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Designing and synthesis of hierarchically porous semiconductor materials
for efficient pollutants elimination and sustainable energy evolution
Yang Ding
Abstract

Currently, the environmental deterioration and energy shortage issues have appealed
tremendous attention by scientists. The new technologies and devices to alleviate these
problems such as catalysis, photocatalysis, and electrocatalysis have been intensively
explored. In these regards, the exploitation of highly efficient materials is a core factor to
achieve the goal of substituting traditional fuels with sustainable and clean energy, and
achieve efficient pollutants treatment. As an important class of nano-structured materials,
hierarchically porous semiconductor materials have aroused significant attention during the
past decade. Compared with bulk materials, hierarchically porous semiconductor materials
materials possess a series of merits including large specific surface area, rich surface active
sites, convenient mass transportation channels. These intrinsic advantages ensure
hierarchically porous semiconductor materials with huge application potentials in

photocatalytic pollutants treatment and sustainable energy production.

In this thesis, we will talk about the utilization of a series of hierarchically porous
semiconductor photocatalysts in environmental and energy fields. The relationship between
the improved photocatalytic ability with the fabrication and utilization of hierarchically
porous materials is thoroughly discussed. Moreover, the potentials and challenges for the

large-scale industrial applications of hierarchically porous semiconductors are also outlooked.

1. The first work focus on the synthesis of a hydrophilic bi-functional hierarchical architecture
by the assembly of B-doped g-CsNi nanoplatelets. Such hierarchically porous B-doped
g-C:Ny material enables full utilization of their highly enhanced visible light absorption and
photogenerated carrier separation in aqueous medium, leading to an excellent photocatalytic

H>0; production rate and photoelectrochemical water splitting performance.

2. The second work report the wvisible-light H,O, artificial photosynthesis by digging
pro-superoxide radical carbon vacancies in three-dimensional hierarchical porous g-CsNa

through a simple hydrolysis-freeze-drying-thermal treatment. A significant electronic

1
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structure change is revealed upon the implantation of carbon vacancies, broadening
visible-light absorption and facilitating the photogenerated charge separation. The strong
electron affinity of the carbon vacancies promotes superoxide radical formation, significantly

boosting the H»O» photocatalytic production

3. Finally, the ternary 3D ordered macroporous (3DOM) hybrid nanocomposites
(platinum/bismuth molybdate/3ADOM TiOz: 3DOM-Pt/BixMoQ¢/Ti0;) are designed and
synthesized as multifunctional platform for photocatalytic dye degradation,
photoelectrocatalytic (PEC) water splitting, and thermal-catalytic toluene decomposition with
high performance. A series of structural, optical, and electronic characterizations
demonstrates that the remarkably improved photocatalytic degradation and PEC water
splitting activities are attributed to the combined effects of enhanced light harvesting,

abundant reactive sites, facile reactants transfer, and efficient charges-holes pair separation.

Essay submitted for the degree of Doctor of Science
October 2022

Supervisor: Prof. Bao-Lian Su
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Chapter I
A literature survey for the applications of hierarchically porous semiconductor materials

Lots of works have been conducted to enhance the performances of hierarchically porous
semiconductor materials in environmental and energy fields. In this chapter, a brief literature
review is presented to introduce the research background and progress in hierarchically
porous semiconductor materials. Meanwhile, the related applications regarding hierarchically
porous semiconductors in energy and environmental fields are summarized. Finally, the aim

and major research results of this thesis are discussed.

(In this chapter, some contents have been published on EnergyChem 4 (2022) 100081 and
Interdisciplinary Materials 2022;1:213-255 by Yang Ding et al.)
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1. Introduction

1.1 The background of hierarchically porous semiconductor
materials

Currently, the environmental deterioration and energy shortage issues have appealed
tremendous attention by scientists. The new technologies and devices to alleviate these
problems such as catalysis, solar cells, Li ion batteries and super-capacitor have been
intensively explored.!® In these regards, the exploitation of highly efficient materials is a core
factor to achieve the goal of substituting traditional fuels with sustainable and clean energy,
and create advanced energy storage devices. Up to now, a variety of nano-structured materials
including one-dimensional (1D) (like nanowires and nanotubes), two-dimensional (2D) (such
as nanosheets), and three-dimensional (3D) architectures have been designed for efficient
catalysts, solar cells and advanced energy storage systems (Figure 1a).51° As an important
class of nano-structured materials, hierarchically porous materials have aroused significant
attention during the past decade. Compared with bulk materials, hierarchically porous

materials possess a series of merits including large specific surface area, rich surface active

sites, convenient mass transportation channels owing to their interpenetrating porous structure.

Moreover, as specially hierarchically porous materials, three-dimensionally ordered
macroporous (3DOM) materials, also display a unique slow photo effect for enhancing light
utilization due to their periodic porous structure (Figure 1b).!! These intrinsic advantages
ensure hierarchically porous materials with huge application potentials in photocatalysis,
electrocatalysis, solar cells, Li ion batteries and supercapacitor fields.!*'” In terms of
photocatalysis on semiconductors, the overall photocatalytic reaction rate mainly results from
three kinetic parameters including the efficiency of light absorption (), the dissociation of
photoinduced charge pairs (n.,) and the surface electron transfer (Nean),'>2* which can be
expressed as follows:Newtar=Nabs X Nsep X Miran (Figure 1¢).2% All the three processes will be
upgraded over hierarchically porous materials, thus bringing out the improved photocatalytic
rate. Similar to photocatalysis, electrolysis is also determined by three steps: reactants
absorption, migration of charges between catalysts and reactants, and exportation of charges
from the electrodes and desorption of products.!® These processes will be certainly accelerated
on the hierarchically porous structure, thus leading to efficiently electrocatalytic reaction
process. It 1s noteworthy that light absorption and formation of photogenerated carriers are not

involved in the electrocatalytic process. Compared with the photocatalytic reactions using
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typical semiconductor materials like metal oxides and sulfides, the carbon-based materials

and phosphide are frequently utilized in electrocatalytic reactions.

Photocatalytic
Application

Enhanced SPR for
PEC water splitting
LN
Ecs
Es
TiO,
Evy

Figure 1. (a) The applications of hierarchically porous semiconductor materials in various
photo- and electrocatalytic reactions. (b) Schematic illustration of the slow photos effect for
promoting photocatalytic reaction on the 3DOM structured photocatalyst and (¢) schematic

process for the photocatalytic reaction on the surface of semiconductor photocatalyst.

1.2 The applications of hierarchically porous semiconductor
materials

In this section, the utilization of hierarchically porous semiconductor materials in energy and
environmental fields mvolving photocatalysis and electrocatalysis are thoroughly discussed.
Meanwhile, the strategies for designing hierarchically porous semiconductor materials and the
enhanced performances for applications are correlated, which can be significantly valuable to
help readers to promptly acquire the comprehensive knowledge and to inspire new concepts in

exploiting hierarchically porous semiconductor materials for further increased performances.

1.2.1. Photocatalytic applications

about:blank

18-11-22, 10:07



Firefox

10 sur 157

Photocatalytic technology holds a great potential for sustainable energy conversion.?"** So far,
a variety of photocatalysts with different nanostructures have been manufactured for
photocatalytic reactions.?6*! Hierarchically porous semiconductor materials as photocatalysts
have been extensively used in various reactions for sustainable energy conversion and
pollutants treatment such as organics degradation, hydrogen production, CO; reduction, H2O:
production and organics photoreformation. In addition to their obvious advantages like high
surface area and facile ions transfer channels, for the special 3DOM materials, their periodic
inverse opal structure also endows the intrinsic photonic band gap and the slow photon effects
can also exert important function for promoting photocatalytic reactions. Specifically, the
light at specific wavelengths irradiating on the inverse opal structure along a certain angle
leads to the stop-band reflection, being well known as photonic band gap. The light group
velocity will decrease when light illuminates on 3DOM materials at their blue or red edge of
the photonic band gap, which is attributed to the slow photon effects and results in the
enhanced interaction between light and materials, giving rise to efficient harvesting of light
and improved photocatalytic activity.32*3 In this section, we outline a series of photocatalytic
reactions including hydrogen production, CO, reduction, H»O; production and organics

photoreforming over hierarchically porous semiconductor materials.

1.2.1.1 Pollutants degradation

In fact, our group conducted lots of work in regard to photocatalytic pollutants degradation
over 3DOM materials.*%-3* For example, a variety of BIVO4#/3DOM-TiO. photocatalysts were
fabricated by combining various amounts of BiVO,; with 3DOM TiO; for photocatalytic RhB
degradation.¢l Pure BiVO4 and BiVO4/P25 as reference samples were also synthesized. It is
found that the BiVO4/3DOM-Ti0O; photocatalyst exhibits about 4.2, 3.2 and 3.1 folds higher
visible light driven RhB degradation rates than that of BiVO4, 3DOM TiO; and BiVO4/P25
photocatalysts, respectively. The improved photocatalytic rate is ascribed to increased mass
transfer, high surface area, efficient visible light absorption and intimate contact between
BiVO4 and 3DOM-Ti0sz. Specifically, BiVO; as a sensitizer broadens light absorption edge of
3DOM-Ti10; from 380 to 550 nm. Meanwhile, the formed heterostructure between BiVO, and
3DOM-TiO, can effectively promote photogenerated electron-hole pairs separation, and

provides more reactive oxygen species like *O» and 'OH radicals for accelerating RhB
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decomposition. Similarly, ZnO quantum dots decorated 3DOM TiO; photocatalyst
(ZnO/3DOM-Ti0») was also fabricated (Fig. 2a).3"! Owing to the synergy of inverse opal
structure and the heterostructure between ZnQO and TiO:, the efficient photocatalytic dye
molecules decomposition is achieved on the ZnO/3DOM-TiO; photocatalyst.

As well as the binary BiVO4/3DOM TiO; and ZnO/3DOM TiO: photocatalysts, a ternary
ZnO/BiVO4/3DOM-TiO; composite was also prepared for the enhanced photocatalytic RhB
and Tartrazine degradation (Fig. 2b-d).¥] The inverse opal structure offers convenient
channels for reactants transmission and multiple scattering for increased light utilization.
Moreover, an innovative cascade energy level is formed in the ternary photocatalyst. Under
visible light illumination, the electron-hole pairs are generated on BiVOs component and then
the photoelectrons flow to ZnO and 3DOM-TiO: to form O for decomposing dye molecules
whereas the holes directly oxidize dye molecules. Thus, the cascade energy level promotes the
electron-hole pairs dissociation and leads to an excellent photocatalytic dye molecules

degradation rate (Fig. 2e).

\ 0.3120m

: : 2 [y b
BiVO,(130) H r ) L i E
y m' R N - o
- PR | g ‘L;-hi.l.,: ng
S oo eas\ud/ LT
. il : & . ¥ " -~ e - = !A\C‘. *:
0.256nm - - Bl

Zn0{040) E"""Cﬂ..*».' "0,

W, =RhE @ -CO, ®<=HO & <=NHW’

» OMECN,
v PETIO,
* Pure g8,

L] 103 M n
Time (min)

Fig. 2. (a) TEM picture of the prepared photocatalyst.?”! (b) SEM, (¢) TEM and (d) HR-TEM
pictures of the ternary photocatalyst; (e) illustrations of RhB degradation over the ternary
photocatalyst and the corresponding photoelectrons transfer mechanism.B$ (f) Schematic
preparation process of 3DOM g-C:Ns, (g) TEM picture of 3DOM g-C3N4, and (h) RhB
degradation over the as-prepared photocatalysts and commercial P25.[41
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In addition to dye molecules elimination, photocatalytic phenol degradation over 3DOM
photocatalysts was also reported. Chen’s team synthesized the ternary 3DOM CDs/Bi-TiO;
photocatalyst by decorating carbon dots on the 3DOM Bi doped Ti0-.14" Both Bi doping and
CDs decorating can favor visible light utilization and promote photogenerated hole-electron
pairs delocalization. Specifically, the impurity energy level stemming from Bi doping in TiO;
prohibits photoinduced carriers recombination while the decorated CDs as electron collectors
can effectively attract photoelectrons from CB of TiO: to participate in photoredox reaction.
Moreover, the facile reactants transmission, the enhanced interaction between light and matter,
and the slow photo effect originating from the 3DOM structure further elevate the
photocatalytic ability. Finally, the 3DOM CDs/Bi-Ti0; photocatalyst delivers 3.3 times
higher photocatalytic phenol degradation rate than that of pure 3DOM TiO,. Compared with
3DOM Ti0s, g-CsNy with inverse opal structure is not easy to be prepared because the usual
g-CsNy is difficult to be filled into the voids of the templates. On account of this fact, Yang’s
team developed a thermal condensation-helped template strategy to synthesize the 3DOM
2-C:N4.B As shown in Fig 2f, the 3D ordered mesoporous core-shell silica as template
facilitates the precursor to merge into the cavities of Si0, array and prohibit the damage of
active component during heating treatment. Accordingly, 3DOM g-CsN4 with the macropore
diameter about 300 nm and mesopore diameter around 30 nm is obtained (Fig. 2g).
Meanwhile, the 3DOM g-C;N4 displays around 2.5 times large surface area than that of bulk
g-C3iNy. The unique structure and large surface area endow rapid mass diffusion and
transmission, multiple light scattering, plentiful surface active sites and efficient charge
carriers delocalization. Moreover, the stronger adsorption for pollution molecules over the
3DOM g-CsNs is also verified. Accounting of the above advantages, the 3DOM g-CsN4
photocatalyst exhibits about 5 times higher RhB photodegradation efficiency than that of bulk
g-C:Ny (Fig. 2h). The holes and *O; are found as the active radicals for RhB molecule
decomposition. In addition to the increased mass and electrons transfer as well as high surface
area, it is found that the active species like *O;" and *OH are prone to be formed on the 3DOM

materials, thus further accelerating the organic pollutant degradation.
1.2.1.2. Hydrogen production
So far, 3DOM materials for photocatalytic hydrogen production have appealed numerous

attention and great progresses have been achieved.B%81 Typically, our group reported that a

ternary photocatalyst 3DOM TiO:-Au-CdS composite for increased photocatalytic H:
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formation was fabricated by loading Au nanoparticles and CdS crystallites on 3DOM TiO;
(Fig. 3a).F% The co-existence of Au nanoparticles and CdS brings out the wide light
absorption to 600 nm due to the photosensitive effect of CdS and the surface plasmon effect
of Au nanoparticles (Fig. 3b). Furthermore, the Au nanoparticles as active sites exert
significant functions in photoelectrons collect and transfer (Fig. 3¢), thus promoting the
photoinduced carriers separation and the reduction of H* to form Ha. As depicted in Fig. 3d,
the formed photoelectrons on the CB of TiO: can be migrated and connected with the holes of
CdS by the Au bridge under UV-vis light illumination, the photoelectrons on the CB of CdS
directly participate in hydrogen generation. Differently, the photoelectrons migration to the
CB of Ti0; from CdS through the Au bridge to take part in hydrogen reduction reaction under
visible light. Both two photoelectrons transmission pathways can effectively promote
electron-hole pairs separation and thus improve photocatalytic hydrogen production. Finally,
3DOM TiOz-Au-CdS photocatalyst delivers 13 folds greater visible light driven hydrogen
productivity about 1.8 mmol h?! g than that of 3DOM TiO,-CdS photocatalyst. To further
improve photocatalytic Hz production, a series of ternary photocatalyst 3DOM TiO2-Au-CdS
photocatalysts with various macropore sizes about 160, 200, 250 and 340 nm were
synthesized.F! In this work, the relationship between slow photon and photocatalytic
performance is investigated for the first time. As illustrated in Fig 3e, the 3DOM structure
maintains the reflectance character at various light illumination angles, therefore, the
influence of incident light angle on the photocatalytic H: formation over 3DOM
Ti0:-Au-CdS photocatalyst is eliminated. As shown in light reflectance spectra, the photonic
band gap of 3DOM TiO: is not changed after Au and CdS loading (Fig. 3f). However,
modulating the macropore diameter of the 3DOM TiO:-Au-CdS composites can effectively
change their photonic band gap (Fig. 3g), meanwhile, the distinct peaks of reflectance spectra
suggest the good crystallinity of these as-prepared 3DOM TiOz-Au-CdS nanocomposites. It is
well known that when the red-margin or blue-margin of the photonic band gap covers the
bandgap absorption of photocatalysts, the slow photons effect is achieved to improve the
excitation of photoelectrons and more carriers are formed, thus enhancing the photocatalytic
activity. For the UV-Vis reflectance spectra, it is obvious that the red-margin of 3DOM
TAC-160 and the blue-margin of 3DOM TAC-250 match with the absorption of CdS at
around 250 nm, thus causing the slow photon effect and favoring the improved photocatalytic
performance. As shown in Fig 3h, 3DOM TAC-250 shows the highest photocatalytic Ha
productivity of 3.5 mmol h! g! among all the as-synthesized samples. Significantly, 3DOM
TAC-250 reflects photons with low energies and fully utilize high energy photons to activate

7
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CdS to produce carriers, while 3DOM TAC-160 reflects high energy photons and absorbs low
energy photons which can activate CdS to produce carriers. Hence, 3DOM TAC-250
possessing blue-margin slow photon effect brings out large hydrogen generation rate than that
of 3DOM TAC-160 giving red-margin slow photon effect. Furthermore, the influence of the
size of Au NPs in TiO>-Au-CdS on photocatalytic performance was also studied. It is found
that the ternary Ti02-Au-CdS photocatalyst with about 10 nm Au NPs gives rise to the highest
hydrogen evolution rate.”? In summary, slow photo effect exerts significant roles in
promoting photocatalytic hydrogen formation, the precise control of the sizes of macropores
for acquiring the best light harvesting efficiency should be highly concerned in the future

research.

