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ABSTRACT:To elucidate the nature of light-driven photocatalytic
water splitting, a polymeric semiconducgpaphitic carbon nitride
(9-GNy) has been chosen as a prototype substrate for stud¥

dependent density functional theory reveal explicitly the transgg
channel of photogenerated charge carriers at thie/grler RN
interface, which shows a strong correlation to bond re-formi A
three-step photoreaction mechanism is proposed, whereas %
roles of hole-driven hydrogen transfer and interfacial waters
con gurations were idengid. Immediately following photocatalyii
water splitting, atomic pathways for the two dissociated hyd#
atoms approaching each other and forming tigagimolecule are
demonstrated, while the remanent OH radicals may form intermediate product®fe.ghede results provide critical new

insights for the characterization and further developmertiefitewater-splitting photocatalysts from a dynamic perspective.

KEYWORDS:ab initio calculations, photocatalysis, graphitic carbon nitride, bond evolution, time dependent density functional t

wing to its high chemical stability, suitable bandgap, arfébr instance, the precise atomic sites for splitting the OH

“earth-abundahtnontoxic nature, graphitic carbon bonds are unknown and whether electron or hole transfer
nitride (g-GN,), a polymeric visible-light-active semiconduc-drives the processes remains ambiguous. Theoretical models
tor photocatalyst, has received tremendous attentions fand computational studieseoa powerful tool to investigate
utilization in ecient solar water splitting and other  the principles of photocatalytic water splitting reactions and
catalytic synthesis. Functionalizing g8, photocatalyst complement the experiments. As a schematic model,
via embedding metal atoms, carbon dots, and sulfur dopaaigsorption of a single water molecule ogNg-€heet was
can further improve its performance and attain more actiygeviously explored byst-principles approachiés? The
sites, better optical and electronic properties, and highstudies reported that the buckled sheet, rather than the planar
e ciency for both hydrogen and oxygen evoldtibh&y g-GN,, is more favorable for water adsorption and the most
tuning the synthesis conditions, the morphology elNg-C stable adsorption caguration comprises a water molecule
could be adjusted to obtain large surface areas and Impresgifihding on top of the intrinsic vacancy with an adsorption
optical performancé.** One can also combine g\G with energy of 0.5 eV. However, the simple models with one to a
other two-dimensional materials, such as black phosphorusey, water molecules neglect the complex $qliédl
molybdenum disule’>*” and grapheni€)"® to achieve jnteractions and the intertwined structural and electronic
enhanced photoactivity. For example, fabrication of a carbgpyperties of water/gyR, interface under real circumstances
nanodotsCgN, nanocomposite remarkably boosts its peror sojar-to-hydrogen productiin addition, photocatalytic
formance of photocatalytic water splitting by a two-stefater splitting on g, involves rapid charge transfer
pathway under visible light, where;|§;0s responsible for  penyeen the catalyst and the liquid, a nonadiabatic excited

the rst photocatalytic step and carbon dots account for thggte phenomenon where motions of electrons and nuclei are
secondary chemical synthesis'$®pcent synchronous X-ray

photoelectron spectroscopy measurements have revealed e

electron transfer and bond evolution pathways in Pt-decoratggceived: March 24, 2021

g-GN, catalyst under light irradiatidh. Revised: July 10, 2021
Although signcant progress has been made in thePublished:July 19, 2021

photocatalytic applications of gN¢ materials for water

splitting, description of the underlying fundamental steps and

understanding atomistic mechanisms are far from complete.

© 2021 American Chemical Society https://doi.org/10.1021/acs.nanolett.1c01187
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Figure 1(a) Atomic conguration of the g-fl, /water interface in the simulation supercell and its periodic imag¢Sd¢hematic diagrams of

three-step photocatalytic water splitting processesbl. gFie arrows indicate the direction of hofedidrrent. (e) General scheme for

entangled electron-nuclei mechanism in the three-step model, where green dots denote typical electrons. Possible formations of hydrogen pero
oxygen gas, and hydrogen gas are also displayed.

