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Using water as a hydrogen source is a promising strategy for alternative hydrogen peroxide (H,O,) synthesis.
By a series of ab initio molecular dynamics (AIMD) simulations and reactive molecular dynamics (RxMD)
calculations, fundamental details have been revealed regarding how liquid water interacts with oxygen
on a metal-free carbon nitride catalyst, and the two-step reaction mechanism of H,O, synthesis. Metal-
free porous graphitic carbon nitride (g-CsN,) catalysts are also systematically screened by using
a thermodynamics approach through the ab initio density functional theory (DFT) method. Key results
include: (a) pristine g-CsN, is most active to catalyze the H,O/O, reaction and produce H,O,; (b) the
adsorption and activation of water at unsaturated carbon sites of g-CsN, are critical to initiate the H,O/

O, reaction, producing HOO* intermediates; (c) interfacial free water and adsorbed water at g-CsN,
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1. Introduction

Hydrogen peroxide (H,0,) has been extensively used for pulp
bleaching, wastewater treatment and green oxidization for
chemical synthesis.’”® With the increasing global demand, how
to synthesize H,O, via economic and environment friendly
processes is a pressing topic. Currently, over 95% of H,O, is
produced using an indirect process, involving energy-intensive
multistep anthraquinone oxidation and reduction reactions.™*
The industrialized process requires a complex and large-scale
infrastructure and causes severe pollution to the environment
due to the utilization of aromatic chemicals.”> Since the last
decade, direct synthesis of H,O, via a two-proton hydrogen/
oxygen reaction has attracted much attention.®” Various metal
and metal oxide catalysts have been proposed and optimized,
among which Pd based alloys and nanoparticles seem to be
most promising.®** Unfortunately, this method is limited by the
heavy use of strong acids and halides, which would promote
metal catalyst leaching and as-produced H,0, requires further
purification.? In addition, the hydrogen explosion risk at the
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operational high pressure continues to be a safety hazard and
prevents its commercial scale implementation.™

Direct H,0, synthesis under ambient conditions, utilizing
water as a hydrogen source and combining electrocatalysis or
photocatalysis techniques, has witnessed tremendous research
efforts recently.**'” Kato et al.*® prepared an Fe-Ru bifunctional
catalyst to produce H,0, from H,0O and O, via visible-light
photocatalytic reactions. They observed that H,O adsorption
on Fe sites is critical to the following O,/H,O reaction. Elec-
trochemically, H,O, synthesis from H,O and O, is a typical two-
proton/two-electron (2H'/2e”) oxygen reduction reaction
(ORR).* A number of catalysts have been developed with
promising efficiency for electrochemical ORR processes,
including noble metal-based electrocatalysts (Au,* Pt** and
Pd"), single-atom catalysts (Pt@TiN*?), metal oxide catalysts
(Fe;04 (ref. 23) and Mn-Ru oxide**) and carbon-based electro-
catalysts (N-doped, or B, N co-doped mesoporous carbon®%).

Carbon-based catalysts have been considered as an efficient
low-cost, metal-free alternative for green and renewable
processes.>** For H,0, synthesis from H,0 and O,, Cui et al.>*
reported that oxidized carbon nanotubes (CNTs) exhibited
a higher selectivity and a better activity for the two-electron
oxygen reduction reaction. Yang and co-workers* found that
epoxy and ring ether groups of graphene oxide exhibit an
outstanding electrochemical HO,  production, achieving
a good activity (overpotential <10 mV), an excellent
selectivity(=100%) and a satisfactory stability (over 15 h at
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0.45 V in alkaline media). Despite this encouraging progress of
carbon-based catalysts for direct H,O, synthesis, detailed
fundamental understandings are still incomplete. To just name
a few, what is the exact catalytic role of carbon-based materials?
what is the critical initial step of H,O, synthesis, water
adsorption or oxygen interaction with the catalyst? Is it a one-
step reaction or a subsequent two-step proton/electron reac-
tion mechanism? what is the role of the liquid/solid interface?
In this work we report a computational study to reveal the
reaction mechanism of direct synthesis of H,0, by a H,0/0,
reaction on porous graphitic carbon nitride (g-CsN,). Also
known as an Aza-fused m-conjugated microporous polymer
(Aza-CMP), g-CsN, has a large number of pyridinic nitrogen
dopants at zigzag edges, a large surface area, a high pore/
volume ratio, and a high electrical conductivity.**** Through
a series of AIMD, RXMD and ab initio DFT calculations, the
following key results have been elucidated: (a) pristine and
hydrogenated g-CsN, catalysts have been screened and the most
effective catalyst is partially hydrogenated metastable g-CsN,;
(b) positively charged carbon sites preferentially chemisorb
water molecules, which is critical to promote the H,0/O,
interaction and generate HOO* intermediates towards H,O,
production; (c) a collection of near-surface water molecules
could form a proton transfer chain, thus conveniently
promoting the reaction of HOO* intermediates to form H,0,.