H

Visible

——>|¥

Mo a0 S W0 TOR MO WO 19 H H H H
Wavaiengoune Timeh

Fig. 3. (a) Schematic preparation route of the 3DOM TiO»-Au-CdS photocatalyst, (b)
photograph and (c) back scattered electron picture of as-prepared samples, and (d) the
photocatalytic hydrogen production mechanism and photoelectrons transfer pathways over the
photocatalyst under visible light and UV-Vis light illustrations.% (e) Schematic illustration of
various incident light angles on 3DOM TiO2-Au-CdS, (f-g) light reflectance spectra of
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different photocatalysts, and (h) time dependent photocatalytic hydrogen generation over the

as-fabricated photocatalysts.FU

1.2.1.3. CO; reduction

The crisis of energy shortage and CO» gas emission have appealed huge attention during the
past few decades. The conversion CO; into the value-added organics and fuels via a
photocatalytic reduction pathway has been intensively studied by scientists due to its facile,

sustainable and environmentally friendly process.2-64 However, the efficient photocatalytic
CO» reduction still encounters from several bottlenecks, such as poor light conversion
efficiency and low selectivity of products formation. Hence, designing highly efficient
photocatalyst is a key factor in photocatalytic CO; reduction.63%1 For example, SnS: loaded
3DOM-SrTiOs composite (SnS./3DOMS:TiO3) was prepared via a hydrothermal route for
efficient photocatalytic COx reduction (Fig. 4a, b).[¥2 The unique 3DOM structure of the
composite delivers the slow light effect for improving visible light utilization and the
abundant mass diffusion and transport channels, meanwhile the alkalis strontium favors the
enhanced CO; adsorption. Moreover, the heterostructure between SnS, and 3DOM-SrTiO;

provides a Z-scheme photoinduced charges transfer pathway for the fast electron-hole pairs
separation. Photocatalytic tests suggest that the loading of SnS: on 3DOM-SrTiOs alters the
photo-reduced product from CO for 3DOM-SrTiO; to CHs for SnS2/3DOM-SrTiOs. The
formed Z-scheme heterostructure promotes the photoelectrons on the CB of SnS; combining
with the holes from VB of SiTiOs under light illumination, thus endowing more
photoelectrons on the CB of SrTiOs to take part in CO:; reduction. Finally, the
SnS2/3DOM-SrTi0s; photocatalyst presents an increased activity and selectivity for light
driven CHs generation (Fig. 4¢, d). In addition to construct heterostructure, noble metal
nanoparticles loading on 3DOM photocatalysts is considered as an effective method for
promoting photocatalytic CO; reduction due to their inherent SPR (surface plasmon resonance)
effect for increasing visible light harvesting and low Fermi level for trapping photoelectrons.

Specifically, SPR is a indication of the resonance effect because of the interaction of
conduction electrons of noble metal nanoparticles with illuminated photons, which can
broaden visible light response range for the enhanced photocatalytic performance. A series of
Au nanoparticles decorated 3DOM TiO, with different Au amounts were prepared for
efficient CO» photoreduction (Fig. 4¢).183 TEM pictures indicate that the Au nanoparticles are
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Fig. 4. SEM pictures of the as-synthesized (a) 3DOM-SrTi0s and (b) SnS,/3DOM-SrTiOs, (c)
CO, CH4 and H; productivity by CO; reduction and (d) photoreduction CO and CHy
selectivity. Reproduced with permission.[® Copyright 2020, Elsevier. (¢) TEM and (f)
HR-TEM pictures of the as-prepared Au decorated 3DOM Ti0..19 (g) TEM, (h) HR-TEM, (i)
HAADF-STEM and (j) EDS elemental mapping pictures of the as-prepared AuPd

nanoparticles loaded 3DOM TiO: photocatalyst; (k) schematic route of photocatalytic CO:
reduction and photoelectrons migration mechanism on the AuPd/3DOM TiO:

photocatalyst.[%4]

homogeneously decorated on the inner walls of 3DOM TiO, (Fig. 4f). Both slow photo
phenomenon of the 3DOM structure and the SPR effect of Au nanoparticles are profitable for
light harvesting. Moreover, the conductive Au nanoparticles prohibit the recombination of
photoexcited charge pairs therefore offering more photoelectrons for light driven CO:
reduction. Finally, the 3DOM Au/TiO; photocatalyst brings out the efficient CHs productivity
about 2.89 umol g! h™!, being around 2 and 3 folds greater than that of P25 and 3DOM TiO:
photocatalysts, respectively. In addition to monometallic NPs loading, bimetallic

nanoparticles deposited 3DOM materials for efficient photoreduction of CO- have been also
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reported. Typically, the core-shell configurated AuPd particles loaded 3DOM TiO; samples
were obtained via a gas bubbling-helped reduction route (Fig. 4g).°* As displayed in Fig. 3h,
AuPd nanoparticles are uniformly loaded on the 3DOM-TiO;. HAADF-STEM and EDS
elemental mapping characterizations demonstrate a clear core-shell structure where Au is
plentiful in the core whereas Pd component is mainly located in the shell (Fig. 4i, j). The
AuPd with unique structure significantly facilitates the photoelectrons trapping for the
subsequent photoredox reaction. Moreover, the 3DOM structure endowing the slow photon
effect enhances visible light utilization and the loaded AuPd nanoparticles further improve
visible light response owing to their SPR effect, which are profitable for efficient
photoexcited CO; reduction. In fact, bimetallic AuPd nanoparticles possessing low Fermi
level exert huge capacity to trap photoinduced electrons, thus promoting the photoelectrons
migration from TiO; to AuPd nanoparticles to participate in CO; reduction (Fig. 4Kk).
Photocatalytic CO; reduction experiments illustrate that the CHs production ability decreases
and the CO generation increases with reducing the ratios of Au/Pd, therefore demonstrating
that the high amount of Pd prohibits the conversion COz into CHy and preferably promotes the
conversion of CO; into CO. A series of 3DOM photocatalysts like Ti0, and SrTiO; have been
prepared for efficient light driven CO: conversion. The main products of CO and CH. are
formed. Thus, the further modification on 3DOM photocatalysts should be carried out to

promote the production of more valued products such as methanol and ethano].[63-681

1.2.1.4. Organics photoreforming

Visible light driven organics photoreforming presents a great potential for preparing
value-added organics by biomass conversion.®®71 However, the poor photoreforming
selectivity and the detrimental reaction condition like strong alkalinity or toxic solvent are
unfavorable for the large-scale production. In this context, Zhao et al. synthesized the gold
nanoparticles loaded 3DOM TiO: (Au-3DOM TiO:) photocatalyst for green, efficient and
highly selective glucose photoreforming reaction."¥l The prepared Au-3DOM TiO;
photocatalyst gives rise to the enhanced interaction between reactants and photocatalyst,
sufficient surface active sites, fast photogenerated carriers separation and increased light
harvesting because of the surface plasmon resonance of Au. The loading Au nanoparticles
obviously improve the selectivity of photoreforming glucose into arabinose, meanwhile the

value added organics like hydrogen and methane are also produced form the dehydration and
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hydrogenation reactions. Compared with 3DOM TiO: and Au loaded bulk TiO;, the
Au-3DOM TiO; displays about 8 and 2 times higher arabinose generation rate, respectively,
implying that both the 3DOM architecture and Au loading are beneficial for the glucose
photoreforming reaction. Soon after, they further fabricated 3DOM TiO,-Au-CdS hybrid
photocatalyst for light driven cellulose p-1,4-glycosidic cleavage.™™ The as-fabricated ternary
photocatalyst shows an efficient Z-scheme photoelectrons transfer mechanism. Moreover, the
3DOM structure ensures the fast mass diffusion and light harvesting efficiency. As a result,
the prepared 3DOM photocatalyst gives rise to the O substitution at C1 site followed with the
shearing reaction, thus cleaving the P-1,4-glycosidic bond and leads to the evolution of

gluconic acid and glucose.

1.2.1.5. H,O; production

Solar light driven H,O, generation has appealed a great attention because of its facile, safe,
green and sustainable process."®33 Generally, H2O, can be obtained by the photoredox
reaction with H>O and O as raw materials under light illumination at room temperature. H.O;
is the only product without the formation of other toxic by-products. In order to improve the
photocatalytic H»O, generation, Zhang’s team prepared the 3DOM C3Ny with surface carbon
vacancies (3DOMCNCY) for efficient visible light driven H>O» production.® As expected,
the 3DOM-CNCyv presents about 2.1 and 1.7 folds greater HoO2 productivity than that of the
bulk CsN; and bulk CsNy with carbon vacancies, respectively. Thus the improved H,O;
evolution over 3DOM-CNCv is ascribed to the plentiful active sites, increased interaction
between light and photocatalyst as well as convenient mass transmission channels owing to
the 3DOM structure, as well as the rapid photoinduced carriers separation and enhanced
visible light utilization due to the existence of carbon vacancies. This work brings out an
efficient photocatalyst for H»O» production by combining the merits of 3DOM structure and
defect engineering. Shortly after, Ti3Cz quantum dots loaded 3DOM g-CsNys with carbon
defects by an electrostatic self-assembly process for photocatalytic H>O: production.[33
Owing to the synergy between carbon vacancies, 3DOM structure and the formation of
heterostructure, the fast photoinduced carriers separation and transfer is achieved (Fig. 51).
Finally, the further improved photocatalytic H,O, evolution of 560.7 uM h! is reached. In
summary, a variety of photocatalytic reactions for sustainable energy formation involving Ha

production, CO; conversion, organics photoreforming and H,O: production over 3DOM
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materials are well discussed. Apart from their obvious merits like large surface area and facile
mass transfer channels, 3DOM materials deliver the intrinsic slow photon effects can also
exert significant function for promoting photocatalytic reactions. Moreover, some specific
active radicals like *O,™ and *OH are favorable to be produced on 3DOM materials, thus
further increasing the photocatalytic ability.

1.2.2. Electrocatalytic applications

So far, the loading of noble particles as co-catalysts has been frequently adopted to improve
the performances of electrocatalysis reactions like oxygen evolution reaction (OER), oxygen
reduction reaction (ORR) and hydrogen evolution reaction (HER).3*" However, their high
cost and scarcity significantly limit the large-scale applications.®” Hierarchically porous
materials with obvious merits like plentiful surface active sites, facile mass diffusion channels
and good electron transfer have gradually become a research hotspot in electrocatalytic

fields %8105,

1.2.2.1. Hydrogen evolution reaction

As an important process for electrochemical water decomposition process, the electrocatalytic
hydrogen evolution needs highly efficient, stable and cost-effective electrocatalysts to realize
desirable HER performance. Noble metals like Pt are frequently used in commercially
electrocatalytic hydrogen evolution reaction due to their high efficiency. However, the several
drawbacks are still existed for the Pt catalyst like highly expensive, rare storage in the earth
and pollution issue during its generation. Up to now, lots of inexpensive materials have been
explored as electrocatalysts for highly efficient HER. For instance, phosphides, sulfides,
vanadates and molybdate are promising candidates, because their unique d-orbital electron
vacancies can effectively promote the H,O decomposition.®” However, these materials often
endow poor conductivity and limited surface active sites, thus restricting the further improved
electrocatalytic activity. 3DOM materials possess several obvious advantages such as
plentiful surface active sites, convenient mass diffusion channels and fast electron transfer
kinetics, which can certainly accelerate the whole hydrogen evolution reaction process.
Therefore, the fabrication of 3DOM structured electrocatalysts for efficient HER is becoming

a research hotspot. Iron phosphide has appealed lots of attention in electrocatalytic hydrogen
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generation owing to its inexpensive cost, earth abundance and good electrochemical
properties.1921 However, its electrocatalytic hydrogen generation activity is still far from the
theoretical value due to its unsatisfactory conductivity, limited surface active sites and slow
reactants and carriers transfer rates. Hence, constructing iron phosphide with a 3DOM
structure is expected to an ideal method to fulfill the efficient electrocatalytic hydrogen
generation. In this regard, Li’s team prepared the 3DOM iron phosphide on carbon cloth
(3DOM-FeP/CC) via an electrostatic self-assembly route followed with calcination and
phosphorization (Fig. 5a).® The 3DOM-FeOx/CC sample obtained from template
elimination displays the uniform macroporous structure with the size from 100 to 300 nm.
After the phosphorization treatment, the structure of 3DOM-FeP/CC is maintained. The
obtained 3DOM-FeP/CC delivers several distinct advantages such as the interpenetrated
ordered macropores, plentiful channels, high surface area and good conductivity, thus being
profitable for the fast reactant migration, abundant accessible active sites and outstanding
carriers separation. As shown in Fig 5b, the fabricated 3DOM-FeP/CC electrocatalyst brings
out a highly efficient electrocatalytic hydrogen evolution performance in acid medium, giving
rise to an enhanced current density of 10 mA cm™ under a small overpotential of 68 mV
compared with that of FeP/CC and 3DOM FeP electrocatalysts. Ni-based metals display
promising alternatives to Pt for the HER in alkaline medium due to their good activity and
stability. In order to achieve higher HER activity, Sun et al. reported the fabrication of 3D
ordered macro/mesoporous (3DOM/m) Ni via a chemical reduction deposition route.®®l The
obtained 3DOM/m Ni displays the order macropores with size about 330 nm and the abundant
mesopores with size around 4 nm exist in the macroporous walls, giving rise to the
hierarchically ordered macro/mesoporous structure of the 3DOM/m Ni. Accordingly, the
obtained 3DOM/m Ni possessing abundant mesopores with 3D interconnected ordered
macropores can provide rich surface active sites because of its high surface area, convenient
mass diffusion, and good conductivity thanks to the accelerated electron transfer and
facilitated ion diffusion, thus endowing the 3DOM/m Ni a huge potential for highly efficient
HER. As expected, the 3DOM/m Ni electrocatalyst displays the improved HER activity than
that of 3DOM Ni without mesopores and Ni nanoparticles. A small onset overpotential of 63
mV and an excellent HER stability in alkaline electrolyte are realized on the 3DOM/m Ni,
being comparable with the commercial Pt/C electrocatalyst. Xia’s team prepared Cu3N
decorated 3DOM titanium oxynitride (Cu3dN@3DOM-TiOxNy) by a template method
followed by an ammonia annealing treatment.® The 3DOM structure can offer the

interconnected pores and channels for rapid mass transportation and a large surface area for
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abundant surface active sites. The loaded Cu3N as active sites can give rise to the reduced
reaction activation barriers and thus result in a fast hydrogen gas release process. Meanwhile,
the prepared catalyst also presents the stable and efficient HER ability in acidic, neutral and
alkaline electrolytes. Moreover, both the TiOxN and the surface carbon residues endow
outstanding conductivity and further improve its electrocatalytic activity. As expected, the
prepared Cu3N@3DOM-Ti10OxNy nanocomposite presents highly efficient HER performance
with a small over-potential from 71 to 79 mV. Moreover, the small Tafel slope of the
Cu3dN@3DOM-TiOxNy indicates the accelerated charges migration rate during the reaction
procedure. The excellent HER ability is ascribed to the synergy of the 3DOM structure and
T1OxNy loading. In this part, a series of 3DOM structured electrocatalysts are developed for
the improved HER owing to their efficient electrons and mass transfer as well as sufficient
surface active sites. Moreover, the loading of active species like Cu3N can further improve

the HER activity.

Var e o 4t

i sl sty - 20

i el ——— —— !'

i

i

i W Caton ciom !

f @ PSmanoschen 3

] FeNOap O 80

N

I &

i - M-u 15 16 17
..... E/Vvs. RHE

e,
Sell-assembling $ g--‘ 4
——f 4
i Lo
J——
/
i fe
2 i .Eu // s
] i
3= i — e,

IDOM Co@N-C 3DOM Co, Zn@N-C with S0, ol o T O A

_’__ _@_

Fig. 5. (a) Schematic process for the fabrication of 3DOM-FeP/CC catalyst. (b) HER

Patential (V rs. RWE)

1213 14 18 16 T 18 1 38
Patential (V ». RHE)

performance over the prepared catalysts.”? (¢c) OER performances over the prepared catalysts

with different treatment temperatures. Reproduced with permission.®1 (d) Schematic
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illustration for the synthesis of 3DOM Co@N-C catalyst and the corresponding SEM pictures
(d-1-d-4), (e) ORR and (f) OER performances over the synthesized catalysts.[10%

1.2.2.2. Oxygen evolution reaction

Compared with the well-studied HER, exploiting efficient and robust catalysts towards OER
via an anodic reaction in water electrolysis 1s relatively difficult. Generally, the
electrocatalysts in anode are easily to be oxidized and decomposited, thus leading to
unsatisfactory OER performance.5?71 For example, Pt is widely used as an ideal catalyst for
HER in acidic medium, however its electrocatalytic performance for OER is relatively low
because of the generation of a poorly conductive oxide film at potentials of water electrolysis
anodes. Among all the inorganic materials, the optimal electrocatalysts for OER are IrO; and
RuO: or their alloys owing to their good conductivity and chemical stability.”” Up to now,
various methods such as morphology modulation and other transition metals oxides
combination have been exploited to obtain the further improved OER activity. Typically,
3DOM IrO; prepared via a silica colloidal crystal template strategy was reported by Chen’s
team.*®! In brief, HoIrCle . 6H20 solution as precursor was immersed into the cavities SiO;

templates and followed by the calcination in air at 450°C  to acquire the IrO,/T10, composite.