strongly coupled. Traditional Bo@ppenheimer approxima- of two split hydrogen atoms near the reaction center of g-
tion, wherein the electrons and nuclei are decoupled, breaBsN,.
down. Therefore, to probe the time-domain propagation of We apply the laser pulse with a Gaussian envelope as shown
excited states, an eetive rst-principles approach for in Figure 2, where the maximum intensity is 0.1 V/A. The
nonadiabatic molecular dynamics (MD), such as thalaser peak intensity is %X610'* (W/cm?), which is indeed
formulated within the reairie time-dependent density stronger than the solar irradiation intensity but can be readily
functional theory (rt-TDDFT) framewdrk?>* is strongly
desired. Recent works on light-induced water splitting focus on

eld enhancement ects near the surface of nanomaterials,
caused by too strong lasetd (up to 9 V/A), far from
realistic situatior’$>®> Moreover, the crucial ects of
photogenerated electrdiole pairs were completely ignored.
The photoinduced proton transfer between a heptazine
molecule and small water clusters has been studied using
surface hopping simulatiGhstowever, it is limited tonite
molecular systems in the absence of kihtwhich are quite
di erent from real situations of photosplitting at the liquid
water/semiconductor interface.

In this work, we emploghb initiort-TDDFT molecular
dynamics simulations to investigate the atomistic steps and
fundamental mechanisms of photocatalytic reactions at g-
Cs;N water interface Higure ). Nonadiabatic MD simu-
lations allow us to identify the crucial photoinduced electron
excitation and transfer processes, and unravel the pathwaygigfire 2. (a) Time evolution waveform of the lasaid
photogenerated charge carriers to drive the reactions. We (15192 _
propose a three-step reaction mechanism for the photoinduded = Ena€0S( 0 expg — =, where the photon energy =
water splitting on gz, upon light irradiation, comprising 3.1 eV, the maximuneld intensitf,.,= 0.1 V/A, and the time to
photoexcitation igure b), oxidation transfer~{gure t), peakt, = 12.5 fs. (b) Excited band structure ofNzQipon laser
and recucton ransferiure 1) processes We identy the JaSten et o PO T D SmeL A 0 S T
hy_drogen transfer reacthn InQJQ)hotocatalySI_s to be h(_)le— and holes generated by the laser ppuﬁse. (c) Electron density
driven, and we establish the corresponding relationshifp erences between the photoinduced excited state and the initial
between charge transfer and bond re-forming. Furthermoggound state for gs8, under laser action at 5, 10, 15, and 20 fs,
the hydrogen gas molecule can be formed via the aggregatiespectively, where the unit of electron densitySig/BbhF.
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Figure 3.(a) Time evolution of the CH and N -H, distances for the splitting water molecule. Snapshots at four representative times (0, 30, 48,
and 54 fs) during the photocatalytic water splitting processHpare€Cshown in the insets . N denotes the nitrogen atom on gNgthat

adsorbs hydrogen at the end of photoreaction. (b) Time evolution of electron populations for the atoms at the reaction center (highlighted in the
insets) in the period of @0 fs (photoexcitation, violet span), &B fs (oxidation transfer, green span), an@@®s (reduction transfer, red

span), respectively. Dashed lines denote the control group without light.

achieved in laser experiment. The injected enengge is 2.0  similar band features and the position of charge carriers upon
(mJ/cn) in the duration of 30 fs, which is much smaller thanirradiation is almost the sanfiégire S)L We also check our
the injected energy 122.7 (JRmuring 12 h mimetic solar results by adopting an energy scissor correction of 1.4 eV to
irradiation in experimenits.Although the photocarrier shift energy levels of the conduction band, and empirically
relaxation processes and the overall energy conversioorect the calculated band gap ofNyGo 2.7 eV, as
e ciency might be dérent, our simulation still captures the shown irFigure S2ZThe photoexcitation processes initiated by
guantum water splitting nature in solar light since one photoB.1 eV photon in the original case and 4.5 eV photon on the
can only excite one electréwole pair in these regimes. Thus, gap-corrected system yield very similar results, which are both
this laser eld can be considered as a collection of multiplettributed to the strong dipolar transitions between the deep
photons acting in a short period in the visible light regionvalence band (N 2p orbits) and the conduction band
Since the ultrafast photamembrane interaction time is short minimum.
( 1x10°m/3x 1Fm/s 10 ¥s)and atypical energy per ~ The photoexcited electrons in ggare transferred from
solar photon is 2.5 eV, ald strength of 2.5 eV/18 s per the N 2p orbitals in the valence band to the C 2p orbitals in
area of g-¢N, sheet 10" W/cm? is also relevant for the the conduction band. These changes can be localized in real-
guantum nature of water splitting under solar irradiance. space. Iliirigure g, we display the electron densitgmdince