2. Models and simulation methods
2.1 ReaxFF based reactive molecular dynamics simulation

Developed by van Duin and co-workers, the ReaxFF force field
provides affordable and accurate atomic details of reactive
complex systems.*>* With a bond order concept, ReaxFF force
field parameters have been fitted to reproduce ab initio
quantum mechanics calculations. Therefore, ReaxFF based
reactive molecular dynamics (RxMD) simulations can describe
reaction systems with a similar accuracy to ab initio quantum
mechanics methods, and effectively handle systems of
hundreds of thousands of molecules. The C/N/O/H ReaxFF force
field parameters in this work are extracted from the literature.**
The structural information of g-CsN, has been obtained by both
RxMD and ab initio DFT calculations. As presented in Fig S1,f
the results of characteristic bonds and angles agree quantita-
tively well with each other. It is also worth noting that RxMD
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simulations were performed where only 500 water and 25
oxygen molecules were placed in the simulation box at 300.0 K.
The simulation results indicated that this process was only
a simple physical mix, and no OOH* and H,0, can be observed
after 5 ns (Fig. S21). RxMD simulations were performed with the
LAMMPS software package.** A canonical ensemble was applied
where the number of molecules (&), the volume (V), and the
temperature (7) remained constant throughout the calcula-
tions. The temperature (300.0 K) was maintained by the Nosé-
Hoover method with a damping coefficient of 100.0 fs.**** The
initial velocities of water and oxygen molecules were assigned
according to the Boltzmann distribution. g-CsN, was treated as
a flexible solid substrate during the calculation. Newton's
equation was integrated by the velocity Verlet algorithm with
a time step of 0.25 fs.** A bond-order change of 20% of the
original bond length was used to identify the connectivity and
molecular species and monitor the system evolution as a func-
tion of simulation time.

As illustrated in Fig. 1a, a 2 x 2 supercell was constructed
based on the optimized primitive unit cell of g-CsN, containing
30C and 12 N atoms. The simulation box was composed of
a single sheet of g-CsN,, 68.98 A (y) x 57.71 A (x), placed in the
middle, and a mixture of 500 water molecules and 25 oxygen
molecules, as shown in Fig. 1b. The z dimension of the simula-
tion box was 30.0 A, so that the interaction between neighboring
g-CsN,, sheets is negligible. Periodic boundary conditions were
applied along the x, y, and z directions. For each RxXMD simula-
tion, the system (water, oxygen and g-CsN,) was firstly relaxed to
optimize the structures, followed by a 2.0 ns calculation to further
equilibrate the system. After that, the data were collected for 200
ps for analysis. It is worth noting that there was no restriction on
the system: all g-CsN,, water and oxygen molecules were allowed
to relax and move during the simulation.

2.2 Ab initio DFT and ab initio MD calculations

Three sets of ab initio quantum mechanics calculations have
been performed to: (I) screen and evaluate the structural
stability of pristine and hydrogenated g-CsN, models; (II) search
and reveal H,0/0, reaction mechanism details, such as the
transition state, the reaction pathway and the activation energy
barrier; (III) generate the reaction trajectory and dynamics
properties, to compare with RxXMD calculation results, and to
identify the two-proton/two-electron (2H'/2e~) reaction process.

Fig. 1 The illustrations of (a) the initial configurations of a 2 x 2 g-CsN, supercell. (b) The simulation box of g-CsN,, H,O and O, molecules.
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Geometry optimization and transition state calculation were
performed by the ab initio DFT method via the Vienna ab initio
simulation package (VASP).**® The exchange-correlation func-
tional was treated via the generalized gradient approximation
(GGA) method with Perdew-Burke-Ernzerhof (PBE).*’ Empirical
D3 Grimme's method (DFT-D3) was adopted to improve the
description of van der Waals interactions in all calculations.*®
The planewave kinetic energy cutoff was 450.0 eV. Geometries
were optimized until the residual forces were smaller than
0.05 eV A" A5 x 5 x 1 grid was used for k-point sampling,
according to the Monkhorst-Pack method.** A vacuum of 20.0 A
was added to the z direction to avoid mirror image interactions.
The climbing image-modified nudged elastic band (CI-NEB)
method was used to evaluate the activation energies of
different reaction paths.” A total of 55 g-Cs;N, models were
generated to represent pristine and all possible hydrogenations
in terms of coverage and distribution of hydrogen atoms.
Optimized structures and the corresponding equilibrium
energies are summarized in Fig. S3 and Table S1 of the ESI.

Ab initio molecular dynamics (AIMD) calculations were per-
formed by using the CP2K package.*** The system (g-CsN,,
water and oxygen) was maintained at 300.0 K using the
canonical (NVT) ensemble, where the temperature was
controlled via the Nosé-Hoover thermostat.**** Each calculation
was performed for 2.0 ps with a time step of 0.25 fs. The wave
functions were expanded in an optimized double-{ Gaussian
basis set.> The electrostatic energy cutoff for an auxiliary plane
wave basis set was 360.0 Ry.*® Van der Waals interactions were
corrected by the Grimme algorithm (DFT-D3).>°

2.3 Choice of three simulation methods

While the overall goal of this work is to reveal how water and
oxygen react on a carbon nitride catalyst (g-CsN,) to produce
hydrogen peroxide, the thermal stability of the catalyst and the
diffusion/reaction coupled complex process are worth exploring.
Thus, we take advantage of three adopted simulation methods to
understand the system. First of all, to mimic experimental g-Cs;N,
and provide insight into catalyst screening and optimization,
a series of ab initio DFT calculations were performed to calculate
the Gibbs free energy and evaluate the thermal stability of all g-
CsN, models. Secondly, it is critical to understand the first step of
the reaction, the energy barrier and the reaction pathway. Thus,
ab initio quantum mechanics methods are appropriate choices.
Along this direction, we have performed ab initio DFT and AIMD
calculations. Thirdly, H,O, synthesis is a complex process and it
occurs at the gas/liquid/solid interface. Obviously, the adsorption
and diffusion of reactants (H,O and O,) to the solid interface (g-
CsN,) could be significant parameters. Additionally, after the
synthesis reaction, the competitive desorption of H,O, from the
solid interface is also vital to a successful separation and purifi-
cation of the H,0, product. The ReaxFF potential has become
a powerful computational tool to explore the chemisorption and
reactions of complex systems. More importantly, RxMD simula-
tions not only can describe systems composed of hundreds of
thousands of atoms but also can archive a trajectory to the time
sale of microseconds. Therefore, RXMD was adopted to study
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such a complex and multiscale system. The three methods
complement each other and provide insights from different
perspectives.