Finally, HF was used to treat the composite after calcination to eliminate the SiO, templates
and the 3DOM IrO; was prepared. SEM images show that the 3DOM IrO, endows highly
ordered macropores with size about 300 nm. Meanwhile, abundant mesopores are also
produced on the walls of macropores. The unique 3DOM structure provides huge surface area
for abundant reaction active sites and convenient mass diffusion channels, being favorable for
the superior OER activity. Accordingly, about 2.5 times enhancement in OER activity is
achieved by using 3DOM IrO; as the electrode materials compared with that of IrO> prepared
by conventional colloidal strategy, showing the prospect of 3DOM materials in reducing the
demand of the expensive electrocatalysts for OER in water electrolysis. Soon after, their team
further investigated the effect of the condescending temperature on the pore size and the
electrocatalytic property of 3DOM IrO, material.®’1 A template-precursor (HaIrCls/TiOs)
composite was treated at various temperatures from 350 to 900°C. A series of
characterizations suggest that the IrO, sample obtained at 450°C exhibits the honeycomb
array of macropores with cross-linking mesopores on the pore walls. When the temperature

over 450°C, the IrO: sample shows the formation of crystallite size on the walls of
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macropores and thus leads to the reduction of surface area. The 3DOM structure of IrO» will
be restricted to generation as calcination temperature exceeds 700°C due to the higher
temperature for Si0; template phase-transition. Among the as-prepared samples, the 3DOM
IrO; obtained at 450°C presents the best OER performance owing to its optimal structure
merits (Fig. Sc¢). This work clearly reveals that the effective OER performance of the 3DOM

IrO: depends on large surfaces and larger pore volume as well as facile mass transfer channels.

Compared with a great numbers of materials for HER, the electrocatalysts for efficient OER
are mainly IrO, and RuQ, based materials. Therefore, more advanced electrocatalysts for
OER should be exploited in the future.

1.2.2.3. Oxygen reduction reaction

In general, ORR is often associated with metal-air batteries.””! For example, the
charge-discharge performance of the Zinc-air batteries mainly depends on both the ORR and
OER."" However, Zinc-air batteries suffer from the poor electrocatalysis activity on their air
cathode and thus lead to the unsatisfactory energy storage performance. Carbon based
materials such as graphene and porous carbon combining with transition metals to generate
transition metal@carbon hybrids have been exploited as a promising method to give rise to
the excellent ORR and OER performances as well as good chemical stability.l'° Moreover,
in order to expose more active reaction sites on the surface of electrocatalysts, various porous
structures and morphologies are therefore designed. 3DOM structure possessing abundantly
interconnected pores and large surface area is seemed as an ideal candidate to increase the
zinc-air batteries performance. On accounting of the above facts, Hu et al. fabricated a thick
film air electrode composed of adequately uncovered CoNx and Co nanoparticles and 3DOM
carbon material."!%? As depicted in Fig 5d, a piece of carbon paper was firstly loaded into
Si02 nanospheres ethanol solution and the self-assembling of Si0; nanospheres was occurred.
Secondly, the MOFs precursor solution including Co?*, Zn’* and 2-Melm species was used to
immerse the cavities of Si0» nanospheres array. Next the composite of MOFs with Si0;
nanospheres array was carbonized to acquire Co@N-C. Finally, the 3DOM Co@N-C catalyst
was obtained by removing SiO: template by HF. The as-synthesized 3DOM Co@N-C catalyst
displays uniformly interconnected macropores with size about 250 nm. The unique 3DOM
nitrogen-doped carbon structure gives rise to high specific surface area for abundant exposing

active sites and the interconnected channels are profitable for mass diffusion and transfer.
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More importantly, Co particles and CoNx species loaded on 3DOM carbon material as active
sites can effectively improve the reaction rates of ORR and OER (Fig. Se, f). The intrinsically
good conductivity of carbon matrix also favors charge transfer. Based on the aforementioned
results, a rechargeable zinc-air battery involving 3DOM Co@N-C as the cathode brings out
large power density, large specific energy density and excellent long-term cycling stability.
Qiao’s group prepared a series of 3DOM g-CsN4/C electrocatalysts for improving ORR
activity. Silica spheres with different sizes as templates were firstly prepared.[103] The
carbon shell was coated via the carbonization of sucrose infiltration. Melted cyanamide was
then immersed into the voids of C@SiO;, subsequent by calcinating in N; to generate
g-CsNy/C@Si0;. The silica template was finally eliminated with HF solution (Fig. 6a). By
tuning the size of silica spheres, a variety of g-C3:N4/C@8S10; with different macropores sizes
are obtained (Fig. 6b-d). Accordingly, the synthesized g-C:N4/C@Si0; with macropores size
of 150 nm displays the comparable ORR catalytic performance with commercial Pt/C. More
importantly, the 3DOM g-C3N4/C electrocatalyst endows the long-term stability in alkaline
solution. The outstanding ORR performance of 3DOM g-CsN4/C can be ascribed to the
synergy between the accelerated mass diffusion and the sufficient amounts of active sites due
to the large specific surface area. In summary, carbon based materials have predominantly
been explored for efficient ORR. By loading a variety of active species like Co and g-C3;N4 on
3DOM C, the fast charges transfer is achieved and the ORR ability can be further improved.
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Fig. 6. (a) Schematic process for the fabrication of 3DOM g-C3N4/C electrocatalyst and (c-d)
the prepared electrocatalyst with different sizes.'3 (e¢) Schematic preparation route for
3DOM Pt electrocatalyst, (f) SEM picture, (g) LSV of methanol oxidation reaction and (h)
stability test for the 3DOM/m Pt and Pt black.[1%

1.2.2.4. Methanol oxidation reaction

In addition to the above discussed HER, OER and ORR, the improved methanol oxidation
reaction can also be achieved on 3DOM materials. Typically, 3DOM Pt electrocatalyst was
fabricated via a dual-templating method using silica opal and nonionic surfactant Brij 56 LLC
as the macropore and mesopore templates, respectively (Fig. 6e).%1 The obtained 3DOM Pt
displays an uniform macroporous structure with size about 290 nm (Fig. 6f). In addition, the
abundant mesopores consisted of polycrystalline Pt nanoparticles are observed on the
macroporous walls of the 3DOM Pt. Thus, the 3DOM Pt electrocatalyst gives rise to large
active surface area and convenient mass diffusion and transfer channels. As presented in Fig
6g, the onset potential of 0.27 V for the 3DOM Pt is more negative than that of 0.44 V for the
commercial Pt black catalyst, demonstrating the superior methanol oxidation reaction activity
for 3DOM Pt. Moreover, the higher electrocatalytic stability performance for 3DOM/m Pt in
the methanol oxidation than that of Pt black is achieved (Fig. 6h). 3DOM structured noble
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metals have been mainly developed electrocatalytic methanol oxidation. Although the
efficient methanol oxidation activity is achieved, the high cost of noble metals limits their
large-scale applications. Thus, exploring cheap electrocatalysts for efficient methanol

oxidation are urgently required.

1.3 The aim and major research results

In the past few decades, a great number of photocatalysts including metal oxides, metal
sulfides, nitride materials, bismuth materials, and perovskite structured materials have been
explored. Nevertheless, these photocatalysts generally show unsatisfactory photocatalytic
ability much below the expectation due to their limited light utilization, considerable
electron-hole pair recombination, and inactive surface redox processes. Hence, different
modification strategies have been explored for enhancing the photocatalytic ability. For
example, the combination of semiconductors with other components by ion doping,
heterostructure fabrication, and noble metal loading have been exploited to facilitate
photocatalytic reactions. In addition, morphology/size modulation, defect engineering, and
tuning of active crystal facets are also considered as reliable modification methods to achieve
high photocatalytic rates. Among the various modification strategies, morphology/size
modulation has attracted increasing attention due to the fact that it is a facile method, enables
precise control, and has high efficiency. However, the photocatalytic potential of the
semiconductors can still not be fully explored. Therefore, the hierarchically porous materials
engineering with simultaneous doping, defecting or heterostructuring strategies have been
often adopted for acquiring further improved photocatalytic activity. In the thesis, three kinds
of hierarchically porous semiconductor materials with enhanced photocatalytic performance

are reported.

1. The first work reports the fabrication of a hydrophilic bi-functional hierarchical architecture
by the assembly of B-doped g-C:N; nanoplatelets. The obtained hierarchically porous
B-doped g-C;N, material gives rise to full utilization of their highly enhanced visible light
harvesting and photoinduced charges separation in aqueous medium, leading to an excellent

photocatalytic H,O: production rate and photoelectrochemical water splitting performance.
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2. The second work reports the wvisible-light H»O, artificial photosynthesis by digging
pro-superoxide radical carbon vacancies in three-dimensional hierarchical porous g-CsNi
through a simple hydrolysis-freeze-drying-thermal treatment. A significant electronic
structure change is revealed upon the implantation of carbon vacancies, broadening
visible-light absorption and facilitating the photogenerated charge separation. The strong
electron affinity of the carbon vacancies promotes superoxide radical formation, significantly

boosting the H>0: photocatalytic production

3. Finally, ternary 3D ordered macroporous (3DOM) heterojunction nanocomposites
(platinum/bismuth  molybdate/3DOM  TiO;: 3DOM-Pt/BixMoOs/Ti0;) are designed and
synthesized as multifunctional platform for photocatalytic dye degradation,
photoelectrocatalytic (PEC) water splitting, and thermal-catalytic toluene decomposition with
high performance. A series of structural, optical, and electronic characterizations
demonstrates that the remarkably improved photocatalytic degradation and PEC water
splitting activities are attributed to the combined effects of enhanced light harvesting,

abundant reactive sites, facile reactants transfer, and efficient charges-holes pair separation.
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Chapter 2
B-doped g-CsNy hierarchical architecture for photo/electrocatalytic reactions

A series of hydrophilic bi-functional B-doped g-Cs:Ni hierarchical nanoplatelets were
manufactured for highly efficient photocatalytic H,O; production and photoelectrochemical
water splitting. In this chapter, the detailed mechanisms of the increased photocatalytic
performance were thoroughly investigated. Specifically, my contribution for the work is that
the develop of the oxidation exfoliation method to prepare the new hydrophilic 2D C3Ny
structure, conducting the materials characterization and the analysis of the experimental

results.

(This work has been published on Journal of Energy Chemistry 2022, 70, 236-247 by Yang
Ding et al.)
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Abstract

Graphitic carbon nitride (g-Cs;Ns) has attracted great interest in photocatalysis and
photoelectrocatalysis. However, their poor hydrophilicity poses a great challenge for their
applications in aqueous environment. Here, we demonstrate synthesis of a hydrophilic
bi-functional hierarchical architecture by the assembly of B-doped g-C3;N4 nanoplatelets. Such
hierarchical B-doped g-CsNs material enables full utilization of their highly enhanced visible
light absorption and photogenerated carrier separation in aqueous medium, leading to an
excellent photocatalytic H2O: production rate of 4240.3 uM g™ h™%, 2.84, 2.64 and 2.13 times
higher than that of the bulk g-CsNi g-CsN; nanoplatelets and bulk B doped g-CsNa,
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respectively. Photoanodes based on these hierarchical architectures can generate an
unprecedented photocurrent density of 1.72 mA cm™ at 1.23 V under AM 1.5 G illumination
for photoelectrochemical water splitting. This work makes a fundamental improvement
towards large-scale exploitation of highly active, hydrophilic and stable metal-free g-CsNy

photocatalysts for various practical applications.

Keywords:

Boron doping; Hydrophilicity; Hierarchically assembled architectures; Photocatalytic H,O2

production; Photoelectrocatalytic water splitting
1. Introduction

As a metal-free photocatalyst, graphitic carbon nitride (g-CsNg4) has recently attracted an
increasing interest for various photocatalytic applications. Moreover, its typical n-type
semiconductor properties endow the majority of carriers in g-CsN; are electrons and thus are
quite suitable for photoreduction reactions like photocatalytic HyOz production by ORR
reaction, photocatalytic CO; reduction and photocatalytic Ha production.”® However, g-CsNa
offers limited photocatalytic activity because of its inefficient visible light absorption, low
specific surface area, high recombination rate of photogenerated carriers and, in particular,
poor dispersion in aqueous reaction medium.'®!? Improvement in these areas remains a great

challenge towards their practical applications.

Nonmetal ion doping of carbon nitride has been shown to be an efficient way not only to
improve the visible light absorption by narrowing the band gap of g-CsNa, but also to promote
the photogenerated carrier separation due to the formation of midgap state.!*!? Oxygen
self-doped g-CsNy exhibits 4 times higher hydrogen evolution rate than that of pristine g-CsNy
due to improved visible light absorption.’> P doped g-CsN; demonstrates 2.9 times higher
hydrogen evolution rate than that of pure g-CsN4 through suppression of photogenerated
carrier recombination.!” Zhang er al. reported a carbon doped g-CsN4 by one-step pyrolysis of
the mixture of kapok fiber and melamine, exhibiting higher photocatalytic H, evolution rate
than that of the pristine g-CsN4 under visible-light.'* Changes in structure and morphology are
also of high importance for photocatalytic performance improvement.2*° For example, Fu’s
group developed a two dimensional (2D) porous carbon nitride which exhibits 26-fold higher
hydrogen evolution activity than the bulk counterpart.?® Zhu er al. designed a 3D porous

2-C3Ny assembled by ultrathin nanosheets with excellent photocatalytic water splitting.?’
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Additionally, Xu’s team reported 3D hierarchical g-Cs;Ns nanosheets with outstanding
photocatalytic activity for hydrogen production.®® Specifically, these 2D and 3D hierarchical
architectures with porous structures demonstrate increased photocatalytic performance
because of their interconnected and easily accessible network that provide more active sites
and reactant transport channels for photocatalytic reactions. Doping with simultaneous
morphology modulation of g-CsNj has also been explored to improve photocatalytic
activity.*** For example, Lv's group designed a three dimensional B doped g-C:N4
hierarchical architecture with an interconnected network of graphene-analogue nanosheets for

improved catalytic activity and stability.

The strong van der Waals attractions (n-m stacking) between sp® carbon atoms make
2-CsN, poorly dispersible in aqueous solution.!!1? This is unfavorable for photocatalytic and
photoelectrocatalytic reactions which are generally conducted in the aqueous environment.
This poor hydrophilic character of g-C;Ny is often neglected over other considerations in
materials design, leading to photocatalytic performances far below the expected level. This is
because although modified g-Cs:N4 materials show highly improved light absorption, charge
separation and other desirable properties, these can not be fully exploited in aqueous medium
due to their poor dispersion and easy aggregation in water, severely restricting their
application in photocatalysis. Improving their surface hydrophilic character can facilitate their
dispersion and also allow close contact with water, promoting photocatalytic reactions [8,35].
Yu et al. reported that g-C3N4 nanosheets containing difterent hydrophilic groups (-NH2, -OH
and —C=0) on the surface of nanosheets could give a better wettability, leading to an
improved photocatalytic H> production.®® Although mixing with hydrophilic compounds can
also effectively improve the dispersion of g-CsNs in aqueous medium and thus the
photocatalytic activity, their performance remains largely unsatisfactory for practical
applications. It is clear that significantly improving the intrinsic hydrophilicity of g-CsN4 is a

key to full exploitation of modified g-CsNy in aqueous reaction environments.’

Herein, using an innovative preparation process, we design and synthesize hydrophilic
bi-functional hierarchical architectures assembled by 2D boron doped g-C;Nys nanoplatelets
(2D-B-CN) with high porosity and surface area. Firstly, g-CsNy is in-situ doped by B ions
through a one pot thermal polymerization of a mixture of melamine and boron oxide to create
bulk B doped g-C3N4 (bulk B-CN). Nanoplatelets with ~2.5 nm in thickness are then obtained
from this using an effective ultrasonic oxidative exfoliation process and are self-assembled to

give a hierarchically stacked architecture of nanoplatelets. Such hierarchical assembly of B
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doped g-C:Ni nanoplatelets (2D-B-CN) exhibits ~8 times higher specific surface area and
complete dispersion in aqueous medium due to improved hydrophilic character compared to
the bulk samples with or without B doping (bulk-CN and bulk-B-CN-4). Their excellent
dispersion enables full exploitation of the advantages offered by B doping of g-CsNs for
photocatalysis. By controlling the doping amounts of B ions, visible light absorption, charge
separation and surface charge transfer capacity of the obtained materials can be effectively
controlled. Density functional theory (DFT) calculations further illustrate the electronic
structure evolution of g-CsNsy upon B ions doping, which significantly broadens the
absorption in the visible light range and efficiently promotes the photoinduced carrier
separation for photoredox reaction. Our hierarchically assembled B doped g-CsN.
nanoplatelets with their synergistic B doping and hydrophilic nature, in addition to high
surface area and hierarchical porosity, exhibit excellent performance both for photocatalytic
H:O: production and photoelectrochemical water splitting for Hz production. A photocatalytic
H:0: production rate of 4240.3 pM g1 h!, 2.84, 2.64 and 2.13 times higher than that of bulk
g-C3Ny, hierarchical g-CsN4 nanoplatelets and bulk B doped g-CsNy, respectively, 1s observed.
Additionally, photoelectrodes based on our materials can generate an impressive photocurrent
density of 1.72 mA cm™2 at 1.23 'V versus reversible hydrogen electrode (RHE) under AM 1.5
G illumination for PEC water splitting, 2.5, 1.6 and 1.4 folds greater than that of the above
material configurations. The significant change in hydrophilic character brings a fundamental
benefit to the performance of our modified g-CsN4 based material. The strong hydrophilic
character is crucial to guarantee full exploitation of the above-mentioned advanced properties
in aqueous medium, significantly improving the utilization efficiency of our material. Our
photocatalysts demonstrate the best performance both in photocatalytic H.O: production and
in photoelectrochemical water splitting for H, production compared to all the g-C3Ny based
photocatalysts reported in the literature, validating our strategy towards large scale

exploitation of modified g-CsNy as a highly efficient photocatalyst.