The band structure of photoexcitedsi§,Gs displayed in  of the photoinduced excited state ofN;Gvith respect to its
Figure B. We chose the photon energy of 3.1 eV for thanitial ground state, at 5, 10, 15, and 20 fs, respectively. It
simulations because it is slightly higher than the experimensalows that the excited electrons are mainly concentrated
band gap of g, (2.7 eV)*'° therefore, the charge around carbon atoms, while the holes are localized near
excitation occurs between energy levels lower than the valeniteogen atoms after the charge transfer process is activated by
band maximum (lines with blue dots) and the conductiorthe light in g-GN,.
band edge (lines with red dots). The band structure obtained We then investigate the photoinduced dynamics of water at
from the PBE and hybrid HSEO06 functionals exhibit verthe g-GN,water interface (More method details in
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Supporting Informatipn The supercell of g;8,/water charge transfer eventually results in the transfetamNHat
interface consists of a ¥22) g-GN, sheet and 31 water about 54 fs, forming the M bond and a neutral hydroxyl
molecules with a density df g/cnf. We rst equilibrate the  radical. The energy drence between the splitting form (H
g-GNJ/water interface in the constant-energy ensembl®H) and an intact KD is 0.37 eV, which can be compensated
(NVE at 300 K using ground-state MD simulations, andby the overpotential provided by photoexcited hole. At the end
then activate the photoexcitation dynamic process at thd 60 fs, the ionic OH fragment in water has accumulated
interface by applying an external light parallel to the about 1le hole, as shownFigure S5resulting in a neutral
surface Kigure 2). In our rt-TDDFT MD simulations, the particle state. Since the active hydroxyl radical can help to
photoinduced water splitting process og\y-{8 monitored. dissociate a neighboring water molecule, the rise of electrons in

In Figure &, we present the bond length changes as ®H radial inFigure Sis also contributed by a dissociated H
function of time for the water molecule which splits during th&rom neighboring $0, where the split cogurations can be
simulation. The four representative gamations during the seen inFigure S6This also indicates that the active OH
reaction are also illustrated. In the time span of light irritatioradical can facilitate a neighboring water molecule to
(0 20 fs), we observe that the water molecule (highlighted idissociate. The hydroxyl groups left in the aqueous solution
the insets) rst approaches one of the nitrogen atoms (labeledould form intermediate photoproducts such &% End
as N) at the perimeter of the intrinsic vacancy ofN)yC  oxygen gas in subsequent reactions, while assembling two and
sheet, forming a hydrogen bond withaxd then splits in the more such adsorbed hydrogen atoms under the condition of
period of 4260 fs with a hydrogen atom,jHransferring to  electron aggregation could lead to the formation of hydrogen
N . gas.

To identify the driving force for such photoinduced water Time-resolved Fourier transform infrared (FTIR) spectros-
splitting at the g-{Bl/water interface, we partition the copy can be used to track the dynamic bond evolution and
electron density into each atom by Hirshfeld charge analysigentify the intermediates in chemical reactidhsThe
In Figure B, we show the time evolution of averaged electrostretching vibrational mode of N bond and OH bonds
population on the atoms at the reaction center gflg-&s shown inFigure Sare in the range of 3108200 and 3300
highlighted in the insets Bfgure a. The initial state of g- 3400 cm?, respectively, consistent with experimental infrared
C;N /water interface is set as the reference to illustrate thgpectra measured in r2@. This evidence comms the
time-dependent changes of electron population. photoinduced formation of M bond, arising from the