3. Results and discussion

3.1 Gibbs free energy calculation and thermal stability of g-
CsN, models

The stability of 55 g-CsN, models was firstly investigated by the
ab initio DFT based thermodynamics approach.”* The most
stable model generally has the lowest Gibbs free energy. In this
work, the surface energy (Q) is calculated according to eqn
(1):60,61

Q(T, P, N;) = i <G(T7 Pi,N:) = > Nw(T, Pi)) (1)

where A and G are the surface area and Gibbs free energy of the
g-CsN, model, respectively; u; is the overall chemical potential
of a total number of N; atoms or molecules of species i. T'is the
temperature; P is the hydrogen partial pressure. For the solid
phase, the change of P has a negligible effect on the Q value.
Thus, eqn (1) could be expressed as:

1
Q(T, P, Ny) = 2 (Eg-conont — Eocon, — Nipty) (2)

where Egcnu and Egc, are respectively the total energy of
hydrogenated g-CsN, and pristine g-CsN, from ab initio DFT
calculations; Ny is the number of hydrogen atoms of the g-CsN,
model; uy is the chemical potential of a single hydrogen atom,
which is approximated by the chemical potential of a gas-phase
hydrogen molecule:

gas

_ M,
My = ) (3)

At the studied temperature of 300.0 K, the gas-phase
hydrogen could be treated as an ideal gas. Therefore, the
chemical potential could be calculated by using eqn (4):

as as PH
ui (T, Pu,) = iy (T, P°) + kT ln( POZ)

— W (10, P) + AGE(T, ") + KT In (’;;gz) ()

where uf{"(T° P°) is the chemical potential of the hydrogen

molecule in the standard state (T° = 298.15 K, P° = 1 atm),
P . .

kT In (%) is the pressure-dependent term. AGY;, (T, P°) is the

temperature-dependent term, referring to the Gibbs free energy
change when the temperature changes from 7° = 298.15 K to T
= 300.0 K (see Table $27), while keeping the pressure at P°:

AGH (T, P) = G (T. ) — G (T°, P') (5)

The chemical potential of the hydrogen molecule under
standard state conditions is:

uis (T°,P%) = ng - TOng (6)

This journal is © The Royal Society of Chemistry 2020
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where S is obtained from the NIST thermodynamic tables,*
and Hyj is calculated using experimental data of heat of
formation of water:

1
0 0 0 0
HH2 = HHZO - EHOZ - AHf.HZO (7)
where the enthalpies of H} and HY, ,, are adopted from the
literature. The oxygen gas entropy S, in the standard state is

from experimental data. Hence, eqn (2) and (3) yield:

1 as PH
w = 0.5Hy,o — 5Ho, = AH{y,0 + AGH! (T, P) + kT In( P02>
8)

1 0 1 0

Q(T, Pi; Ni) = 59 Econon = Econon = 0.5Nu | Hypo = 5Ho,

0as P 2
— AHDy o + AGES (T, P°) + kT ln( 50 )} }

)

As shown in Fig. S3 and Table S1,T the proposed models are
constructed based on the degree of hydrogenation, that is, the
number of hydrogen atoms added to pristine g-CsN,. When
multiple candidates exist for a same degree of hydrogenation,
the most stable model (with the lowest Gibbs free energy) is
then selected as the representative one. With this information,
19 out of the total 55 possible g-CsN, models were selected for

(2)
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the Gibbs free energy calculation to evaluate their thermal
stability. The calculations were performed under atmospheric
conditions, as a function of variation of hydrogen chemical
potential from —0.58 eV to —1.10 eV, which corresponds to the
temperature range of 300.0 to 1100.0 K. As shown in Fig. 2a, the
Gibbs free energy was expressed as a function of temperature at
a fixed partial pressure of hydrogen, Py, = 1 atm. A more
negative Gibbs free energy indicates a better thermal stability of
the g-CsN, model. In addition, the negative slope suggests that
the thermal stability generally declines when the temperature
increases. According to the Gibbs free energy calculation, the
hydrogen coverage (i.e., the degree of hydrogenation) affects the
thermal stability. But the dependence is not linear according to
the results in Fig. 2a. This is probably due to different activities
of C and N sites of g-C;N,. The same degree of hydrogenation
could have different hydrogen distributions from C and N sites.

In this work, we selected five models to study their catalytic
roles in H,0, synthesis. As illustrated in Fig. 2b, the models
represent respectively pristine (Model 1, no hydrogenation), C-
site full hydrogenation (Model 2), N-site full hydrogenation
(Model 3), full hydrogenation (Model 4, both C and N sites
hydrogenated), and partial hydrogenation (Model 5, C sites fully
and N sites partially hydrogenated), which is the most stable
model from the Gibbs free energy calculation. The electron
localization function (ELF) analysis in Fig. 2¢ shows the distri-
bution of electrons of the models, where sites with higher
electron densities (red color) are preferential to interact with
H,0 and O, molecules.