2. Experimental

2.1. Materials

All chemicals used in this work were purchased from Aladdin Ltd. and used without further

purification. Distilled water was used in the whole experiment process.

2.2. Preparation of 2-D hierarchical B doped g-C;N4 nanoplatelets
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The typical 4% (molar ratio) B doped g-C:Ns nanoplatelets were prepared by a two-steps
process: one pot thermal polymerization, followed by exfoliation. Firstly, a mixture of
melamine and boron oxide was grinded and calcinated in a crucible at 550 °C for 5 h in air.
After naturally cooling to room temperature, the obtained light-yellow powder (bulk-B-CN-4)
was carefully collected. The obtained powder sample (2 g) was added to 50 mL of the mixed
solution of concentrated HNO3s and H20: (1:1 volume ratio), and was put into an ultrasound
bath for 2 h. After that, the mixture was neutralized by 1 M KOH and centrifuged at 3000 r
min~! with 3 washing cycles with distilled water and ethanol. The precipitates were collected
and dried in air to obtain 2D-B-CN-4. For comparison, the nanoplatelets with various B
doping ratios of 0%, 2%, 6% and 8% were prepared through the same method and were
denoted as 2D-B-CN-0, 2D-B-CN-2, 2D-B-CN-6, and 2D-B-CN-8, respectively. The bulk
g-Cz:Ny sample (bulk-CN) was synthesized by calcinating melamine at 550 °C for 5 h in air. A

summary of all the samples studied in this work 1s given in Table S1.
2.3. Characterizations

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 system with Cu K,
radiation (4 = 0.15405 nm) with a scanning rate and range of 4° min*' and 10-50°,
respectively. Scanning electron microscopy (SEM) observation was catried out using an
JEOL 7500 F field-emission SEM. Transmission electron microscopy (TEM) images of the
samples were analyzed on polymer coated copper grids by using a TECNAI 10 at an
acceleration voltage of 100 kV. Atomic force microscopy (AFM) image of the sample was
studied by a Park XE70 AFM (Park Systems Corp., Korea). Nitrogen adsorption-desorption
isotherms were detected using an ASAP 2420 surface area & porosity analyzer at 77 K. The
specific surface area was calculated by Brunauer-Emmett-Teller (BET) method. The pore size
distribution 1s calculated by the Barrett-Joyner-Halenda (BJH) and non local density
functional theory (NLDFT) analysis methods. X-ray photoelectron spectroscopy (XPS)
characterization was performed in a Thermo Fisher ESCALAB 250 Xi instrument with a
monochromatic Al K, x-ray source. The UV-visible diffused reflectance spectra were
collected by a UV-visible spectrophotometer (Perkin Elmer Lambda 35 UV-visible
spectrometer fitted with a Integrating sphere for analysis in diffuse reflectance mode) in the
wavelength range of 200-700 nm. Photoluminescence properties of the samples were
investigated by a Perkin Elmer LS45 luminescence spectrophotometer at room temperature.
The elemental analysis was performed using Inductively coupled plasma-atomic emission

spectrometry (ICP-AES) (Perkin-Elmer Optima 8000 Spectrometry).
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2.4. Photocatalytic H;O: production experiments

Typically, 20 mg of photocatalyst was dissolved in the mixture of water (19 mL) and
isopropanol (1 mL). The solution was bubbled with O; for 10 min to make the system
saturated with O,. Before the light irradiation, the solution was put in a dark box and
magnetically stirred for 30 min to reach an adsorption-desorption equilibrium. The
photocatalytic reaction was then performed under visible light irradiation (400-800 nm) by
using 6 neon lamps of 20 W at room temperature. Finally, 2 mL of solution was removed at a
given time interval and immediately centrifuged for the separation of photocatalyst for further
test. The production of H,O, was detected by the typical iodometry method.!%?* Briefly, 1 mL
of 0.1 mol L™! ammonium molybdate tetrahydrate ((NH4)sMo7024) aqueous solution and 1
mL of 0.4 mol L™ potassium iodide (KI) aqueous solution were added to 2 mL of filtrate,
which was then kept for 1 min. The H>O:; molecules reacted with iodide anions (I") under
acidic conditions to produce I*~ anions, which exhibits a strong optical absorption at ~350 nm.
The amount of I*~ was analyzed by UV-visible spectroscopy from which the amount of H>O;

was subsequently calculated.
2.5. Photoelectrochemical measurements

The photoelectrochemical measurement was conducted in a typical three-electrode cell by
using computer-controlled electrochemical workstation (CHI 660E).1415 Typically, 10 mg
sample was added into the mixed solution of deionized water (10 pL) and Nafion (50 pL).
After ultrasonic treatment for 10 min, the prepared homogeneous suspension (50 pl) was
uniformly sprayed onto the surface of indium tin oxide (ITO) (1.0 x 1.0 cm) coated glass. The
ITO glass with photocatalyst served as the working electrode, while a the Pt plate and
saturated calomel electrode (SCE) were used as the counter electrode and the reference
electrode, respectively. 0.1 M Na;SO4 solution was used as the electrolyte in this
three-electrode cell system. The wvisible light was provided by a Xenon arc lamp
PLS-SXE-300C with a 420 nm cut-off filter. The photocurrent-time (/-f) curves were
collected at the open-circuit potential (0.1 V). Electrochemical impedance spectroscopy (EIS)
test was carried out in a 0.2 M KClI solution. For the PEC water splitting characterization, the
linear sweep voltammetry with a scanning rate of 50 mV s™! was carried out under AM 1.5G
illumination (100 mW cm™2) by using a simulated sunlight source. The collected potentials
versus SCE electrode were converted to the reversible hydrogen electrode (RHE) according to
the following formula: E (RHE) = 0.242 + 0.059 pH+ E(SCE).!?
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2.6. Photocurrent, charge carriers separation and charge transfer efficiency
Generally, the photocurrent density here can be described by the following equation:?
J(Nast4) = Jmax* Habs ™ Hsep™ ﬂtrans(NaZSO4)~ ( 1 )

Considering that the surface charge transfer is extremely fast in the presence of MV?* so that
the #irans(Na:804+MV) almost reaches 100%, the photocurrent density in this condition can

be calculated using following equation:
J(Na:SO4 +MV) = Jmase™ #abs “Hsep. (2)

As the Jnax, #abs, and 7sep are unchanged for the J(Na,S04) and J(Na,SO4+MV), the #uans can

be calculated by the following equation:
ifmms(Nastﬂ = J(NﬂzSOJ,)/J(NﬁzSOJ, +MV). (3)
2.7. Computational details

DFT calculations were performed using GGA functional with PBE exchange correlation and
Ultrasoft type pseudopotentials with Koelling-Hammon relativistic treatment and Grimme
parameters to account for DET-D (vdW) correction arising from interlayer interactions. Band
structure and DOS calculations were carried out using CASTEP code. Plane wave cut-off was
set at 570 eV. SCF cut-off was set at IE—6 eV. Geometry optimization was carried out using
PBE+D?2 functional using a linear search BFGS algorithm with energy cut-off set at IE-7 eV
with maximum force set at 0.004 eV A™! and maximum displacement set to 0.001 A using
Fixed Basis Quality cell optimization. The concentration of B dopant in 2D-B-CN for all

theoretical calculation is 4.177 atomic % 1n this work.
3. Results and discussion

3.1. Structure, morphology and surface properties

The preparation process of the hydrophilic bi-functional hierarchically assembled g-C;Ny
nanoplatelets 1s illustrated in Scheme S1. This is a one pot solid state reaction to form bulk B
doped g-CsN4 (bulk B-CN) followed by ultrasonic oxidative exfoliation in presence of
HNOs/H20; mixture. Using this process, we prepared a series of hierarchical 2D-B-CN
nanoplatelets with different B doping molar ratios (0, 2, 4, 6 and 8%), giving 2D-B-CN-X (X
=0, 2, 4, 6 and 8, respectively) samples. A bulk g-CsN, (bulk-CN) as a reference sample was
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prepared. In addition, a bulk-B-CN-4 (i.e. with a B doping of 4%) without exfoliation was
also used as a doped reference sample. The detailed preparation information and a summary

of all the studied samples are given in Experimental section and in Table S1, respectively.
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Fig. 1. (a and ¢) SEM and (b and d) TEM images of the as-synthesized 2D-B-CN-4 sample. (¢)
Raman spectra, (f) FT-IR spectra, (g) images of water droplets on the thin films, (h)
high-resolution C 1s spectra, (i) high-resolution N 1s spectra and (j) solid-state *C MAS
NMR spectra of the as-prepared bulk-CN, bulk-B-CN-4, 2D-B-CN-0, and 2D-B-CN-4
samples. (k) The detailed structures of bulk-CN and 2D-B-CN samples.

Both bulk-CN and bulk-B-CN-4 samples present an irregular aggregation of particles
with a particle size distribution between 0.1 to 3 um (Fig. Sla and b). TEM images in Fig.
S1(c and d) shows ~ 8 nm pores (in red circles) on the edges of both bulk samples from the
packing of nanoparticles. The SEM images of 2D-B-CN-4 nanoplatelets as the representative
sample in Fig. 1(a) and inset show that the hierarchical architecture 1s assembled by stacking
of large nanoplatelets. The TEM image of 2D-B-CN-4 displays an individual ultrathin
nanoplatelet structure (Fig. 1b). Fig. 1(c) clearly demonstrates that each large nanoplatelet is
composed of very small nanoplatelets of several tens of nanometers, giving abundant
interparticular porosity. The enlarged TEM image (Fig. 1d) further suggests that a single large
nanoplatelet composed of numerous small nanoplatelets presents the hierarchical porous

structure due to the packing of the small nanoplatelets. The elemental mapping images in Fig.
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S1(e) exhibit very homogeneous distribution of C, N and B in 2D-B-CN-4 sample. The AFM
image and cross-section analysis of 2D-B-CN-4 (Fig. S1f) suggest that the layer thickness of
small nanoplatelets in 2D-B-CN-4 is about 2.5 nm, corresponding to 5 layers of g-C3N4.282?
XRD patterns of the as-prepared bulk-CN, bulk B-CN-4, 2D-B-CN-0 and hierarchically
assembled B doped g-CsN4 nanoplatelet (2D-B-CN-X, X' = 2, 4, 6 and 8) samples are shown in
Fig. S2(a). For bulk-CN, the strong peak at 27.65° of the typical (002) plane belongs to the
inter-layer stacking of aromatic segments, whereas the weak peak at 13.05° can be attributed
to the in-planar structural packing motif.’*!3 Compared with bulk-CN, the peak belonging to
(002) plane of bulk-B-CN-4 and 2D-B-CN-X (X' =0, 2, 4, 6 and 8) samples shows a slight
shift toward higher angles with exfoliation and increasing of B dopants (Fig. S2b), suggesting
a decrease in inter-layer stacking distance of g-C3N4. 231314 As we will propose later, such a

change in the stacking favors photo-induced charge separation and transportation.?%3*

Fig. 1(e) presents the Raman spectra of the as-prepared bulk-CN, bulk-B-CN-4,
2D-B-CN-0 and 2D-B-CN-4 samples. The two peaks at ~1350 and ~1570 cm™ correspond to
the vibration modes of heterocycles and C=N stretching vibration in g-C3Ns, respectively.
2D-B-CN-0 and 2D-B-CN-4 display nearly identical Raman spectra, indicating that the B
doping has negligible impact on its intrinsic triazine ring structure. 2D-B-CN-0 and
2D-B-CN-4 give a blue shift of about 3 cm™ compared with bulk-CN and bulk-B-CN-4,
which is ascribed to the phonon confinement effect of exfoliated nanoplatelets, suggesting
very thin nanoplatelet structure.!? The structures and surface groups of the four samples were
studied by Fourier transform infrared (FT-IR) spectroscopy and is shown in Fig. 1(f). The
characteristic peaks located at around 810 and 900-1800 cm™ for all the samples are
attributed to the typical bands for bending mode of heptazine rings and N-C=N/N-Cs of the
melon unit in the framework, respectively.!>!31° This demonstrates that the B doping just
influences the ordered unit arrangement and interlayer structure but does not modify the
fundamental structure of C;N4. Compared with bulk-CN and bulk-B-CN-4, the intensities of
the N-H peak located at 3000-3300 cm™ for 2D-B-CN-0 and 2D-B-CN-4 are weaker, while
the OH stretching vibrations located at ~3500 cm™! are stronger, indicating more abundant
OH groups on the surface of these two exfoliated 2D g-C;Ns nanoplatelets. We propose that
these additional hydrophilic OH groups originated from H>O molecules in solution during the
ultrasonic oxidative exfoliation process. The presence of large amounts of hydrophilic OH
groups leads to the improved hydrophilic character of g-CsNs, essential for their good

dispersion in aqueous reaction medium, favoring photocatalytic reaction. The adsorption of
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reactant molecules on the surface of photocatalysts is a key step of the photocatalytic reaction.
Thus, the hydrophilic properties of the photocatalyst stemming from these OH groups are
very crucial for the significant improvement of photocatalytic performance.?’ Fig. 1(g) shows
water droplets on the thin films of these four samples. The bulk-CN and bulk-B-CN-4
samples present a very similar and a relatively large contact angle, indicating that B doping
did not affect the hydrophilicity of g-CsN4. The significantly reduced contact angles for the
case of 2D-B-CN-0 and 2D-B-CN-4 indicate highly improved hydrophilic character
compared to the bulk-CN and bulk-B-CN-4 samples. Fig. S3(a) shows the photograph of 5
mL of bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4 aqueous solution at 10 mg mL ™!
concentration kept undisturbed for 3 days, demonstrating the excellent dispersion and stability
of 2D-B-CN-0 and 2D-B-CN-4 compared to the bulk CN and bulk B-CN samples. Images of
water droplets and measured contact angles on the 2D-B-CN-2, 2D-B-CN-6 and 2D-B-CN-8
samples are shown in Fig. S3(b). All the exfoliated samples present a significantly reduced
contact angle, indicating their excellent hydrophilicity. The similar values of contact angle for
all the exfoliated 2D samples (2D-B-CN-X; with X =0, 2, 4, 6 and 8) confirm again that their
hydrophilicity of g-CsNy is originated from the exfoliation process and not from the B doping.
This significantly improved hydrophilicity by oxidative ultrasonic exfoliation process
guarantees full exploitation of the advanced properties of B doped g-C;N4 nanoplatelets in the

aqueous environment.®

Fig. S4(a) shows the XPS spectra of bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and
2D-B-CN-4 samples. Compared with bulk-CN and 2D-B-CN-0, the 2D-B-CN-4 and bulk
B-CN-4 exhibits the peak of B ls, indicating that the B atoms have been successfully
introduced into g-CsNs. For the representative 2D-B-CN-4 sample, the concentration of B
dopant is only 4% according to XPS analysis. To ensure the accurate B doping amount, we
have also conducted the elemental analysis of the optimal 2D-B-CN-4 sample, the B
concentration is about 3.95%, which is quite similar to XPS result and the theoretical value.
Moreover, the higher peak intensity of O 1s for both 2D-B-CN-0 and 2D-B-CN-4 indicate the
presence of more oxygen based species associated with the hydrophilic surface nature of the
exfoliated 2D-B-CN nanoplatelets. The high-resolution C 1s spectra of the as-prepared
samples are shown in Fig. 1(h). All the samples display two distinct peaks at 287.2 and 284.6
eV. The peak at 284.6 eV belongs to the adventitious carbon (C-C), while the former is
attributed to the main carbon species of sp? carbon atoms bonded to nitrogen (N-C=N),16-1?

Compared with bulk-CN, the slightly reduced intensity of the peak at 287.2 eV for
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2D-B-CN-4 and bulk-B-CN-4 implies substitution of carbon atoms by boron atoms. The
high-resolution N 1s spectra of the bulk-CN and 2D-B-CN-0 in Fig. 1(i) and Fig. S4(c) is
composed of four peaks at about 397.9, 398.5, 400.4 and 403.8 eV, and are attributed to sp?
bonded N in triazine rings (C=N-C), the bridging N atoms in N—Cs, terminal N-H and N-O
in the cyano group and heterocycles, respectively.®1! Due to the substitution of C by B atoms,
the new B=N-C bonds at 398.5 eV are formed in the bulk-B-CN-4 and 2D-B-CN-4 spectra
(red arrows in Fig. 11).162* Fig. S4(b) shows the B s spectrum of bulk-B-CN-4 and
2D-B-CN-4. The peak at 192.4 eV is attributed to the binding energy of the N-B=N group for
B doped g-CsN4,2* suggesting that N=B-N bonds are formed between the doped boron atoms
and surrounding N atoms. These observations further indicate that B atoms are successfully
introduced into the g-CsNy framework. Fig. 1(j) presents the solid-state *C NMR spectra of
bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4 samples. All the samples show two
strong peaks at 156.8 and 164.7 ppm, corresponding to the characteristic C(1) atoms of
N=C-N2 and C(2) atoms of N=C-N(NHX) in the heptazine units, respectively.?%** Compared
with bulk-CN and 2D-B-CN-0 samples without B doping, the peak intensity ratio between
C(2) and C(1) for 2D-B-CN-4 and bulk-B-CN-4 with B doping is noticeably reduced (Table
S2), indicating that the C(2) atoms are replaced by B atoms, Based on the XPS and *C NMR
spectra results, we propose the detailed structures (Fig. 1k) of bulk-CN and 2D-B-CN-X (X =
2,4, 6 and 8) samples.