In the photoexcitation period (80 fs) under the direct simulated hole transfer mechanism. Here we evaluate the
stimulation of laser pulse, major charge transfer from nitrogphoton-to-electron quantum a@ency to be 3% for laser-
to carbon atoms is found in gNG; as shown in the violet induced water splitting, which is higher than the value (0.1% in
span of-igure B, where the variations of electron populationref11) obtained in experiments, implying the injected photons
for nine carbon and six nitrogen atoms are presented asnea shorttime may accelerate the photoinduced water splitting
function of time. The electron population of water molecul@rocess.
remains nearly constant with small oscillations at the end ofSummarizing the above phenomena, we propose a three-step
pulse. Compared to the case without light (dashed lines model for photoinduced water splitting on ;§,Cas
Figure B), we nd that the light is mainly absorbed by the g-illustrated inFigure b d: (i) the photoexcitation step,
C5N,4 sheet in this photoexcitation stage, yielding an excitatiomhere g-@N, sheet absorbs photons and initiates hole transfer
channel for hole transfer from carbon to nitrogen. from carbon to nitrogen atoms; (ii) oxidation transfer step,

After the direct excitation by laser, the entire system evolvetere a hole currenbws from nitrogen atom at the intrinsic
in its excited state. During the time span of2@s, wend a vacancy of g+, to the water molecule, resulting in a
hole transfer (0.4 e) from N to water molecule, especially to weakened O-H bond; (iii) reduction transfer step, where a
the H atom of the adjacent water molecule (see green spanrgverse holeow injects from water to nitrogen, leading to
Figure B). The electron density isosurfacdsdnre Salso water bond breaking and the hydrogen transfer 4 ,gAC
display a dynamic shift of electron cloud fromtoHN |, schematic description for the global photoreaction cycle based
revealing the hole transfer process. The time-resolved electron ow is also shown Figure &. Such a three-step
projected density of states and corresponding orbitatater splitting mechanism unravels how the photogenerated
occupation irFigure S&how that the hole on the nitrogen charge carrier transfer drives the breaking and re-forming of
atoms of g-(N, has disappeared and been transferred to thehemical bonds on the gNz photocatalyst. We note that for
oxygen orbitals in water near the Fermi level, while thlnger time process, the hot carrier cooling (e.g., relaxing to
conduction band electrons follow a conventional decaje band edge) might be importdit In the relaxation
pathway. Such oxidation charge transfer process for wapeocess, the decay time is in the range of tens to hundreds of
molecule leads to a decrease of OH bond strength andpicoseconds in experimefitthus, the excited electrdrole
moderate increment of @QHbond oscillation frequency, as pairs would experience nonadiabatic relaxation and charge
shown inFigure 3, indicating the hole transfer process maytransfer processes to trigger the consequent photoreactions. In
a ect the vibrational mode of water and result in a vibratiothis sense, our simulation addresses the photoinduced water
excitatior’? splitting processes in realistic systems.

In the following period between 4P fs, we discover a Furthermore, we investigate the role of interfacial water
reverse hole injection 1.0 e) from the splitting water con gurations in this photocatalysis reactiorerBit from
molecule to N on g-GN,, presenting a reduction charge the water adsorption on some metal oxide suftateés 2D
transfer process of watefFigure 8. The hole transfer from polymeric structure of g, contains intrinsic vacancies
water to N leads to the enhancement of hydrogen bondingvhich serve as new adsorption sites and catalytic centers.
between N in g-GN, and H in water molecule, as There are two major adsorption férna$ water molecules on
demonstrated in coguration in Figure &. Adequate the intrinsic vacancy in gN; nanosheet: -type and -type
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Figure 4 (a) Two typical corgurations of interfacial water moleculesd -type) on g-@N,. Distributions of tilt angle)and height (Z) for
-and -type water molecules within a 3 ps MD trajectory are shown in parts b and c. The biNkied@a€idered as a planar sheet, and its
position is calculated from the average position of all atoms in the sheet.