(c)
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Fig.2 Calculations of the thermodynamic stability and electronic structure. (a) Phase diagrams: the regions of stability of g-CsN, surfaces with
different terminations as a function of hydrogen chemical potential variations. (b) Five selected model structures of g-CsN,. (c) Electronic
localized function (ELF) analysis of the five models. For the scale bar of 0.0 to 1.0, the red region indicates a higher local electron distribution, the
green region represents electronic-gas-like pair probability and the blue region shows a higher electronic delocalized distribution.
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3.2 Preferential water adsorption on g-CsN,

In order to elucidate which reactant (H,O or O,) initiates the
reaction, the H,0/g-CsN, and O,/g-CsN, systems have been
studied separately with the pristine Model 1. Ab initio DFT
calculations reveal that O, and H,O adsorption at the pores of g-
CsN, has stronger binding energies than that of the basal plane
of g-CsN, (Fig. S41). The adsorption energy is respectively
—1.68 €V and —1.14 eV for H,0/g-C;N, and O,/g-CsN, at the
unsaturated C site, suggesting a preferential interaction
between H,0 and g-C;N,. The comparison was performed using
RxMD simulations where 500H,O molecules or 500, molecules
were placed to interact with pristine g-CsN, (Model 1) at 300.0 K.
For the O,/g-CsN, system, only 4 O, molecules were adsorbed at
unsaturated C sites. No preferential interaction between O,/N
sites was observed, see Fig. S5 of the ESI.f Meanwhile, for the
H,0/g-CsN, system, as shown in Fig. 3a, water was preferentially
distributed to form an ordered ring configuration along the
pores of pristine g-CsN,. This phenomenon was also observed
via ab initio DFT calculation. A zoom-in snapshot of Fig. 3b
clearly reveals three types of water molecules in the system,
namely, adsorbed water at unsaturated C sites, water molecules
near g-CsN, which form a hydrogen bonding network with
adsorbed water, and bulk water not shown in Fig. 3b for clarity.
The Bader charge analysis in Fig. S61 demonstrates that unco-
ordinated carbon of pristine g-CsN, carriers a positive charge of

(b)
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0.18 e by average. This confirms that positively charged carbon
of g-CsN, interacts strongly with water through its negatively
charged oxygen atom.

The distributions of water near C and N sites are shown in
Fig. 3c and d, respectively. In Fig. 3c, the first two peaks around
1.50 A are from absorbed water. As illustrated in Fig. 3b,
adsorbed water generally adopts the ‘v’ configuration, atop of C
sites. The adsorbed water still demonstrates a certain degree of
freedom, which results in two close peaks at 1.50 A. The peaks
around 2.5 A and 3.7 A come from hydrogen-bonded water
molecules. Limited by the pore size of g-CsN,, diameter ~13.82
A, only two layers of hydrogen bonds (HB) are allowed, as
illustrated by the dotted circles in Fig. 3b. The distribution
analysis around N sites revealed one significant peak at around
2.97 A, which represents hydrogen bonds between two adsorbed
water molecules. Due to the negative charge, hydrogen of water
stays closer to the N sites, at 2.38 A.

3.3 Reaction mechanism for direct H,O, synthesis

A series of RXMD and AIMD simulations have been performed
to reveal the reaction mechanism of H,O and O, on g-CsN,
catalysts and the complete process of direct H,O, synthesis.
Fig. 4 presents key snapshots of a representative RxMD simu-
lation, demonstrating how one H,0, molecule was synthesized
by a two-step reaction of H,0/O, on pristine g-CsN, (Model 1). It

(C) 0.06 —Activesite C_H| (d) 0.07] — Active Site N_H
0.05F —Active Site C_O —Active Site N_O
: 0.06
Adsorbed|H,0 and OH Bulk H,O
__0.04} 0.05}
< 003} < 0.04}
3 £ 0.03f
& ol Bulk H,0 =
0.02
0.01 0.01k
0.00 L n 1 1 '} '} 1 1 ' 0.00 1 1 1 1 1 1 1 ' I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Distance (A) Distance (A)

Fig. 3 (a) The distribution of water molecules in the pores of dehydrogenated g-CsN,. (b) The distribution of water molecules, including
adsorbed and bulk H,O. The atomic density distribution for the water molecule on (c) the C site and (d) the N site. The color codes are: C of g-
CsNy, gray; N of g-CsNy, blue; H of free H,O, cyan; O of free H,O, pink; H of adsorbed H,0O, green; O of adsorbed H,O, yellow. Both line and ball
models are used in the snapshots, to emphasize the formation of H,O,. For clarity, not all free water molecules are shown.
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is worth noting that during the RxMD simulation, oxygen and
hydrogen were assigned different colors to facilitate tracking of
the reaction progress: adsorbed water, oxygen-yellow and
hydrogen-green; near surface HB bonded water, oxygen-pink
and hydrogen-turquoise; gas-phase oxygen-red. As shown in
Fig. 4, step 1 illustrates a critical configuration where water
molecules were adsorbed at unsaturated C sites of the pore, and
gas-phase oxygen molecules were closer to adsorbed water.
From step 1 to step 3, the interaction between O, and adsorbed
water was witnessed by the OH bond length, changing from
2.037 A to 1.591 A, and eventually leading to the dissociation of
the adsorbed water and the formation of the OOH*
intermediate.