The specific surface area and pore size distributions of all the samples were analyzed by
N adsorption-desorption. As shown in Fig. S5(a), all the samples present a similar shape of
type II isotherm containing mesopores in the samples.**3* The bulk-CN sample shows a very
low specific surface area of 12.2 m? g™! with a narrow pore size distribution centered at 8.2
nm (Table S3). The similar specific surface area and narrow pore size distribution for
bulk-B-CN-4 imply that doping has negligible influence on its micro-structure. The
mesopores for both bulk samples are ascribed to the packing of nanoparticles. All the
exfoliated 2D-B-CN-X (X =0, 2, 4, 6 and 8) samples have much higher specific surface area
(~100 m? g!). This confirms that while the B doping has almost no impact on the surface area
(Table S3), the oxidative ultrasonic exfoliation process improves it by at least 8 times. The
pore size distributions depicted in Fig. S5(b) of all the exfoliated samples are centered at
~11-13 nm, further demonstrating the existence of abundant mesopores in the hierarchically
assembled nanoplatelets owing to our innovative preparation process. Compared with the

bulk-CN and bulk-B-CN-4, the pore size distributions of 2D-B-CN samples are broader. In
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addition to improved hydrophilic character, the higher specific surface area due to the
exfoliation process offers more accessible active sites and hierarchical pore structure, favoring
mass diffusion for enhanced photocatalytic and photoelectrochemical performance in the

aqueous environment.
3.2. Band gap structure and DFT calculation

The light absorption properties of all the samples were investigated via UV-vis diffuse
reflectance spectroscopy (Fig. S6a). The bulk-CN sample exhibits limited visible light
absorption beyond ~465 nm. Compared with bulk-CN, the hierarchical 2D-B-CN-0
nanoplatelets without B doping show a slight red-shift, probably attributed to the surface
group modification after exfoliation and contraction of the valence band edges of g-C:N, [8,
35]. When the B ions are introduced, the 2D-B-CN-X (X = 2, 4, 6 and 8) and bulk B-CN
samples show significantly broadened response in the visible light regions and the absorption
intensities are gradually increased. This demonstrates that the band gap is effectively
narrowed with B doping. According to the Tauc Plots (Fig. S6b),442 the band gap values of
bulk-CN and 2D-B-CN-0 without B doping are 2.63 and 2.58 eV, respectively, indicating that
the exfoliation does not noticeably change the electronic structure. Instead, we observe a
gradual decrease of band gap with increasing the B doping amount. This suggests that the B
doping leads to a reduction of the band gap which can improve the solar light utilization
ability of the material. The specific band gap values of all the samples are shown in Table S3.
The enhanced visible light absorption and tunable band structure for 2D-B-CN-X (X=2,4, 6
and 8) and bulk B-CN samples indicate their potential as an effective wvisible light
photocatalyst. Furthermore, the band edges of the samples were characterized by XPS valence
band (VB) spectra and presented in Fig. 2(a). The VB value of 2D-B-CN-X (X'=2, 4, 6 and 8)
samples gradually increases with increasing level of B doping, indicating that this process
intrinsically changes the electronic structure of g-CsNi. The band gap and band alignments

values of all the as-prepared samples are shown in Fig. 2b.::14

DFT calculations were carried out to establish the electronic structure evolution of
2-C3N; upon B doping. When B dopants were introduced into the unit of g-CsNa, the doping
related midgap states are generated (Fig. 2f) and the bandgap energy of 2D-B-CN-X (X'= 2, 4,
6 and 8) reduces from 2.45 to 1.82 eV (Fig. 2¢ and f), which is in line with the Tauc Plots. For
bulk-CN, the band structure and density of states (DOS) calculations show that both C 2p and
N 2p orbitals contribute to the CB while the VB is mainly composed of N 2p orbitals (Fig. 2d),
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consistent with previous reports [1,10,14,23]. Furthermore, the DOS of 2D-B-CN-X (X' =2, 4,
6 and 8) shows that the CB is mainly dominated by the N 2p, C 2p and small amount of B 2p
orbits, while the VB is composed of the N 2p orbit and small amounts of B 2p and C 2p orbits
(Fig. 2g). The magnified PDOS plot of B doped C3N4 has been provided in Fig. S6(c). The
overlap between the B 2p and C 2p orbitals in the VB and between N 2p and B 2p in the CB
is observable which are responsible for modulating the electronic structure of the
photocatalyst. This reveals that the B doping is much more favorable for reducing the band

gap structures of g-CsN; to increase the light absorption (Fig. 2d and g).!41%23 Fig. 2(e and h)

present the highest occupied molecular orbital (HOMO)
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Fig. 2. (a) XPS valence band spectra and (b) schematic energy level diagrams of the
as-prepared samples. (c) Calculated band structure and (d) corresponding density of state
(DOS) of bulk-CN. (f) calculated band structure and (g) corresponding density of state (DOS)
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of 2D-B-CN, respectively. HOMO and LUMO distributions of bulk-CN (e) and 2D-B-CN (h)

samples.

and lowest unoccupied molecular orbital (LUMO) locations of bulk-CN and 2D-B-CN-X (X' =
2,4, 6 and 8). Compared with the uniformly delocalized HOMO and LUMO of bulk-CN, the
charge density is redistributed with certain electron-rich area in 2D-B-CN-X (X = 2, 4, 6 and 8)
(Fig. 2h). Such localized charge accumulation leads to the change of VB and CB positions,

which generates dopant- related midgap states in carbon nitride, restricting the recombination
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Fig. 3. (a and b) Electron density difference (EDD) plots and (c) work function of bulk-CN;
(d and e) EDD plots and (f) Work function of 2D-B-CN (C, N and B atoms are labelled in

gray, blue and white, respectively).
of charge carriers and favoring photocatalytic activity.!!¢

In the above discussion, DFT calculations were carried out to establish the electronic
structure evolution of g-CsN4 upon B doping. Moreover, Electron density difference (EDD)
plots are implemented to understand the distribution of electron density in the system upon B
doping,**46 which can provide further information to explain how B doping influences the
photocatalytic process. Here, the shift towards red indicates electron density enrichment and
the shift towards blue implies electron density depletion. Compared with EDD plots of
bulk-CN (Fig. 3a and b), it is obvious that an enrichment of electron density has occurred at
the B site of 2D-B-CN-X (X = 2, 4, 6 and 8) due to the high polarization by B in +3 state and
enhanced hybridization with the N atoms (Fig. 3d and e). B doping also leads to a reduction in
the interlayer distance in g-C;N4 as observed by XRD (Fig. S2a and b). This is due to a
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considerable interaction between the B atoms in the top layer and N atoms in the bottom layer
(Fig. 3d, yellow circle), which act as a charge transfer pathway by increased overall
hybridization and thus accelerate the overall photocatalytic process. Work function for
2D-B-CN-X (X =2, 4, 6 and 8) (Fig. 3f) was found to be higher than that of the bulk-CN (Fig.
3c¢). This indicates a higher degree of band bending at the photocatalyst interface, resulting in
increased charge injection to the reactant for 2D-B-CN and accelerating photocatalytic
reaction.’” The EDD and Work function results suggest that B doping leads to the fast
electrons transfer in the layers of g-CsNy and promotes charge injection to the reactants,

which are profitable for the enhanced photocatalytic ability.
3.3. Photocurrent, charge carrier separation and charge transfer efficiency

Transient photocurrent test (i-7 curves) was carried out to confirm the transfer efficiency of
photo-induced carriers in the photocatalysts.4¥52 In Fig. 4(a), stable photocurrent for
prolonged period indicates the outstanding photoresponse and chemical stability of all the
samples. The low photocurrents for 2D-B-CN-0 and bulk-CN without B doping can be
attributed to very limited visible light absorption of g-CsNs. When B atoms are introduced,
the transient photocurrents are significantly enhanced due to the dramatically improved
visible light absorption and the effective charge separation and transfer in 2D-B-CN-X (X = 2,
4, 6 and 8) nanoplatelets.’*4® Although the photocurrent of bulk-B-CN-4 is higher than that of
bulk-CN and 2D-CN-0 owing to the B doping, it is significantly lower than those of the
exfoliated 2D-B-CN-X (X = 2, 4, 6 and 8) samples. We found that 2D-B-CN-4 gives the
highest photocurrent response. PL spectra of the samples in Fig. 4(b) exhibit a peak at ~460
nm, consistent with the intrinsic band gap absorption of g-CsNs. The bulk-CN exhibits the
strongest PL emission, indicating its high photo-induced electron and hole recombination rate.
The reduction in the emission peak intensity for 2D-B-CN-0 nanoplatelets compared with
bulk-CN suggests that the photoinduced carrier recombination is relatively restricted due to
the hierarchical 2D nanoplatelet structure. With increasing B doping amount, the emission
intensity significantly decreases. The weakest PL intensity observed for 2D-B-CN-4 indicates
that it is the best among the studied samples for photoinduced carrier separation. We propose
that the increase in emission intensity for 2D-B-CN-8 is due to excessive B doping and large
number of active sites, which unfortunately favors carrier recombination. The control of B
doping amount is thus essential to achieve an optimized photoinduced carrier separation
efficiency. In addition, the photogenerated charge-carrier lifetimes of the samples were

obtained from the time-resolved PL spectra (Fig. S7). The average emission lifetimes of
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Fig. 4. (a) Transient photocurrent response curves and (b) photoluminescence spectra of the
as-prepared samples. (c) Photocurrent response versus different monochromatic light and (d)
electrochemical impedance spectroscopy (EIS) spectra (Nyquist plots) of bulk-CN,
bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4. Photocurrent density of bulk-CN bulk-B-CN-4,
2D-B-CN-0 and 2D-B-CN-4 under visible light irradiation (e) without and (f) with MVCl.. (g)

The #tcans of the four samples.

bulk-CN, 2D-B-CN-0, bulk-B-CN-4 and 2D-B-CN-4 were 2.8, 3.1, 4.7 and 5.5 ns,
respectively, further suggesting superior charge carrier separation in 2D-B-CN-4 [9,19,30].
The photocurrent response of bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4 under
different monochromatic light was also characterized (Fig. 4c). The 2D-B-CN-4 sample

shows significantly increased current in both visible and UV ranges, suggesting that the B
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doping promotes photocurrent intensity and broadens photo-response ranges of g-CsNi. The
diameters of the Nyquist circle of 2D-B-CN-4 from the EIS measurement tests (Fig. 4d) are
much smaller than that of bulk-CN and bulk-B-CN-4, demonstrating that the resistance of
charge transfer in 2D-B-CN nanoplatelets are significantly reduced, favoring enhanced
photocatalytic efficiency [14,28]. Among the samples, 2D-B-CN-4 exhibits the lowest
resistance, indicating its optimal charge transfer ability. The Nyquist circle diameter of
bulk-B-CN-4 is smaller than that of bulk-CN and 2D-B-CN-0, suggesting the positive effects
of B doping. These results are consistent with the UV-vis diffuse reflectance spectroscopy,

DFT calculations, photocurrents and PL observations.

The photocatalytic rate is determined by the combined effect of optical absorption (#abs),
charge carrier separation (7.,) and surface charge transfer efficiency (#uwans).2* For a
photocatalyst, s is the most important factor. Herein, with methylviologen dichloride
(MVCl,) as a fast electron scavenger, we study the #uans of the as-prepared samples through an
elaborately designed photocurrent response test (See Experimental section). As shown in Fig.
4(e), the 2D-B-CN-4 exhibits a photocurrent density of 6.05 pA in Na>SOs electrolyte, being
5.6, 43 and 2.3 times higher than that of bulk-CN (1.09), 2D-B-CN-0 (1.41) and
bulk-B-CN-4 (2.67), respectively. Fig. 4(f) shows that the photocurrent density promotes to
8.02 pA in the presence of MV?* for 2D-B-CN-4, being 2.0, 2.3 and 1.4 times higher than that
of bulk-CN (4.07 pA), 2D-B-CN-0 (3.48) and bulk-B-CN-4 (5.63). From the above, the 7rans
of 2D-B-CN-4 in Na,SQ;, electrolyte was thus determined to be 75.4% (Fig. 4g). This is 2.81,
1.86 and 1.59 times higher than that of bulk-CN (26.8%), 2D-B-CN-0 (40.5%) and
bulk-B-CN-4 (47.4%). The 2D-B-CN-4 thus possesses a much faster injection efficiency of
photoinduced charge carriers into the photo-reaction system and a much higher photocurrent

density.

It is clear that B doping can significantly improve the visible light absorption, promote
the photogenerated charge carrier separation and charge transfer and injection efficiency of
the photoinduced charge carriers. The highly improved hydrophilic character owing to our
innovative ultrasonic oxidative exfoliation process can guarantee the full exploitation of all
these advanced properties in an aqueous reaction medium. The synergistic effect of B doping
and hydrophilic character, in addition to the increased specific surface area and improved
hierarchical porous systems endow our B doped g-C:Ns nanoplatelets excellent performance

in photocatalytic and photoelectrochemical applications.
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3.4. Photocatalytic H,O; production and PEC water splitting

The photocatalytic production of H,O; by the as-prepared samples was studied in water under
visible light with a saturated O, atmosphere (Fig. 5a).1%2* The bulk-CN sample shows a low
H,0; production rate of 1500 uM g! h™! due to the limited visible light absorption, low
specific surface area and poor dispersion in water. The slightly enhanced H»O» production rate
for 2D-B-CN-0 sample is attributed to the increased specific surface area, the abundant pore
structure and the better dispersion in water. Similarly, the improved photocatalytic H20:
production over 2D-B-CN-4 in comparison to bulk-B-CN-4 can also verify this conclusion.
When B atom was introduced into the lattice of g-C;N4 nanoplatelets, the H.O» production
rate was significantly increased, suggesting the positive role of B doping for photocatalytic
reaction. Although the bulk-B-CN-4 has a H,O: photocatalytic production rate higher than
that of bulk-CN, 2D-B-CN-0, it is still lower than that of 2D-B-CN-4 due to its poor
dispersion in water. Hydrophilicity is thus essential for the improved photocatalytic activity
The H:0: photocatalytic production activity of 2D-B-CN-X (X = 2, 4, 6 and 8) was largely
enhanced, suggesting that all the above-mentioned benefits owing to B doping can be fully
exploited in aqueous environment for photocatalytic process. For the ideal 2D-B-CN-4
sample involving the merits of optimal B doping concentration and hydrophilic character, the
highest H>O, production rate of 4240.3 uM g h™! is achieved on this photocatalyst. This is
2.84, 2.64 and 2.13 times higher than that of bulk-CN, 2D-B-CN-0 and bulk-B-CN-4 samples,
respectively (Fig. 5b), further highlighting the importance of the synergy between B doping
and hydrophilic character for enhanced photocatalytic activity. When B doping ratio is,

however, more than 4%,
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Fig. 5. (a) The photocatalytic generation of H»O: under visible light irradiation (b) H»O:
production rates of the as-prepared photocatalysts. (¢c) The cycle photocatalytic H2O:
production test by 2D-B-CN-4 sample (d) H:0: production rate for 2D-B-CN-4 in

comparison with other CsNs-based photocatalysts.

the H,O, production rate is reduced. This is ascribed to higher photogenerated carrier
recombination (Fig. 4b), indicating again that too high B doping may induce too large number
of active sites, which ultimately favors carrier combination. The modulation of B doping
amount therefore is essential. The cyclic photocatalytic H,O» production experiment over
2D-B-CN-4 shows no change in 10 consecutive cycles for over 50 h (Fig. 5c), indicating its
excellent long term stability and potential for practical applications. H.Oz production rate
normalized vs. mass or surface area for 2D-B-CN-4 in comparison with other CsNs-based

photocatalysts is presented in Fig. 5(d) and Table S4. It is shown that our 2D-B-CN-4
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Fig. 6. (a) Schematic diagram illustrating the working mechanism of 2D-B-CN-4
photoelectrode based PEC water splitting. (b) Energy diagrams for the photoinduced charge
transfer based on the 2D-B-CN-4 photoanode. (c) Current-voltage (I-7) curves of bulk-CN,
bulk-B-CN-4 and 2D-B-CN-4 photoelectrodes under chopped AM 1.5G light in 0.1 M
Na>S0Osq solution. (d) The photocurrent densities of all the prepared sample at 1.23 V versus
RHE under AM 1.5G illumination. (e) Time-dependence photocurrent density of 2D-B-CN-4
film. (f) Comparisons of PEC water splitting performance between 2D-B-CN-4 and other
C3Ns-based photoanodes.

photocatalyst gives the best H,O: production performance (normalized vs. mass) compared to
all the g-C3N, based photocatalysts reported in the literature, underscoring its great potential

for practical industrial photocatalytic H>O» production.

The PEC process has been extensively investigated in renewable energy and

environmental fields [8,21,41,49]. Fig. 6(a) depicts the working mechanism of 2D-B-CN-4
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based photoelectrode for PEC water splitting. The photogenerated electrons are transferred to
a Pt counter electrode for water reduction. Fig. 6(b) shows the energy diagram for the
photoinduced charge transfer based on the 2D-B-CN-4 photoanode where O, can be
generated on photoanode due to the oxidation of H.O. The unique nanostructure, adjusted
electronic band structure and hydrophilic character of 2D-B-CN-4 not only enhances the
accessible surface area, but also effectively accelerates the hole transfer to the
semiconductor-electrolyte interface, leading to better water oxidation kinetics. The PEC water
splitting performances of bulk-CN and 2D-B-CN-4 were studied by the linear sweep
current-voltage (LSV) method under alternating ON and OFF conditions for AM 1.5G
illumination. This 1s widely used to study the photocurrent response ability of materials. As
shown in Fig. 6(c), the photocurrents of bulk-CN and 2D-B-CN-4 films all swiftly rise when
the light is ON and drop when the light is OFF over a potential range between -0.1 and 1.5 V
vs. RHE. The 2D-B-CN-4 film exhibits a negligible current intensity under dark, indicating
that the photocurrent is generated under visible light irradiation only. The photocurrent of the
2D-B-CN-4 is promoted in the present potential range, demonstrating that the 2D-B-CN-4 is

an n-type semiconductor [8].