shown inFigure 4, respectively. To give a quantitative
description of the adsorption cguaration, the tilt angle)is
de ned as the angle between the O-H bond of water molecule
and the normal direction of gNg surface, and the molecule
height ) is the vertical distance of oxygen atom from the
sheet.
We track the changes of tilt anglead heightZ) for -
and -type molecules within the adiabatic 3 ps MD trajectory
right before laser stimulationFigure 4 parts b and c. After
the initiation of light excitation, thetype molecule evolves
into the splitting state under theuence of photocatalytic g-
C3N, (Figure @), while the -type molecule remains intact
throughout the whole excitation proceSgufe SB In
comparison to the-type, the lower height and smaller tilt
angle of the -type water strengthen the hydrogen bonding
interactions between water and surface nitrogen, facilitating
photoinduced charge transfer and subsequent photocatalytic
reactions. Experimental studies have shown that introducing
mesoporous or amorphous structure into;NyrCan
signi cantly improve its photocatalyticcency:>"* which
may be related to the increase -@ype water comgurations.
The knowledge that the split hydrogen atoms are adsorbed
on the active nitrogen site of gNgCenables us to establish a Figure 5.Potential energy prie for (a) hydrogen dision and (b)
molecular understanding for hydrogen gas formation.AIthou%h production near the reaction center. The nitrogen sites for
the H, formation has a low probability in straightforward ydrogen adsorption are labeled as A, B, and C sites in part a.
molecular dynamics simulations, we can investigate the
associated potential energy surfaces fofridation near the
reaction center using the climbing-image nudged elastic baagm the sheet and approaching the other H atom at A site.
(CI-NEB) method. The activation barrier for,Hormation is 1.5 eV, comparable
Potential energy pries in Figure 5show the diusion to the typical barrier for the Volm@afel reaction on the 1T-
barrier of H adsorbate from A site to B site at the reactioMoS, nanosheefs. Therefore, the Hgas formation is
center, with a minimal barrier of 0.08 eV. It indicates a highttributed to the following processes: Once a hydrogen atom
di usion rate at room temperature. Howeveusiin from B jumps from A to B site, another water molecule splits and the
to C site is a rate-limiting process, with a high energy barrigplit hydrogen atomlls the empty A site; then the two
(2.3 eV) owing to the requisite of N bond breaking (see hydrogen atoms will recombine to form a rkblecule.
Figure SP Thus, the hydrogen dision is comed on the Furthermore, the nearby coexistence of two activated hydrogen
nitrogen atoms at A and B sites. Two hydrogen atoms caoms, which have excess energy from incident photons, may
desorb from A and B sites to form,artblecule irFigure 5. also encounter lower activation barriers than that in the static
The transition state involves one hydrogen atom desorbimglculations. On the other hand, the remnant OH radicals in
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the aqueous solution may be accumulated to form hydrogéwthors
peroxide (HO,) or oxygen gas in a longer time scale. Peiwei You Beijing National Laboratory for Condensed

In conclusion, we report quantum nonadiabatic dynamics Matter Physics and Institute of Physics, Chinese Academy of
simulations of photocatalytic water splitting processfHiy g-C Sciences, Beijing 100190, Bérgiriblic of China; School
sheet, where the quantum motions of charge carriers of Physical Sciences, University of Chinese Academy of
(electron/hole) in the excited state are captured within the  Sciences, Beijing 100049, Beeppriblic of China;
rt-TDDFT MD framework. We suggest a three-step reaction orcid.org/0000-0003-1606-4810
mechanism which includes photoexcitation, oxidation transferChao Lian Beijing National Laboratory for Condensed
and reduction transfer stages, corresponding to the photo- Matter Physics and Institute of Physics, Chinese Academy of
generation of charge carriers injlg;Cthe hole transfer Sciences, Beijing 100190, Bé®gpriblic of China
process from gi8, to water, and bond breaking/re-forming  Dagiang Chen Beijing National Laboratory for Condensed
reactions at the interface, respectively. In addition, water Matter Physics and Institute of Physics, Chinese Academy of
molecule that forms two hydrogen bonds with nitrogen atoms Sciences, Beijing 100190, Bdogtriblic of China; School
favors the photolysis reaction under light irritation. We also  of Physical Sciences, University of Chinese Academy of
identify that hydrogen gas can be naturally formed via Tafel- Sciences, Beijing 100049, Bdogjriblic of China
like reaction near the reaction center, where two split hydrogenJiyu Xu Beijing National Laboratory for Condensed Matter
atoms are recombined. Hydrogen peroxide can be formed by Physics and Institute of Physics, Chinese Academy of Sciences,
remnant hydroxyl radicals. Thus, the whole mechanism of Beijing 100190, PetspRepublic of China; School of
photocatalytic hydrogen evolution is complete in such an Physical Sciences, University of Chinese Academy of Sciences
atomistic pathway: photoéed electron transitions Beijing 100049, PetspRepublic of Chinaprcid.org/
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