Snapshots from step 4 to step 6 revealed an interesting
proton exchange mechanism involving the newly generated
OOH* intermediate, a nearby water molecule and another
adsorbed water molecule from the neighboring C site. While the
overall result is that one oxygen molecule interacts with two
adsorbed water molecules to directly synthesize one H,O,
molecule, the snapshot of step 6 clearly shows that the two
hydrogen atoms of the H,0, molecule came from two different
proton donors, which is convincing evidence of the proton
exchange event involving near surface water molecules.

It is interesting to note that a different reaction mechanism
was also observed from the simulation trajectory, where the O,
molecule interacted successively with two adsorbed H,O mole-
cules. As shown by the trajectory snapshots in Fig. 5, the
configuration of step 2 is critical: the O, molecule diffused to
the location where it could simultaneously interact with two
adsorbed water molecules. The HOO* intermediate was then
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produced as a result of the interactions. In addition, since the
intermediate was still very close to the other adsorbed water
molecule, it could receive the second proton and lead the
reaction to completion to produce one H,O, molecule. The
color of hydrogen atoms of H,0,, step 6 in Fig. 5, clearly
demonstrates that no free or hydrogen bonded water partici-
pated in the two-step reaction process.

The snapshots shown in Fig. 6 are from the AIMD calculation
of 5 O, molecules, 20H,0 molecules and a pristine g-CsN,
model. It is worth noting that, due to the high computational
cost, there were fewer oxygen and water molecules in the AIMD
calculations. But both RxMD and AIMD were performed at 300.0
K with the same g-CsN, model. The analyses of AIMD and RxMD
trajectories give the same conclusion, that is, the first critical
step is H,O adsorption at edge unsaturated C sites, followed by
O, interaction with adsorbed water to form a HOO* interme-
diate. Then, different hydrogen suppliers can interact with
HOO* to produce H,0,. Simultaneously, the interaction
between adsorbed water and nearby water molecules was also
observed, sequentially producing a hydronium ion (H;0", step
5) and then a Zundel cation (H50,", step 6). H,0, was eventually
synthesized as a reaction product between HOO* and H;0,", as
illustrated by steps 8 and 9 in Fig. 6. As the reaction proceeded,
OH* or O* would be accumulated on the unsaturated edge-C
sites. It is probably challenging to regenerate g-Cs;N, by the
H,0/0, system as used in this work. However, convenient
techniques are available to recycle the catalyst. Removing OH*/
O* and regenerating active sites of carbon-based catalysts can
be achieved by electrocatalytic reactions. For example, for 4-
electron ORR processes,***® adsorbed OH* is hydrogenated and

Fig. 4 Proton transfer mechanism (PTM) on the dehydrogenated g-CsN, system: the hydrogen atoms of H,O, come from adsorbed water and

bulk water, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Direct formation mechanism (DFM) on the dehydrogenated g-CsN, system: the H atoms of H,O, both come from adsorbed H,O.

removed in the form of H,O. Liang and co-workers studied the
4-electron ORR of nitrogen doped graphene (N-graphene). Their
results demonstrated that the removal of adsorbed OH* from
the N-graphene surface that is covered by O with a 1/6 mono-
layer surface oxygen coverage has a small energy barrier of
0.32 eV in the water solution phase.®® The regeneration depends
closely on the form of deactivated g-CsN, catalysts, the
concentration of H;0" and the applied voltage. To validate the
general regeneration process, a proof-of-concept calculation is
designed in this work, to mimic a separate electrocatalytic
treatment after the successful H,O, production, to remove
surface OH and O groups and regenerate the active carbon sites
of g-CsN,. As shown in Fig. S7(a),t six H,O and two H;0"
molecules are placed at the pore of the deactivated g-CsN, where
its edge nitrogen sites are fully hydrogenated and carbon sites
are alternatively bonded with OH and O. The AIMD simulation
results in Fig. S7(b) and (c)t show that within 0.2 ps H;O"
interacts with oxygen-containing functional groups at edge
carbon sites, transforming OH* and O* back to adsorbed water
at edge carbon sites, thus regenerating the g-C;N, catalyst for
the next cycle of H,O, production.

Both RxMD and AIMD reveal the same overall reaction
mechanism which can be generally described by two sequential
steps: (a) the formation of HOO* intermediates, from the
interactions between oxygen and adsorbed water; (b) the
completion of H,0, synthesis, by the proton transfer between
HOO* and chain-cluster water (or second adsorbed water); (c)
H,O* regeneration, by interactions between residual OH* and
H;0" molecules. The key steps are summarized below:

H,O adsorption:

130 | J Mater. Chem. A, 2020, 8, 124-137

H>Opui + 8-CsNa — g-CsNy *HyO(aq) (R1)
HOO* formation:
Ox(gasy ¥ H2O(aay = HOO* oy + “OHgee) (R2)
H,O0, formation:

HOO* iy + HaO(chainy = H2O2bui) + “OH(dec) (R3.1)

HOO*puiky + *HaO(aq) = HzOspuiky ¥ “OHgec) (R3.2)

H,O chain:

Hydronium ion: *H,0(aq) + HaOwuiey —
H;0" pui) + “OH(gee)  (R3.1a)

Zundel cation: H3O+(bulk)+ Hzo(bulk) i

H;50," (bul) (R3.1b)

H,O* regeneration: OH* + H30™ i) —
H20¢qg) + H2Opuiy  (R4)