The photocurrent density of all the prepared samples at 1.23 V versus RHE under AM
1.5G illumination are presented in Fig. 6(d). The photocurrent density of bulk-CN is about
0.75 mA cm2 while 2D-B-CN-4 film shows a significantly increased photocurrent density of
1.72 mA cm™2. This is 2.3, 1.6 and 1.4 folds greater than that of bulk-CN, 2D-B-CN-0 and
bulk-B-CN-4 photoanodes, respectively. The comparatively small currents of bulk-CN film
are attributed to its slow electron transfer ability, limited visible light absorption and
specifically poor dispersion in water.3>* Notably, the 2D-B-CN-4 exhibits relatively low

currents at the initial low bias voltage range (0-0.8 V vs. RHE), which dramatically increases

at higher anodic potentials (>0.8 V vs. RHE). This reveals that sufficient potentials (~0.8 V vs.

RHE) are conducive to accelerating the charge transfer on the 2D-B-CN-4 surface and that
strong charge recombination still takes place at <0.8 V vs. RHE. Fig. 6(e) presents the
stability of the 2D-B-CN-4 catalyst in the PEC process. It shows that the photocurrent density
of 2D-B-CN-4 has no obvious change until 800 s and remained at an ideal value of 1.63 mA
cm™2, indicating an excellent stability of the photoelectrodes. From above results that it is
clearly seen that these hierarchically assembled 2D nanoplatelets show higher current
densities than that of bulk-CN, implying that B doping and improved hydrophilic character

have significantly positive influence on its PEC performance. The PEC activity follows the
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same order as photocatalytic H>O, production rate. Among these B doped g-CsN.
nanoplatelets, 2D-B-CN-4 exhibits the best PEC activity due to its highest photogenerated
electron-hole separation. Compared with the previously reported CsNs-based photoanodes in
the literature, all the B doped 2D-B-CN samples show better PEC activity and our
2D-B-CN-4 photoanode presents the best performance (Fig. 6f, Table S5), indicating that
2D-B-CN-4 is an excellent candidate for large scale PEC water splitting.

A mechanism for the enhanced photocatalytic performance of 2D-B-CN photocatalysts is
proposed (Scheme S2). This present work clearly shows that without excellent hydrophilic
character, the advanced properties such as high surface area, hierarchical porous assembly,
reduced band gap and improved charge separation efficiency of B doped C;Ni can not be
fully exploited. The synergistic effects of B doping and hydrophilic character created by the
oxidative exfoliation give rise to the best photocatalytic and PEC performance of 2D-B-CN-4
photocatalyst.

4. Conclusions

An imnovative and facile method to synthesize hydrophilic bi-functional hierarchically
assembled 2D B-doped g-CsN: nanoplatelets was developed. Photocatalytic tests reveal that
the 2D-B-CN-4 sample shows an excellent H>O, photocatalytic production rate of 4240.3 uM
g'h™!, 2.84, 2.64 and 2.13 times higher than that of the pristine bulk g-CsN4, 2D-B-CN-0 and
bulk-B-CN-4, respectively. The B doped nanoplatelets by oxidative exfoliation process
generate a significant photocurrent density of 1.72 mA cm™ at 1.23 V versus RHE under AM
1.5 G illumination for PEC water splitting, being about 2.5, 1.6 and 1.4 folds greater than that
of pristine bulk-CN, 2D-B-CN-0 and bulk-B-CN-4 photoanodes, respectively. The
unprecedented photocatalytic and PEC performance of hierarchically assembled 2D B-doped
g-C3N4 nanoplatelets is attributed to the synergistic effects of B doping and hydrophilic
character, leading to their excellent dispersion in water, effective photoinduced charge
transfer, enhanced visible-light absorption, large surface area, easy mass transportation and
appropriate positions of CB and VB. The 2D-B-CN-4 photocatalyst presented here gives the
best performance in photocatalytic H»O; production and in photoelectrochemical water
splitting for Hz production compared to all the g-CsN4 based photocatalysts reported in the
literature. Our results provide a new technology to create a stable, metal-free g-C:Ny4 based
photocatalyst for highly improved, large-scale photosynthetic production of H»O; and

photoelectrocatalyst for green hydrogen production by water splitting.
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Outstanding performance in photocatalytic H,O, production and PEC water splitting were

achieved on the as-prepared two dimensional hydrophilic bi-functional B-doped g-CsNy
photocatalyst.
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Scheme S1. Schematic synthesis process of the hydrophilic hierarchical B doped g-CsNs
nanoplatelets.

58

64 sur 157 18-11-22, 10:07



Firefox

65 sur 157

=

(wssauwaL
~

a

i o

Fig. S1. SEM images of the as-synthesized bulk-CN (a) and bulk-B-CN-4 (b). TEM images of
the as-synthesized bulk-CN (c) and bulk-B-CN-4 (d). (e) The elements mapping patterns of
2D-B-CN-4 nanoplatelets. (f) AFM image and cross-section analysis of 2D-B-CN-4
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Fig. 82. (a) X-ray diffraction patterns of the as-synthesized samples and (b) the enlarged area

of XRD patterns from 25 to 30°.
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Fig. 83. (a) Photograph for the aqueous dispersion of as-prepared samples left undisturbed for
3 days. (b) Images of water droplets on the 2D-B-CN-2, 2D-B-CN-6 and 2D-B-CN-8 thin

films.
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Fig. S4. (a) XPS spectra of bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4 samples. (b)

High-resolution B 1s spectra of bulk-B-CN-4 and 2D-B-CN-4. (¢) The enlarged picture of Fig.

11.
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Fig. §7. Time-resolved PL spectra of bulk-CN, bulk-B-CN-4, 2D-B-CN-0 and 2D-B-CN-4
samples (Aex = 405 nm).

The time-resolved PL decay curves were fitted with the following eq 1:[9,19,30]
fit= A+ Blexp[ —t/tl] + B2exp[ — t/12] (1)

where A, B1, and B2 are constants obtained after fitting the corresponding PL decay curve.
From this equation, a fast (t1) and a slow (12) decay component was obtained. These data
were then fed into eq 2 to calculate the intensity average lifetime (1) for overall comparison of

the lifetimes??.

t = [Blt12 + B2122)/[Bltl + B2t1] (2)

Potential(V vs. RHE)
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Scheme S2. The mechanism of the enhanced photocatalytic performance for 2D-B-CN-4
photocatalyst under visible light irradiation.

Mechanism for improved photocatalytic and PEC performances

We propose a plausible mechanism for the enhanced photocatalytic performance of
2D-B-CN-4 photocatalyst. As shown in Scheme S2, given the synergistic effects of boron
doping and hydrophilic surface properties, the remarkable enhancement in photocatalytic
H;O» production activity and PEC water splitting performance of 2D-B-CN-4 can be
interpreted as follows: (1) The hydrophilic surface of nanoplatelets favors the complete
contact of photocatalyst with water and its full dispersion in aqueous solution promotes water
adsorption and proton reduction reaction for PEC water splitting process; (2) hierarchical
assembly, the very high surface area and abundant pores made by ultrathin nanoplatelets can
provide more exposed active catalytic sites for surface reactions and facilitate mass
transportation, respectively, accelerating the reaction rate; (3) tunable band structure of
g-CsNy induced by B doping allows extension of its visible light absorption range and
provides the sufficient driving force for photoredox reaction; (4) ultrathin nanoplatelets can
reduce the charge migration route, leading to fast photoinduced carrier separation. The
synergistic effects give rise to the best photocatalytic and PEC performance of 2D-B-CN-4
photocatalyst.

Table S1. Description of studied samples

Sample Preparation 1 %
Sample name Abbreviation p P (molar
Type method .
ratio)
Bulky g-C3N4 bulk-CN reference solid state reaction 0
Bulky B doped . .
s i bulk-B-CN-4 reference solid state reaction 4
g—C3N4
Hierarchically solid state reaction
assembled g-CsNy 2D-B-CN-0 reference 0
nanoplate]_ets + eXfOliatiOﬂ
solid state reaction
Hierarchically ID-B-CN-2 targeted 2
assembled B doped sample + exfoliation
B targeted
nanoplatelets 2D-B-CN-4 AP solid state reaction 4
sample
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+ exfoliation

solid state reaction

Sl targeti:d 6
sample + exfoliation
solid state reaction
R — targeted 8
sample + exfoliation

Table S2. The peaks intensity ratio between C(2) and C(1) for the as-prepared samples.

Sample Peak C (1) Peak C (2) cC@/CcQ)

bulk-CN 190.7 162.2 0.85
bulk-B-CN-4 187.8 154.3 0.82
2D-B-CN-0 192.3 163.3 0.85

2D-B-CN-4 188.9 153.1 0.81

Table 83. The BET surface area, average pore diameter, pore volume of and band gap of the

prepared photocatalysts.

Samples Sperm?g! Pore sizenm Pore volume cm? g™! Band gap/eV

bulk-CN 12.2 8.2 0.073 2.63
bulk-B-CN- 13.3 7.5 0.086 2.42
ZD-B:CN-O 105.7 11.3 0.463 2.58
2D-B-CN-2 104.3 11.7 0.451 2.50
2D-B-CN-4 103.6 12.1 0.447 235
2D-B-CN-6 99.5 12.8 0.435 2.25
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2D-B-CN-8 98.8 11.5

0.432

2.02

Table S4. H»O, production rate for 2D-B-CN-4 in comparison with other Cs;Nj-based

photocatalysts.
HzOz HIOZ
Ref
Photocatalysts Conditions production( vs production(vs
mass) surface area)
Thi
Isopropanol+water,
]
2D-B-CN-4 0,20 mg, 2>400 42403 uM g'h™  40.9 uM m~2h™!
wor
nm, 120 W
k
2-C3Ny/MTI Water, O, A>420nm = 229 uM g th™ N/A S1
CsN l R Q120 SRR Il 022uMm?h?! S2
- aerogels : h 22 uM m
SRR nm, 300 W LS ;
g-C3N4/PDI-BN-  water, O2, A>420 nm,
30.8 uM g h! N/A S3
GO 2000 W
g-C3Ny/BDI Water, O, A>420 nm 342 uM g th! N/A S4
C-N-g-C3Ny Water, O, A>420nm ~ 50.5 uM g 1h! 0.65 uM m=2h! S5
Alcohol+water, O»,
g-CsN, A>420 nm, 2000 62.5 uM g1 h! N/A S6
W
Cv-g-C3Ny Oz, 2=420nm 300W 90 uM pM g 1h! 9.6 uM m2h! S7
g-C3Ny with hole 2-propanol+water,
96.8 UM gt h! 232 uM m—2h! S8
defects 2>420 nm
Pure water, O,
3DOM g-CsNy 130 uM gth! 1.7] uyM m2h™! S9

A=320nm 300W
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Covalent triazine

frameworks

Mesoporous
g-C3N4

CdS-graphene

g-C3Ny-Carbon

g-C3N4-CNTS

Au/ g-C3N4

K, P, O-doped
g—C3N4

KH>PO4/ g-C3N4

g-CsN4/PDI51

Ag@U-g-CsNy-
NS

CdSs-GO

OCN-500
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Pure water, Oa,
2=>420 nm, 44.5 mW

cm 2

Ethanol+water, O, A
=420-500nm 26.9 W

Methanol+water, Oa,

50 mg, AM1.5G

Isopropanol+water,

Oz, 50 mg, UV-vis

Formic acid+water,
0, 100 mg,
A>400nm, 300 W

Ethanol+water, O,
30 mg, A>420nm,
300 W

Ethanol+ water,

2>420nm

Ethanol+water, O,
50 mg, A>420nm,
300 W

Pure water, Oa, 50

HCIO-+water, 100
mg 300W Xe lamp

Methanol+water, Oa,
0.5 g/L, L. =635 nm,
23 mW/cm?

Isopropanol+water,
02, 50 mg, A>420

166.7 uM g *h!

200 uM g h!

2133 uM gtht

317.75 uM gt h!

326 uM g th!

330 uM gtht!

4857 uM g th™

500 uM g 'h!

700 uM g 1h!

750 uM gt h!

950 uM g1 h!

1200 pM g1 h!

66

4.89 uM m2h!

0.88 uM m2h!

N/A

N/A

537 uM m2h!

N/A

N/A

N/A

142 yM m2h!

N/A

N/A

38.8 uyM m2h!

S10

S11

S12

S13

S14

S15

S16

S17

S18

S19

S20

S21
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2-C3Ny/PI

K+/Na+-doped
g-C3N4

g-CsNy/PDITGO
0.05

Cu-doped
2-CiNy

g-CsNy with N

vacancies

phosphate-modif
1ed
g-C5Ny

Reduced g-C3Ny4

Br-H-g-C3N4

Cl.lz(OH)zCOg/g—
CiNy

Ti;Ca/pores
g-C3N4

CoP/ g—C3N4

nm, 100w

Water, 02, 300 W
7>420 nm, 0.560
W/em?

Water, O,, 2>400
nm, 250 W

2-propanol+water,
02, 50 mg, 420-500
nm, 43.3 W

Water, Oz, 3>400
nm, 250 W

Ethanol+water, O,

A>400 nm, 250 W

EDTA+water, Oa,
A>400 nm, 250 W

Pure water, O, 400
mg, 2>420nm, 300
w

EDTA+water, Oy,
A>400 nm

Water, O,, 2>400
nm, 300 W

Isopropanol+water,
03, 100 mg,
A=420nm, 300 W

Ethanol+water, O,,
20 mg, A>400nm

1240 yM g th!

1277.8 uM g1 bt

13333 uM g ' h!

13403 uM g1 b

1444.4 uM g ' b

1500 uM g ht

1700 uM g~ h™!

1990 M g h!

2472 yM gt h!

3170 uM g h!

3500 yM gt h!

N/A

N/A

N/A

14.6 uyM m2h!

136.3 uyM m2h!

141.5yM m2h!

N/A

822 M m2h!

199.4 uyM m2h!

53.4 uM m—2h!

N/A

822

523

S24

825

526

S27

S28

S29

S30

S30

832
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Chapter 3

3D hierarchical porous carbon nitride for photocatalytic H,O, generation

In this chapter, we report the visible-light H2O, artificial photosynthesis by digging
pro-superoxide radical carbon vacancies in three-dimensional hierarchical porous g-Cs;Ny
through a simple hydrolysis-freeze-drying-thermal treatment (HFDT). Owing to the synergy
of the optimized structure and electronic characters, the efficient photocatalytic H;O:
formation is achieved. Specifically, my contribution for the work is that developing an
innovative HFDT strategy to fabricate 3D porous structure with surface atom defects,
finishing the materials characterization (XRD, NMR, FT-IR, SEM, TEM, PEC and UV-vis et
al.) and the discussion of the experimental results. Moreover, the major achievement for the
work is the new HFDT strategy, which is expected to prepare other 3D deficient photocatalyst

with high performance.

(This work has been published on Cell Reports Physical Science 2022, 3, 100874 by Yang
Ding et al.)
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Artificial photosynthesis of H>O,, an environmentally friendly oxidant and a clean fuel, holds
great promises. However, improving its efficiency and stability for industrial implementation
remains highly challenging. Here, we report the unprecedented visible light H>O, artificial
photosynthesis with extraordinary stability by digging pro-superoxide radical carbon
vacancies in three-dimensional hierarchical porous g-CsNs through a simple
hydrolysis-freeze-drying-thermal treatment. A significant electronic structure change is
revealed upon the implantation of carbon vacancies, broadening visible light absorption and
facilitating the photogenerated charge separation. The strong electron affinity of the carbon
vacancies promotes superoxide radical (*O;7) formation, significantly boosting the H;O:
photocatalytic production. The developed photocatalyst shows an unprecedented H,O:
evolution rate of 6287.5 uM g! h'! under visible light irradiation with an outstanding long
cycling stability, being the best-performing photocatalyst among all reported g-CsNy based
systems. Our work provides fundamental insight on highly active and stable photocatalysts

with great potential for safe industrial H>O» production.

KEYWORDS
H;O; production, hierarchical porous carbon nitride, freeze-drying, carbon vacancies,

artificial photosynthesis

1. Introduction

As an important chemical reagent, H»O: is widely used for chemical synthesis and
environmental remediation. Moreover, H20; is also considered as a potential clean energy
alternative to substitute conventional hydrogen energy due to its comparable energy density.1
Various strategies including electrochemical synthesis, alcohol oxidation and anthraquinone
oxidation (AO) process have been developed so far to prepare H.0,.'® The most used
commercial route is the AO process.? However, the high cost, tedious operation, and virulent
by-products emission of the AO process leads to important efforts in finding efficient, safe
and environmentally friendly alternatives for large scale production of H>0,. The
electrocatalytic oxygen reduction reaction (ORR) is recognized as a strong candidate,
however the vast energy consumption and high risk of explosion due to the mixture of Hz and

O hinder its industrial implementation.?

