The crucible was then transferred into a muffle furnace and heated to
550°C at a heating rate of 5°C /min for 4 hours. After cooling to room temperature, the pale yellow solid of C3N, was collected.

2) Synthesis of C3N4(Nv): 200 mg of C3N4 was heated to 550°C, 600°C or 650°C at a heating rate of 5°C/min in a nitrogen atmosphere for
180 minutes. After cooling to room temperature, C3N4(Nvsso)s C3Na(Nvgoo) and C3N4(Nvese) were obtained.

3) Synthesis of Pt/C3Ny or Ptn,/C3Ng(Nv): 50 mg of C3N,4 or C3N4(Nv) was placed in a 50 mL round-bottom flask. 15 mL of deionized water
was added and the obtained solution is sonicated for 10 minutes. Subsequently, 0.5 mL of chloroplatinic acid (2 mg/mL) was added into
the solution under sonication for 10 minutes and aged at 70°C in an oil bath for 6 hours and then cooled down to room temperature.
Afterwards, the solution was centrifugated and washed with water and ethanol prior to being dried at 60°C. Then the solid was heated
at 125°C with a heating rate of 2°C/min in an argon atmosphere for 1 h. After cooling to room temperature, the target products of
Pt/C3N4 or Pta/C3Na(Nv) was obtained.

Characterization methods

Scanning electron microscopy (SEM) was characterized by Sigma electron microscope (ZEISS SIGMA, Germany). The transmission electron
microscope (TEM) image was obtained on a Tecnai F30 electron microscope (FEI, Netherlands) with a 300 kV accelerating voltage. X-ray
diffraction (XRD) were measured by an X-ray diffractometer (Rigaku, Japan) with Cu Ke radiation (A = 1.5418 A) at a scan rate of 10°/min. Four-
ier transformed infrared (FT-IR) test were conducted on a Nicolet N6700 FTIR spectrometer. X-ray photoelectron spectroscopy (XPS) was per-
formed on a Thermo Scientific ESCALAB 250 spectrometer with Al Ke. radiation as the excitation source. N, adsorption-desorption isotherms
at 77 Kwere measured by N, adsorption apparatus (Tristar Il 3020, USA). UV-visible spectrophotometer (Varian Cary 5000) was utilized to re-
cord UV-vis diffuse reflectance spectra. Photoluminescence (PL) spectra was obtained by a fluorescence spectrophotometer (F-7000, Hitachi,
Japan) with the excitation wavelength of 300 nm. Transition photocurrent response spectra (PC) and electrochemical impedance spectros-
copy (EIS) were recorded by electrochemical workstation (CHI640E). During testing, the 300W xenon lamp with a filter (A\ > 420 nm) was
used as simulated visible light. While the platinum sheet was used as the counter electrode, Ag/AgCl (saturated KCl solution) as the reference
electrode, and 0.5 M sodium sulfate solution as the electrolyte.

Details of characterizing the solid phase with X-ray absorption fine structure (XAFS) analyses: Pt Ls-edge analysis was performed with
Si(111) crystal monochromators at the XAFCA beamlines at the Singapore Synchrotron Light Source, SSLS. Before the analysis at the
beamline, samples were pressed into thin sheets with 1 cm in diameter and sealed using Kapton tape film. The XAFS spectra were re-
corded at room temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040. Pt extended X-ray absorption fine structure
(EXAFS) spectra were recorded in transmission mode at 700 MeV and 200 mA. Negligible changes in the line-shape and peak position
of Pt L3-edge XANES spectra were observed between two scans taken for a specific sample. The XAFS spectra of Pt foil standard sam-
ple were recorded in transmission mode. The spectra were processed and analyzed by the software codes Athena and Artemis.

In order to obtain specific structural parameters surrounding platinum atoms in the pre-treated samples, quantitative curve fittings were
performed on the k3-weighted (k) data transformed into real (R) space, utilizing the ARTEMIS module within the IFEFFIT3 software package.
The effective backscattering amplitudes F(k) and phase shifts ®(k) for all fitting paths were calculated using the ab initio code FEFF8.0. During
the fitting analysis, the amplitude reduction factor S02 was fixed to the optimal fitting value of 0.70, which was determined through fitting the
reference samples of bulk metal platinum, bulk PtN,, and bulk PtCl,.