For other studied g-C;N, models where N- or C-sites are
hydrogenated, H,O, was produced by a similar reaction mech-
anism. The complete process was recorded for a few H,O,
molecules, as shown in Fig. S8-11.f Hydrogenated N-sites
(Model 3 and Model 4) are potential proton providers. Different
H,0, molecules have been identified from the calculations: (a)
H,0, synthesized by interacting with an absorbed water and
a hydrogenated N-site (Model 3), Fig. S8;f (b) H,O, synthesized
by receiving two hydrogens from the same adsorbed water

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Snapshots of H,O, production on dehydrogenated g-CsN, described by the AIMD simulations. Structures corresponding to the reaction

path followed by PTM.

molecule (Model 3), Fig. S9F (c) H,O, synthesized by interacting
with an absorbed water and a hydrogenated N-site, via a H,O
proton transfer chain (Model 4), Fig. S10;1 (d) H,O, synthesized
by directly interacting with two hydrogenated N-sites (Model 4),
Fig. S11.f Goclon and Winkler®” reported that the oxygen
reduction proceeds through a one-step two-electron direct
process with a 2.15 eV energy barrier on the amino functional-
ized g-C3N, structure. In contrast, for the hydrogenated g-C3;N,
catalyst, the two-step single-electron indirect H,O, synthesis
has an energy barrier of 1.78 eV. This indicates that the O,
molecule can directly interact with hydrogenated sites to
produce H,0,.

Both RxMD and AIMD calculations confirm the direct H,O,
synthesis from chemisorbed water and gaseous colliding
oxygen molecules, which is known as the Eley-Rideal (ER)
reaction. A direct ER reaction is generally expected to occur only
when there is a rather small activation barrier to the reaction,
such as a gas-phase radical reactant which undergoes an
exothermic reaction. In this work, we adopted the CI-NEB
method to study the reaction pathway and activation energy
for producing HOO* intermediates and H,O,.

This journal is © The Royal Society of Chemistry 2020

As shown in Fig. 7a, for the HOO* intermediate, the initial
configuration in the system has a gaseous O, and one adsorbed
H,0 molecule at g-CsN,. While the final configuration has
a HOO* intermediate and OH-functionalized g-CsN,. For the
initial configuration, upon water adsorption at the unsaturated
C sites, the O-H bond was elongated, changing from 0.972 A of
the bulk to 1.110 A. The transition state was identified in which
the gaseous O, was interacting with the adsorbed water, to the
extent that the adsorbed water has two equally elongated O-H
bonds, one with the gaseous O, and the other from the adsor-
bed water. The calculation revealed that the activation energy
(Eqct) for HOO* formation was 0.23 eV, and the overall reaction
was exothermic, releasing 0.91 eV from the system. The
exothermic nature indicates that the proton transfer from
adsorbed water to a nearby O, molecule is energetically favored.

Fig. 7b shows the reaction pathway by which the HOO*
intermediate received the second proton to generate a H,O,
molecule. As revealed by RxMD and AIMD calculations, this
reaction generally involves ‘free’ water molecules to transfer
protons from adsorbed water. It was also observed, see Fig. 5,
that the gaseous O, could interact successively with two
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Fig. 7 Energy profile and optimized configurations for OOH* and H,O, formation. (a) and (c) Energy profile for OOH* and H,O, formation by
DFT calculation, respectively; (b) and (d) the optimized initial state, transition state and final state configurations for OOH* and H,O, formation,

respectively.

adsorbed H,0 molecules to produce a H,O, molecule, which
does not require much diffusion of the HOO* intermediate. It is
also worth pointing out that there is no ‘free’ water considered
in the CI-NEB calculations, and only the direct reaction between
HOO* and adsorbed water to form H,O, was calculated. The
result suggested that a larger activation energy (0.34 eV) was
necessary to overcome the reaction barrier. But the overall
reaction was also exothermic, discharging 0.63 eV from the
system.

3.4 Proton transfer along hydrogen bonds

Proton transfer is essential to many aqueous processes, from
ion channel function to enzymatic reactions.®®*7° Especially for
photocatalytic™”> and electrocatalytic reactions,”’* simulta-
neous gain or loss of electrons and protons frequently occur in
aqueous solutions. Nevertheless, not enough emphasis has
been placed on the effect of proton transfer in aqueous reac-
tions. Experimentally, direct observation of proton transfer is
challenging due to the short lifetime of intermediates and the
difficulty of distinguishing protons, electrons and their
coupling with solvent molecules. For example, Yu and co-
workers” investigated the Langmuir-Hinshelwood (LH) and ER
mechanisms for the ORR on graphene sheets. They performed
ab initio DFT calculations to mimic ER reactions under an
alkaline environment, with H shuttling through one or two
water molecules. Other theoretical efforts of understanding
proton transfer mechanisms have been summarized in recent
reviews.”®® It has been demonstrated that the proton transfer
can largely determine the energy profile and reaction pathway.
However, as far as we are aware, there is no quantitative
description of proton transfer in ORR processes.

132 | J. Mater. Chem. A, 2020, 8, 124-137

Here, we propose a proton transfer descriptor based on the
structural information of involved water molecules. As illus-
trated in Fig. 8a, the descriptor ¢ describes the geometric
requirement, assuming that proton transfer occurs when the
oxygen atoms of water molecules have three identical hydrogen
atoms nearby. Therefore, breaking O-H bonds and exchanging
hydrogen atoms (protons) require a negligible energy penalty.
The § value is estimated by using the equation:

PO

b 0o Lo
where 6, and L, are respectively the equilibrium angle and bond
length of free H,O molecules; 6, and 6, are the new angles,
namely H;-O-H; and H,-O-H; according to Fig. 8a, formed
between two nearby water molecules; L, is the distance between
the oxygen atom and the potential exchangeable H; hydrogen
(proton). Mathematically, 6 reaches a minimum whenever there
is a proton transfer event.