Artificial photosynthesis has been regarded as one of the most promising technologies to
overcome the energy and environmental challenges.!!5 It has been reported that upon solar

light irradiation, the photocatalysts can generate photoinduced electrons able to reduce the
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molecular oxygen, and leading to the formation of hydrogen peroxide.® Compared with the
electrochemical synthesis and the AO process, the artificial photosynthesis of H,O» exhibits
multiple advantages such as low energy consumption and a considerably reduced
environmental impact.'1% Yamashita’s group reported hydrophobic MOFs to promote the
H>0: production in a two phase benzyl alcohol/water system,'* whereas Xu et al. proposed a
new two-electron water oxidation pathway using acethylene and diacethylene functional
covalent triazine frameworks.! Graphitic carbon nitride (g-C3N4) has attracted increasing
attention in solar energy conversion and shows very promising performances for
photocatalytic HyO» production.!®?3 Choi’s group reported a heteroatom doping of polymeric
carbon nitride for H2O; production enhancement,” whereas holey nitrogen defective g-CsNs
with abundant exposed active sites presented a higher H,O» production activity as compared
to bulk g-C3N4.2* Oxygen-enriched g-CsN4,'° g-CsNy/aromatic diimide/graphene nanohybrids?
and leaf-vein-like g-CsN4s*7 have been also found to improve the efficiency of the H.O;
production by promoting the photoinduced charge carrier separation. A significant
enhancement in photocatalytic H2O; output using atomic Sb particles loaded g-C3N4 was
achieved by promoting two-electron oxygen reduction.?® Additionally, g-CsN4 based photonic
crystals have also shown to accelerate the photocatalytic H>O; production by enhancing
visible light absorption.! However, the efficiency of these H,O, photosynthesis processes and
stability of the photocatalysts are still far away from industrial requirements, severely
impeding their practical applications and its improvement remains a great scientific and

practical challenge.’

Here we report the implantation of carbon vacancies in 3D hierarchical porous carbon
nitride scaffolds through an innovative hydrolysis-freeze drying-thermal treatment (HFDT)
method. The introduction of well-modulated carbon vacancies in the 3D hierarchical porous
carbon nitride scaffold leads to an unprecedentedly high H,O- evolution rate of 6287.5 uM g*!
h! under visible light irradiation. This is the highest value attained so far when compared to
literature reports, and 4.2 and 1.6 times higher than that of the bulk g-Cs:N4 and g-CsN.
nanosheets, respectively. The cycling study of our photocatalysts with a very long cycle of 10
hours shows an outstanding stability up to 100 hours, the best stability and the longest cycle
duration compared to the state-of-the-art reports. Fukui Function (FF) and electrostatic
potential plots reveal the essential role of carbon vacancies as reaction active sites, with a
strong electron affinity and O, radicals generating ability, all being favorable for the

enhanced photocatalytic H2O» generation. The significantly improved photosynthetic H20:
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production activity is thus attributed to the generation of a mid-gap electronic level upon the
introduction of carbon vacancies, which extends the absorption in the visible-light range,
facilitates the photo-induced charge separation,?>?” and promotes the *O, radicals formation.
Moreover, the highly exposed surface of the 3D hierarchical porous structure offers abundant
reactive sites and developed porous channels for the fast mass transfer of the reactants and
products.?®35 This innovative freeze-drying process inducing carbon vacancies can be
extended for the preparation of highly active carbon defective materials for other
photocatalytic applications. Our carbon deficient hierarchical porous g-CsN4 consolidates its
potential as an highly efficient photocatalyst for the large scale and safe industrial production

of HzOg.

2. Experimental

2.1 Chemicals

Potassium 1odide, potassium chloride, sodium sulfate and Nafion were purchased from
Merck and melamine from Aladdin Ltd and used without further purification. Distilled water

was used in the whole experiment process.
2.2 Synthesis of 3D-CN-C, bulk g-C3N4 and C3;N4 nanosheets

For the synthesis of an innovative carbon deficient 3D porous g-CsNi a novel
hydration-freeze drying-thermal treatment (HFDT) of melamine was developed. In a typical
synthesis, 2g of melamine was dissolved in 50 mL of deionized water with stirring for 2 h at
70°C. The obtained solution was filtered to remove the solid residues and the filtrate was
naturally let to cool down at room temperature. A white flocculent solid of hydrated melamine
was obtained. The liquid nitrogen was used to freeze-dry the flocculent solid. Finally, the
freeze-dried product was heated at 520 °C for 4 h in an Ar atmosphere to obtain 3D-CN-C1
sample; whereas 3D-CN-C2 sample was prepared by calcinating the freeze-dried precursor at
550 °C for 4 h in an Ar atmosphere. The schematic preparation process of the 3D-CN-C
sample is illustrated in Scheme 1. Bulk g-CsNy (B-CN) was synthesized by direct calcination
of melamine powder in a muffle furnace at 550°C for 4h. CsN4 nanosheets (NS-CN) were

prepared according to the literature.®

2.3 Characterizations
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X-ray diffraction (XRD) patterns were obtained on a Bruker D8 system with Cu Ka
radiation (A = 0.15405 nm) with a scanning rate of 4°/min and range within 10-50°. The *C
and 'H solid-state MAS NMR measurements were conducted on a Bruker Avance 500 MHz
(7 T) spectrometer using 4 mm zirconia rotors as sample holders with a spinning rate of 10
kHz. Elemental analysis (C, H, N) was performed on a Vario EL microanalyzer. Scanning
electron microscopy (SEM) observation was carried out using JEOL 7500 F field-emission
SEM. Transmission electron microscopy (TEM) images were acquired on polymer coated
copper grids by using a TECNAI 10 apparatus. Atomic force microscopy (AFM) imaging was
performed on a Park XE70 AFM (Park Systems Corp., Korea). Nitrogen
adsorption-desorption isotherms were recorded using an ASAP 2420 surface area & porosity
analyzer at 77 K. The specific surface area was calculated by the Brunauer-Emmett-Teller
(BET) method. The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH)
method and non-local density functional theory (NLDFT) analysis method. X-ray
photoelectron spectroscopy (XPS) analysis was performed on a Thermo Fisher ESCALAB
250 Xi instrument with a monochromatic Al Ko x-ray source (1486.6 eV). The EPR spectra
on dry powders were recorded on a Varian E-line spectrometer with a standard rectangular
cavity (TE102 mode), a HP 5342A microwave frequency counter, and a Bruker NMR ER 035
M Gaussmeter, using diphenyl picrylhydrazyl (DPPH; g = 2.0036) for field calibration. The
static magnetic field was modulated at 10kHz with an amplitude of 1.6 Gauss. To avoid
saturation, spectra had to be recorded at low microwave power (60 wW). The electron spin
resonance (ESR) signals of free radicals were examined by using 3,5-dimethyl-L-pyrroline
N-oxide (DMPO) as a probe on a Bruker ER200-SRC spectrometer under visible light
irradiation. The UV-vis absorption spectra were collected by a UV-vis spectrophotometer
(Perkin Elmer Lambda 35 UV-visible spectrometer) in the wavelength range of 200-800 nm.
Photoluminescence properties of the samples were investigated by Perkin Elmer LS45

luminescence spectrophotometer.
2.4 Photocatalytic H»O; production experiments.

In a typical process, 20 mg of catalyst was dispersed in a mixture of water (19 mL) and
isopropanol (1 mL). The solution was bubbled with O; for 10 min to saturation. Before the
light irradiation, the solution was put in a dark box and magnetically stirred for 30min to
reach an adsorption-desorption equilibrium. Afterward, the photocatalytic reaction was
carried out under visible light irradiation (400-800 nm) by using 6 neon lamps of 20 W at

room temperature for 2h. Finally, 2 mL of solution was taken from the beaker and
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immediately centrifuged for the separation of photocatalyst for analyses. For the comparative
experiments, the solution was bubbled with Ar instead of O; for 10 min before measurement.
The amount of H,O:» was analyzed by conventional iodometry method as reported in
literature.16 In brief, 1 mL of 0.1 mol-L! ammonium molybdate tetrahydrate aqueous solution
and 1 mL of 0.4 mol'L! potassium iodide (KI) aqueous solution were added to the obtained 2
mL of filtrate, which was then kept for 1 min. The H2O2 molecules reacted with iodide anions
(I') under acidic conditions to produce I3~ anions, which possess a strong absorption at around
350 nm. The amount of I~ was analyzed by the UV-visible spectroscopy test and the amount
of H»O; was consequently calculated. The photocatalytic H>O; generation under various
monochromatic light illumination were conducted by setting the input of specific wavelength
on the computer-controlled electrochemical workstation (CHI 660E) with a xenon arc

lamp 3433
2.5 Photoelectrochemical measurements

The photoelectrochemical measurements were conducted in a typical three-electrode cell
by using computer-controlled electrochemical workstation (CHI 660E).343% Typically, 20 mg
of catalyst sample was added into a mixed solution of deionized water (100 puL) and Nafion
(50 uL). After ultrasonic treatment for 10 min, the prepared homogeneous suspension (50 uL)
was uniformly sprayed onto the surface of indium tin oxide (ITO) (1.0x1.0 cm). The ITO
glass with photocatalyst served as the working electrode, whereas a Pt plate and a saturated
calomel electrode (SCE) were used as the counter and the reference electrode, respectively.
0.1 M Na;SOs solution was used as the electrolyte, and the visible light was supplied by a
xenon arc lamp PLS-SXE-300C with a 420 nm cut-off filter. The photocurrent-time (I-t)
curves were collected at the open-circuit potential. Electrochemical impedance spectroscopy
(EIS) test was carried out in a 0.2 M KCI solution. The collected potentials versus SCE
electrode were converted to the reversible hydrogen electrode (RHE) according to the
following formula: E (RHE) = 0.242 + 0.059 pH+ E(SCE).*

2.6 Computational details

DFT calculations have been performed using GGA functional with PBE exchange
correlation and Ultrasoft type pseudopotentials with Koelling-Hammon relativistic treatment
and Gimme parameters to account for DFT-D (vdW) correction. Band structure and DOS
calculations were carried out using CASTEP code using a (2x2x2) supercell (Supplementary

Fig. S16). A Mokhorst Pack Scheme (5 x 5 x 1) K point mesh was taken. Plane wave cut-off
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was set at 570 eV. SCF cutoff was set at 1E-6 eV. Geometry optimization was carried out
prior to DFT calculations with energy cut-off set at 1E-7 eV with maximum force set at 0.01
eV /A. HOMO, LUMO, EDD and Fukui Function calculations were performed using Dmol3
code using a H-terminated nonperiodic C3;Ny superstructure using B3LYP functional with
DND basis set and basis file 3.5. SCF tolerance was set at 1E eV and geometry optimization
was carried out prior to calculations with energy cut-off set at 1E7 eV with maximum force
set at 0.004 eV /A. Adsorption calculations were carried out using Monte Carlo simulations
with Edwald electrostatic attractions using Metropolis method and Atom Based vdW
interactions with COMPASS 1I forcefield in SORPTION Code.

3. Results and Discussion
3.1 Structure, morphology and texture properties

'-) e
Hydrolyss Freez;e arymg : /' "b Calmna!lnn %@ ,{‘
uqumu e ' i Argcn gi
Me amine HiO ™ i N

3D-CN-CX(X=1,2)
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L .! ke R ] Carbon
A vacancies

Freeze drying < ¥ 7 a
—_— \ o 4

N 5 e H "
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Figure 1. Schematic preparation process and morphology characterization
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(a, b) Schematic preparation process of the 3D hierarchical porous carbon-deficient C3Ny
architecture (3D-CN-C), as compared to (c) bulk CsN4 (B-CN) synthesis route. (d, e) SEM
images and (f) HAADF-TEM image of the 3D-CN-C1 sample, (g) iDPC-STEM image
showing a stacked corrugated graphene-like structure, (h) magnified iDPC image showing an
interplanar separation similar to the (002) spacing of the layers in the CiNs graphene-like

structure (P-6m2). AFM image (i) and cross-section analysis (j) of the 3D-CN-C1 sample.

Figures 1a and 1b depict the fabrication process of the carbon-deficient 3D hierarchical
porous C:Ni scaffold through an innovative hydrolysis-freeze drying-thermal treatment
(HEDT) of melamine. Compared with the traditional preparation route (Figure lc), the
innovative HFDT method can simultaneously induce carbon vacancies and create a 3D
hierarchical porous structure. For the synthesis, first the melamine powder (Figure Sla) was
dissolved in water at 70°C, leading to the formation of cyanuric acid upon hydrolysis.
Subsequently, cyanuric acid-melamine supramolecular networks are generated through the
hydrogen bonding interactions between melamine and cyanuric acid (Figure 1b). The
resultant white supramolecular polymer precipitate (Figure S1b) was freeze-dried in liquid
nitrogen to obtain a fluffy flaky material (Figure S1c) and then calcined. A three-dimensional
hierarchical architecture made of assembled porous g-Cs;N; nanoplatelets with abundant
carbon vacancies is obtained (Figure la and b). The elimination of residual water molecules
attached on the freeze-dried precursor generates carbon vacancies and mesoporosity into the
framework of the g-CsN: nanoplatelets upon calcination. Two carbon-deficient 3D
hierarchical porous g-C:;Njs samples (3D-CN-CX, wherein X=1, 2 assigns the calcination
temperature, of 520°C and 550°C, respectively) were prepared. Bulk g-CsNy (B-CN) was
prepared as reference sample by direct calcination of melamine under air atmosphere (Figure

lc, refer to supporting information file for more details).

SEM analysis of the 3D-CN-C1 sample reveals a 3D porous framework which is
hierarchically assembled from ultrathin g-CsN4 nanoplatelets (Figure 1d). The nanoplatelets
exhibit a curly shape with characteristic sizes below 1 pm and abundant mesopores in the
5-20 nm range (Figure le). The 3D-CN-C2 sample presents a similar structure (Figure S1d).
In contrast, bulk g-CsNi (B-CN) is made of irregular agglomerates of 0.2-2 um in size
(Figure Sle, and S1f). The g-C3;N4s nanosheets (NS-CN) prepared as a reference®® show a
smooth surface, and an average particle size of 1-3 pum (Figures Slg and Slh). The
HAADF-TEM images of 3D-CN-C1 (Figures 1f and S2) confirm the porous nature of the

nanoplatelets as observed by SEM. Such 3D hierarchical porous structure is expected to
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provide more surface reactive sites and facile mass transfer for the surface reaction.?®3134
Integrated differential phase contrast (iDPC-STEM) enables to obtain images using a very
low electron dose (below 600 e/A? in this case), ideal for imaging beam sensitive materials
such as ultrathin CsNs nanoplatelets at high resolution.? iDPC-STEM images (Figures 1g
and 1h) evidence the layered and corrugated structure of carbon defective CsN4 nanoplatelets,
with a measured d-spacing of 0.325 nm, alike the (002) interplanar distance in pure phase
C:3N4. The atomic force microscopy (AFM) image (Figure 1i) indicates a nanoplatelet
thickness of about 1.8 nm (Figure 1j), corresponding to about 4 g-CsNjy layers.?? The XRD
patterns of the as-prepared samples are shown in Figure S3a. All materials display the
characteristic diffraction peaks of g-C;Ny. For bulk g-CsN4 (B-CN), the weak peak at 13.05°
and the strong intense peak at 27.62° are attributed to the (100) in-plane structural packing
motif and (002) interlayer stacking of aromatic segments, respectively.?2?* The g-CiN;
nanosheets (NS-CN) show a very similar XRD pattern to bulk g-CsN4 (B-CN). Compared
with bulk g-C3;Ny (B-CN), the (002) diffraction peak in 3D-CN-C1 is shifted from 27.62° to
27.70°, indicating a reduced interlayer distance. The significantly lower peak intensity is
attributed to higher disorder (formation of carbon vacancies and mesoporosity) of the
nanoplatelets assembled architecture of 3D-CN-C1. The further reduced peak intensity in
3D-CN-C2 is ascribed to the presence of higher amount of carbon vacancies. Solid-state 1*C
and 'H MAS NMR analyses provide further structural information about 3D-CN-C samples.
As shown in Figure 2a, the *C NMR spectra of bulk g-CsNs (B-CN), 3D-CN-C1 and
3D-CN-C2 samples exhibit two strong peaks at 156.2 and 164.3 ppm corresponding to the

chemical shifts of Csy (signal 1) and Cannex (signal 2) in the heptazine units. 1%
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Figure 2 Structural characterizations and DFT calculations

(a) Solid-state 3C and (b) 'H MAS (magic angle spinning) NMR spectra of bulk g-CsN4 and
3D-CN-C samples. (c) High-resolution XPS spectra of Nls of the as-prepared samples. (d)
Proposed structures of bulk g-C3;Ny and carbon defective C:Ny building units. Detailed
structures of (e) bulk-CsN4 (B-CN) and (h) carbon defective C3;Ns (3D-CN-C) frameworks as
used for band structure calculations (C and N atoms are labelled in gray and blue,
respectively), with the corresponding band gap and PDOS for B-CN (f, g) and 3D-CN-C1 (i,
1), respectively. HOMO and LUMO spatial map of B-CN (k) and 3D-CN-C (1) samples.