Photocatalytic water splitting test

The photocatalytic hydrogen evaluation system was purchased from Beijing Zhong Jiao Jin Yuan Science & Technology Co., Ltd. The system con-
sists of a photocatalytic reaction device, a gas collection device, and a gas detection device. The photocatalytic reaction device is a 200 mL quartz
glass container with sealing rings and a translucent quartz cover. The light source used is a xenon lamp with model CEL-HXF300, power of 300 W,
and a wavelength range of 350-780 nm. After passing through a filter with a wavelength of 420 nm, the wavelength range becomes 420-780 nm.
The gas collection device consists of glass pipes and an automatic sampler, set to automatically sample once every 30 minutes. The gas detection
device is a gas chromatograph with model GC7920-TF2Z, using high-purity argon gas with a purity of 99.999% as the carrier gas.

The testing method is as follows: weigh 25 mg of the catalyst into a 200 mL glass container, add 90 mL of deionized water and 10 mL of
triethanolamine as a sacrificial agent, and sonicate for 5 minutes to ensure thorough dispersion of the catalyst. Place the quartz glass container
on a magnetic stirrer and set the rotation speed to 800 r/min so that the catalyst remains suspended during the reaction. Before turning on the
light source, use a vacuum pump to remove air from the system until no bubbles appear in the solution inside the quartz glass container. Use a
circulating cooling pump to set the water temperature to 6°C, ensuring constant temperature for the reaction system under prolonged illu-
mination. Maintain a constant distance of 10 cm between the light source and the liquid surface.

The apparent quantum efficiency (AQE) measurements were conducted under the illumination of a Xe light with an irradiation density of
9.1x1000 mW/cm? through a 420 nm allowed optical filter. The area is 23.75 cm?. The AQE of photocatalytic H, production was calculated using
the equation:

AQE = 2 X n(H2)/n(photons) x 100% (Equation 7)
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In this equation, n(H,) represents the number of produced hydrogen molecules, and n(photons) denotes the number of incident photons.
The factor of 2 in the equation accounts for the fact that each hydrogen molecule (Hy) is formed from two hydrogen atoms, each requiring one
electron, hence two photons are needed for the overall water splitting process. The percentage calculation provides the AQE as a fraction of
the maximum possible efficiency.

Photoelectrochemical test

Electrochemical tests were conducted utilizing the Shanghai Chenhua Workstation model CHI660e. The protocol for electrode fabrication is
outlined as follows: Precisely measure 4 mg of catalyst and disperse it into a mixture composed of 375 uL of ethanol, 125 pL of deionized water,
and 50 plL of naphthol. The blend was subsequently subjected to ultrasonic cavitation for half an hour to guarantee homogenous dispersion of
catalyst particles within the solution. Thereafter, deploy a pipette to carefully deposit the finely dispersed catalyst suspension onto the
conductive face of a conductive glass substrate. Upon completion of deposition, position the slide bearing the catalyst specimen beneath
an infrared heat lamp for drying purposes. This experimental setup incorporated a clear, tripartite quartz glass electrolytic chamber to estab-
lish a three-electrode configuration, employing a silver/silver chloride combination as the reference electrode, platinum (Pt) as the counter
electrode, and the working electrode constituted by the conductive glass covered with the test catalyst. Electrochemical performance assess-
ments were carried out in a 0.5 molar sodium sulfate solution functioning as the electrolyte.

Photocurrent Characterization (i-t)

Commence by positioning the catalyst-coated conductive glass beneath a xenon illumination source. Initiate the process in darkness,
allowing 100 seconds for stabilization of the dark current to negate background interferences. Thereupon, alternate the illumination cycle,
activating the light source for 20-second intervals every 20 seconds, interspersed with equal periods of darkness. This sequence documents
fluctuations in photocurrent over the course of 320 seconds.

Electrochemical Impedance Spectroscopy (EIS)

The EIS measurement were performed on a CHI660e electrochemical workstation in a standard three-electrode system with a Pt wire as a
counter electrode, a saturated Ag/AgCl as a reference electrode and ITO as working electrode. Initial Voltage (V): Open Circuit Potential;
Upper Frequency Limit (Hz): 100,000; Lower Frequency Limit (Hz): 0.1; Perturbation Amplitude (V): 0.005; Relaxation Period (seconds): 2.

QUANTIFICATION AND STATISTICAL ANALYSIS
EEN
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