Previous studies observed Eigen (HyO4)®*” and Hs0," (ref.
88) evolution from bulk water. This suggests that proton
transfer events involving two or three water molecules are
energetically favorable. In this work, dehydrogenated carbon
sites provide localized positive charge centers, which promote
H,0 adsorption and subsequent H;0," ion formation (Fig. 8b).
Representative snapshots in Fig. 8b demonstrate how near-
surface water molecules participate in proton transfer events
and promote the HOO* intermediate to receive a proton and
thus produce H,0,. The AIMD trajectory reveals that two bulk
water molecules are involved in this proton transfer process
(Fig. 8b(1)): firstly, as shown in Fig. 8b(Il), the adsorbed H,O
interacted with a nearby bulk H,O molecule to form a hydro-
nium H;0' and an OH functional group of g-CsN,, and after

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ta08103h

Published on 28 October 2019. Downloaded on 1/7/2021 12:53:26 AM.

Paper

(@) (c)

View Article Online

Journal of Materials Chemistry A

(d)

4.1 -407.4
4.0 F
390l -407.6
38}
pes) 3 _ -407.8
36F 2 4080}
35} el
© a4l Eﬁ 4082+
L £
;z ] S -a084f
31p (I ™ -4086 |
sof 4086 (VID)
2.9 -408.8
The process of proton transfer The process of proton transfer
(1) (IT) % (I11) av)
3 C
Lx ¢ C‘

Fig.8 Proton transfer via a chain of water molecules. (a) Schematic representation of the proton transfer process. (b) Trajectory snapshots (I-VII)
of critical configurations to the proton transfer for H,O, production. (c) and (d) The change of ¢ and the total energy in the process of proton
transfer, respectively. The dissociated proton exists as a Zundel ion and a hydrated hydronium ion in the systems. C, O, H and N atoms are colored
gray, red, white and blue, respectively. The H atom of the adsorbed water that participates in the proton transfer is colored green to guide the

viewing.

that the adsorbed water gave up the proton (green color), see
Fig. 8b(III). The hydronium H;O" then interacted with another
bulk water molecule to form a HsO," cation, as shown in
Fig. 8b(IV). It is worth noting that the oxygen-oxygen distance,
between the second bulk water molecule and the previously
formed H;0", is about 2.70 A which is within a typical hydrogen
bond cutoff.** This suggests that the second water molecule
could easily accept a hydrogen atom from H;0", forming a new
hydronium H;0", see Fig. 8b(V). Since the new H;0" was much
closer to the HOO* intermediate, it easily gives up a proton to
HOO* to promote the formation of H,0, (Fig. 8b(VI and VII)).
Additionally, direct proton exchange was also observed between
adsorbed H,0 molecules and g-CsN,, see Fig. S12.f

It has been reported® that a Zundel proton is formed when
two water molecules, the oxygen-oxygen distance, are within
1.35 A. To quantify proton transfer events, we adopted the same
cut-off of 1.35 A to determine whether a proton transfer event
could occur between two water molecules. In addition, since the
four atoms of the hydronium ion H;O" adopt a trigonal pyra-
midal geometry, an angular term is necessary to describe proton
transfer events. Using the definition of ¢, the dynamics trajec-
tory was monitored. As shown in Fig. 8b, in the process of
forming the first H;0", the value of the bulk and adsorbed H,0
molecules gradually decreases (II to III), eventually reaching the
minimum where the bulk water molecule accepted a proton
from the adsorbed water, forming H;O". From (III to IV) of
Fig. 8b, the H;0" interacted with a second water molecule,
firstly forming the Zundel proton H;O,', where increased to
reach the maximum at (IV). The value then decreased and
reached the minimum again, where the H;0," decomposed to
a new H;0". The function is similar to the double-minimum
potentials that are often used to describe hydrogen bonds and

This journal is © The Royal Society of Chemistry 2020

can provide a handy description of proton transfer dynamics. In
addition, to better interpret the proton transfer and the H,0,
formation, energetics information of each snapshot has been
obtained via ab initio DFT. As shown in Fig. 8d, three energy
barriers were identified for one successful proton transfer and
one HOO hydrogenation event. The energy barrier of forming
the first and second H;O" is 0.20 eV and 0.25 eV (Fig. 8d(I-V)),
respectively. More importantly, *HOO only needed to overcome
a barrier of 0.24 eV to form H,0, by proton transfer.

3.5 H,O0, evolution on different g-Cs;N, surfaces

The aforementioned results have clearly demonstrated that
pristine dehydrogenated g-CsNj is effective to catalyze the H,0/
O, reaction and produce H,0,. The two-step reaction mecha-
nism depends critically on both adsorbed water (at unsaturated
C sites) and free water (near the pores of g-CsNy). It is important
to evaluate the catalytic performance of other models where C
and N sites are partially or fully hydrogenated. Similar to Sec.
2.1, 500H,0 and 25 O, molecules were randomly placed on both
sides of the g-CsN, model, of the size 68.98 A (y) x 57.71 A (x).
RxMD calculations were performed at 300.0 K for all five models
and the results are shown in Fig. 9a. Firstly, g-Cs;N, showed
a general catalytic activity to H,O/O, reactions and H,0, was
produced from all five systems. The best yield (eight H,O,) was
from the pristine g-CsN, (Model 1, no hydrogenation). And two
different types of H,0, molecules were synthesized from
different hydrogen resources, see Fig. 9c. This phenomenon was
also observed in AIMD simulations of Model 3 (Fig. S8 and S97)
and Model 4 (Fig. S10 and S117). However, only five H,0,
molecules were produced in Model 3 where the C-sites are not
hydrogenated and the N sites are fully hydrogenated. The
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Fig. 9 RxMD simulations of H,O, synthesis on five g-CsN, models at 300.0 K. (a) The number of H,O, molecules produced as a function of
simulation time. (b) Snapshots of H,O and O, at the dehydrogenated g-CsN, phase surface described by the RxMD simulations for 200.0 ps. (c)
Observed H,O, production from different nanopores of Model 1 as highlighted in (b).

following two observations could explain this result: (a) the
transition state calculation indicated that the activation energy
of O, reaction with H of the edge-N-H species is 0.58 eV (Fig
S14(a)t), which is higher than that of O, reaction with adsorbed
water at the edge C sites. The activation energy for HOO* and
H,0, formation was respectively only 0.23 eV and 0.32 eV for
Model 1. Thus, O, shall preferentially interact with the adsorbed
H,0. (b) As shown in Fig S8, AIMD calculations reveal that
when adsorbed H,O of edge C sites and hydrogenated H of
edge N sites coexist, O, preferentially reacted with adsorbed
H,0 to form HOO* intermediates. Those HOO* intermediates
could then capture H from those edge N sites to form H,0,.
Based on these observations, we conclude that O, reaction with
two adsorbed water molecules, as shown for Model 1, is ener-
getically favored and that Model 1 is more active than Mode 3
for the studied H,O, synthesis.

For Model 2 (C-site fully hydrogenated), Model 4 (C-site and
N-site fully hydrogenated) and Model 5 (the most stable model,
with C sites fully and N sites partially hydrogenated), the yield is
relatively lower, only 1, 3 and 2H,0, molecules were produced
respectively during the simulation of 1000 ps. According to
AIMD results, O, can only capture protons from the
hydrogenated N sites due to the very stable C-H bonds. In
addition, the adsorption configurations of H,O and O, on
Model 5 have been optimized via ab initio DFT calculations
based on Bader charge analysis (Fig. S13af). The adsorption
energy of O, is —0.95 eV (Fig. S13b¥), and that of H,O is only
—0.05 eV (Fig. S13ct). Stronger O, adsorption can significantly

134 | J. Mater. Chem. A, 2020, 8, 124-137

weaken the bond energy of O,, which will reduce the selectivity
of H,0, and produce water as a side reaction product. Thus, the
number of formed H,0, molecules of Model 4 are more than
that of Model 2 and Model 5 with all the edge-C sites
hydrogenated.

Although the Gibbs free energy was calculated to evaluate
possible g-CsN, hydrogenation, other factors, such as defects and
solutions, could also affect the stability and reactivity of g-CsN,,
catalysts. If one only considers the best reactivity, as shown in
Fig. 9a, the pristine g-CsN,, in which neither edge nitrogen nor
carbon sites are hydrogenated, demonstrates the best catalytic
performance, while the most stable g-CsN, model (Model 5) has
a relatively poor catalytic performance towards H,O, synthesis.
The activity is the major contributor to H,O, synthesis, but the
successful application of g-Cs;N, materials shall also depend
strongly on the stability. Regardless of the mechanism or yield of
H,0, formation analysis, both suggest that unsaturated edge
carbon sites do not promote immediate water dissociation and
could be reactivated afterwards. We expect that those unsatu-
rated edge sites are available both from the synthesized g-CsN,
and during the process of catalyzing H,0/O, reactions.

4. Conclusion

In summary, this work represents a computational study of
direct H,O, synthesis from H,O and O, on a metal-free porous
graphitic carbon nitride catalyst. Through a combination of ab
initio molecular dynamics simulation, reactive molecular
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dynamics (RxMD) calculation, and the ab inito density func-
tional theory based thermodynamics approach, g-CsN, models
with different hydrogenation have been examined to catalyze
H,0/0, reactions for H,0, production. The Gibbs free energy
calculation and the thermal stability discussion of various g-
C;sN, models could be a general protocol to screen and evaluate
carbon-based materials which are doped with a wide range of
other elements. The two-step reaction mechanism has been
elucidated, which involves sequentially the adsorption and
activation of water at unsaturated C sites of g-CsN,, producing
HOO* intermediates, and synergetic proton transfer to promote
HOO#*-to-H,0, reactions, via clusters of free and adsorbed
water. Other fundamental facts include that pristine g-CsN, is
the most active catalyst and that a preferential water adsorption
(instead of oxygen adsorption) on g-CsN, is critical to direct
H,O0, synthesis. Future development of new catalysts could take
this as a general criterion to design reactive sites and optimize
catalyst geometry, to simultaneously favor water activation at
reactive sites and water-chain assisted fast proton transfer
processes. This work paves the way for using carbon-based
sustainable catalysts for direct H,O, synthesis via this prom-
ising water/oxygen strategy. In addition, the fundamental
insight could also shed light on selecting and designing other
green catalysts for heterogeneous oxygen hydrogenation
reactions.
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