The new peak at 175.1 ppm for both 3D-CN-C1 and 3D-CN-C2 samples, is attributed to
the carbon atoms (signal 3) in the defective heptazine units.?® The 'H NMR spectra (Figure
2b) show two peaks at 3.4 and 8.5 ppm, which correspond to the chemical shifts of adsorbed
water and NHy in the heptazine units, respectively.!® Compared with bulk g-CsN4 (B-CN), the
stronger peaks at 8.5 ppm from both 3D-CN-C1 and 3D-CN-C2 indicate the presence of more
NH; groups in these two samples. To further clarify the origin of H atoms of the NHx group in
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the defective heptazine units, a 2H (D) isotope labeling experiment was conducted. The
synthesis process was similar to the preparation of 3D-CN-C1 except that H>O was replaced
by D20. The obtained sample, labeled as D-3D-CN-C1, was also analyzed by solid-state 'H
MAS NMR spectroscopy. The highly similar 'H MAS NMR spectra between 3D-CN-C1 and
D-3D-CN-C1 (Figure S4) indicate that H atoms comprising the carbon defective heptazine
units originate from the melamine precursor rather than from D;0. The Fourier transform
infrared (FT-IR) spectra are shown in Figure S3b. For all the samples, the broad peaks
between 3000 and 3400 cm! belong to the N-H stretching vibration and the O-H band. The
peaks in the 1100-1700 cm! region are attributed to sp? C=N stretching vibration modes and
the aromatic sp® C-N bonds while the intense peak at 810 cm™ corresponds to the signature of
the formation of tri-s-triazine.!®2° The N-H stretching vibration in 3D-CN-C is much stronger
than that of bulk g-Cs;Ny (B-CN) and g-Cs;Ns nanosheets (NS-CN), suggesting that the
formation of carbon vacancies breaks the N-C=N/H-C=N groups and more N-H bonds are

generated.? These results are in good agreement with the NMR observations.

The C/N ratio and chemical bonding nature were further analyzed with XPS and elemental
analysis (Figure 2c¢, Figure S5, and Table S1). The surface C/N atomic ratio decreases from
0.76-0.78 for bulk g-C3N4 (B-CN) and g-C;N4 nanosheets (NS-CN) to 0.70 and 0.65 for
3D-CN-C1 and 3D-CN-C2, respectively. This further confirms that the carbon vacancies are
generated in the 3D-CN-C samples and that a higher calcination temperature leads to more
carbon vacancies. From the elemental analysis (Table S1), the carbon vacancy percentage for
3D-CN-C1 and 3D-CN-C2 is calculated to be around 10 and 15%, respectively. To further
verify the formation of carbon vacancies in the samples, high-resolution XPS spectra of C 1s
and N 1s of all the samples were acquired and analyzed. As shown in Figure S5b, the peaks
at 284.1 and 287.5 eV are attributed to C-C bonds and C-N3 bonds, respectively,!>!¢ whereas
the peaks at 397.9, 399.6 and 400.4 eV in the high-resolution N 1s spectra (Figure 2¢) belong
to C-N=C/H-N=C, N-(C)s;, and C-NH,, respectively.?*?> Table S1 summarizes the relative
ratios of C-N=C/H-N=C, N-(C): and C-NH; calculated from the N 1s spectra. Compared with
bulk g-CsN4 (B-CN), the peak area ratios of N-(C); in 3D-CN-C1 and 3D-CN-C2 samples
obviously reduced, suggesting that the loss of carbon has its origins from the N-(C); sites. The
enhanced peak area ratio of N-H in both deficient samples illustrates that the N-(C): has been
selectively converted into N-H: groups. The removal of tertiary carbon leads to the formation
of N-H bonds, this mechanism being in good agreement with the NMR, FT-IR and XPS

analysis. Based on this physico-chemical rationale, a structure for bulk g-C3:N4 (B-CN) and
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carbon defective 3D hierarchical porous g-CsNys (3D-CN-C) is proposed (Figure 2d). Electron
paramagnetic resonance (EPR) measurements in dark of all the samples (Figure S6) show a
single narrow line (~ 5 Gauss) at g ~ 2.003. Such signal has been estimated to the
paramagnetic centers related to electrons delocalized in the conduction band®* or
carbon-centered radicals.?® The concentration of paramagnetic centers in these samples is

calculated to be very low in the ppm range.

The textural properties are assessed by N, adsorption-desorption analysis. As shown in
Figure S7a, all the samples exhibit a type IV isotherm with a hysteresis at high relative
pressure p/po.2%3134 Benefiting from the 3D hierarchical porous framework assembled by
numerous nanoplatelets, 3D-CN-C1 exhibits a quite large specific surface area of 78.8 m? g1,
which is approximately 6.2 times higher than that of bulk g-CsNs (B-CN) (12.8 m? g!). The
further increased specific surface area (86.9 m? g!) of 3D-CN-C2 can be attributed to the
formation of more mesopores in the nanoplatelets by a higher calcination temperature. The
2-C3Ny nanosheet (NS-CN) sample has a surface area of 99.7 m? g (Table S1). Compared
with bulk g-C;Ny (B-CN) and g-C3N; nanosheets (NS-CN), the much wider pore size
distributions (2-30 nm) for 3D-CN-C1 and 3D-CN-C2 (Figure 7Sb) indicate that the novel
HFDT method is beneficial for the formation of supplementary mesopores, thus improving
the mass transportation.*** The sharp N2 adsorption uptake at high p/p. of isotherms suggests
the presence of interparticular macroporosity, confirming hierarchical porosity in g-CsN

nanosheets and 3D-CN-CX samples.

The photographs of as-prepared samples are shown in Figure S8a. Two 3D-CN-C samples
exhibit much deeper color than bulk g-CsNs (B-CN) and g-C;N4 nanosheets (NS-CN),
demonstrating their improved solar light harvesting upon the introduction of carbon
vacancies.?* UV/Visible absorption spectra (Figure S8b) demonstrate that the absorption edge
of two 3D-CN-C samples shifts to longer wavelength in the visible region, being consistent
with its brown-colored appearance. Noteworthy, these two samples show an obvious tail
absorption (about 660 nm) in the visible range, which is induced by the additional electronic
states located within the intrinsic band gap of the semiconductor. The additional electronic
states are also well known as mid-gap states generally derived from lattice vacancies or
dopants.2%21 A Tauc plot of 3D-CN-C1 is shown in Figure S8c. The midgap state induced
energy gap is calculated to be 1.77 eV, which is much narrower than the band gaps (Eg = 2.52
and 2.5 eV) of bulk g-CsN: (B-CN) and g-CsN4 nanosheets (NS-CN), respectively. Due to the
energy difference between the mid-gap state and the intrinsic gap state, the photoinduced
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carriers in 3D-CN-C1 can spontaneously transfer between these two band gaps under visible
light irradiation, which can significantly enhance the separation efficiency of photoinduced
carriers and subsequently promote the photocatalytic activity of 3D-CN-C1.22 Compared with
3D-CN-C1, the dark brown 3D-CN-C2 exhibits an even higher absorption in the visible

region due to the generation of more carbon vacancies.!%1*

Density-functional theory (DFT) calculations of the band structure and partial density of
states (PDOS) for bulk g-CsN4 (B-CN) and carbon defective 3D porous g-CsNs (3D-CN-C)
were conducted to establish the intrinsic relationship between carbon vacancies and the
decreased bandgap values. For 3D-CN-C1/2 samples, the carbon vacancy percentages are set
on the basis of elemental analysis results to 10 and 15%, respectively. The extended model
structures of bulk g-CsN4 (B-CN) and 3D-CN-C are shown in Figure 2e and h, respectively.
With the introduction of carbon vacancies into the heptazine units of carbon nitride, the
bandgap value of 3D-CN-C1 is significantly reduced from 2.48 eV (bulk g-C3Ny) to 1.81 eV
(Figures 2f and 21), being in good agreement with the Tauc plots (Figure S8c) and the tail
absorption around 660 nm in Figure S8b. For bulk g-C:N4 (B-CN), both C 2p and N 2p
orbitals contribute to the conduction band (CB), while the valence band (VB) mainly consists
of N 2p orbitals (Figure 2g).** The band structure of g-C;N4 nanosheets (NS-CN) is similar to
that of bulk g-C:Ns (B-CN) as there are no carbon vacancies in both samples. The DOS of
3D-CN-C1 shows that the CB is mainly dominated by the C2p and N2p orbitals, and the VB
is composed of the N 2p orbitals and to a lesser extent of C2p and defect site orbitals (Figure
2j).26 Importantly, a defect induced mid-gap energy level appears approximately 1.48 eV
above the valance band (Figure 2i), thus promoting photoinduced carriers separation in
3D-CN-C1 sample.?>?” These results demonstrate that the significantly reduced bandgap of
3D-CN-C1 as compared with that of bulk g-CsN4 (B-CN) and g-C:N4 nanosheets (NS-CN) is
due to the existence of carbon vacancies in the heptazine units.>* The calculated band
structure and corresponding PDOS for 3D-CN-C2 sample are illustrated in Figures S9a and
S9b, showing that a further decrease in the band gap is achieved and a defect energy level at
0.9 eV is generated given the higher amount of carbon vacancies. Figure 2k confirms that the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) locations of g-C:Ns (B-CN) are uniformly delocalized over the heptazine rings
given of the high symmetry of the planar structure in the g-C:N4 framework.?2” Conversely,
the charge density is redistributed with electron-rich areas in 3D-CN-C1 (Figure 2I). Such

localized charge accumulation is ascribed to the defect-related mid-gap states in carbon

84

about:blank

18-11-22, 10:07



Firefox

O1 sur 157

nitride, which prohibits the recombination of charge carriers and favors an enhanced
photocatalytic activity.??4 Furthermore, EDD plots (Figures S9c¢c and 9d) show the
enrichment of electron density at the uncoordinated N atom sites, hence favoring for

photoreduction.

3.2 Photoelectric characterization

The photocurrent response is a direct indication of the photoinduced carriers separation rate
in a material 3’38 3D-CN-C1 sample presents a much higher photocurrent response than the
bulk g-CsN4 (B-CN) and g-CsN: nanosheets (NS-CN) reference sample, indicating that the
introduction of carbon vacancies significantly favors the electron-hole pair separation (Figure
3a). For the 3D-CN-C2 sample, the photocurrent response is also higher than that of reference
samples, with however an attenuated photocurrent response as compared to 3D-CN-C1
attributed to a reduced charge carrier mobility at higher vacancy density. With higher vacancy
concentration, the average distance between the trapping sites becomes small, increasing the
recombination probability of electron-hole pairs* indicating the importance of well controlled
carbon vacancy concentration. The excitonic states were also analyzed by photoluminescence
(PL) measurements and as shown in Figure 3b. Generally, the radiative transition and
non-radiative transition are existed during the excited electrons transfer from the high energy
level to low energy level.*%* For the radiative transition, the photoluminescence is presented
because of the electrons transition from the excited state to the ground state. Differently, no
photoluminescence is formed due to the vibrational relaxation process of electrons in the
non-radiative transition process. In our case, the 3D-CN-C1 and 3D-CN-C2 exhibit drastically
lower PL. emission intensities in comparision to bulk g-CsN4 (B-CN) and g-C3;N4 nanosheets
(NS-CN). This demonstrates that the non-radiative recombination of electrons and holes is the
main decay process in the two deficient samples and the radiative recombination is the main
decay process in B-CN and NS-CN. The photocurrent response versus different
monochromatic light illuminations (Figure 3c) shows again that 3D-CN-C1 exhibits a greatly
enhanced current in both the visible and UV range, demonstrating augmented photocurrent
and broadened photo-response range. Additionally, the electrochemical impedance spectra
(EIS) (Figure S10) illustrate the much smaller arc radius of the 3D-CN-C1 electrode,
indicative of much faster electron transfer kinetics and surface reaction rate in the 3D-CN-Cl1

sample.?®
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Figure 3. Photoelectrochemical characterization and photocatalytic H,O, production

(a) Transient photocurrent intensity and (b) PL spectra of the as-prepared samples. (c)
Photocurrent response of B-CN and 3D-CN-C1 samples under various monochromatic light
illuminations. (d) Photocatalytic production rate of H.O; with different additive agents under
visible light irradiation for 2h for the as-prepared photocatalysts (photocatalyst loading of 20
mg in each reaction system). (e) Time-dependent photocatalytic production of H.O, by the
3D-CN-C1 sample in the “O;+isopropanol” system. (f) ESR signals of DMPO-"0; for B-CN
and 3D-CN-C1 under visible light irradiation and dark condition. (g) Cycling tests of the
3D-CN-C1 sample for H2Oz production. (h) The proposed mechanism for photosynthetic
H,0; production in B-CN and 3D-CN-C1 samples in the “O;+isopropanol” reaction system.

3.3 Photocatalytic performance

The photocatalytic H>O: production efficiency was studied with different reactants under

visible light irradiation (Figure 3d). Clearly, the 3D-CN-C1 sample presents the highest
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photocatalytic activity for H»O; production whatever the reaction system was employed. In
the “O»+isopropanol” system, the 3D-CN-C1 shows an unprecedentedly high H,O, output of
251.5 uM (HzOz evolution rate of 6287.5 uM g! h'1), being considerably higher than that of
bulk g-C3N4 and g-Cs:N4 nanosheets (4.2 and 1.6 times, respectively). Although the surface
area of the NS-CN (99.7 m? g!) is larger than that of the 3D-CN-C1 (78.8 m? g?!), the
photocatalytic H.O2 production activity of the later is significantly higher, which is related to
the enhanced separation of the photoinduced carriers, the increased visible light harvesting
and utilization owing to carbon vacancies.?!?” The 3D-CN-Cl sample exhibits a better
performance than 3D-CN-C2 owing to its better controlled carbon vacancy concentration,
offering an excellent electron-hole separation rate. Contrast experiments were also carried out
to explore the mechanism of the photocatalytic H>O, production (Figure 3d). When the O:
was replaced by Argon, all the samples exhibit negligible H,O; production, revealing the vital
role of O; in the H,O; production. Compared with the “Ox+isopropanol” system, eliminating
the isopropanol leads to a lower photocatalytic H>O: production. Although the 3D-CN-Cl
sample still has the highest H>Oz production rate of 158 uM in a pure Oz system, it is lower
than that in the “Oaxtisopropanol” system, indicating that isopropanol acts as a sacrificial
agent, which preferentially combines with the photogenerated holes and facilitates the
formation of a proton (H*). Hence, the lower H;O:; production for all the as-prepared
photocatalysts in the O system (without isopropanol) is possibly originated from the
combination of ‘O, and H* from water. The generation of *O, intermediate species during
photocatalytic H>O» production is revealed by the use of ESR (electron spin resonance)
technique (Figure 3f).° Again, the 3D-CN-C1 photocatalyst is found to give the higher
intensity for DMPO-"Os" signal, suggesting enhanced ‘O, formation capability of
3D-CN-C1.*” No DMPO-'O; signal was found for 3D-CN-C1 photocatalyst under dark
condition, indicating the significant role of light for photoelectrons formation. To further
understand the influence of "0, on the H>O, production, BQ was used as radical scavenger.
All samples show a reduced H,O» production in the “O,+BQ” system, which demonstrates the
essential role of "0y intermediate in the H>O; production process.’!* Ten consecutive
photocatalytic H,O2 production runs with a total reaction time of 100 hours (Figure 3g) were
carried out. It is worth noting that each cycle extends to a very long reaction duration of 10
hours, the longest cycle duration compared to the literature. Generally, the photocatalytic
H:0: production over CsNi based materials suffers from unsatisfactory stability after
long-term cycling due to the intrinsically decreased crystallinity and self-decomposition of

H:0: on the surface of photocatalysts. Inspiringly, the H20, production of our 3D-CN-Cl
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photocatalyst remains almost unchanged after a long term cycling operation of 100h, which is
superior than that of C3Ny based photocatalysts reported in previous publications (Table S2).
Combined with the fact that the H,O; production of 3D-CN-C1 increases linearly as function
of reaction time (Figure 3e), this indicates a stable and robust photocatalytic process and
materials. The high efficiency and extraordinary stability for H»O» production endow our
3D-CN-C1 photocatalyst a great potential in practical production and application. The XRD
pattern and TEM image of the 3D-CN-C1 sample after use (Figure S11) additionally proves
its excellent stability.”® The H>O, production rate of 6287.5 uM g! h! by the 3D-CN-Cl
sample under visible light is the best value and much higher than the values reported in
literature (Table S2). Moreover, the consecutive cycling tests of the B-CN and NS-CN
samples for H>O; production were also conducted for ten cycles and presented in Figure S12.
The stable input of H;O, further indicates the merits of g-Cs;N4 based materials in
photocatalytic H2O2 formations and more studies should focus on this promising field in the
future.t*2! The photocatalytic H>O» experiments over 3D-CN-1 photocatalyst under various
monochromatic light illumination were conducted. As shown in Figure S13, there is almost
no H;O; formation when the wavelength of monochromatic light over 550 nm. Meanwhile,
the wavelength-dependent H.O, evolution matches well with photocurrent response curves
(Figure 3c) rather than UV-vis absorption spectrum (Figure S8b), indicating the crucial role
of photoinduced charges separation in photocatalytic H,0, evolution.?’28 Although the
3D-CN-1 photocatalyst displays the stronger absorption over 550 nm, the photoinduced
charge separation is still unsatisfactory as verified by the photocurrent response curves, thus
leading to the poor H.0» evolution. The above results suggest that in addition to the enhanced
light absorption, the formation and separation of photoinduced carriers are also essential for

the photocatalytic process.3338

3.4 Photoelectric mechanism

Based on the structural and catalytic analyses, a mechanism for the photosynthetic H,O;
production is proposed (Figure 3h). The reduced band gap, as determined from XPS valence
band spectra (Figure S14) and Tauc plots (Figure S8¢),32¢ combined with the 3D
hierarchical porous architecture of 3D-CN-C, is favorable for visible light absorption.
Moreover, the formed mid-gap states in 3D-CN-C facilitate the electron-hole transfer and
separation under visible light illumination.!*** The holes are trapped by isopropanol to
generate acetone and protons (HY). Besides, the accumulated electrons in the 3D-CN-C

conduction band are easily captured by O», generating "O2” given that the energy level of the
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conduction band in 3D-CN-C is lower than that of O,/*O; redox couple (-0.33 ¢V vs RHE).
H:O:; is finally produced due to the further reduction of 'O;. The detailed route of the
photosynthetic H2O. production process is presented and discussed from Equations S1-4
(Supporting Information).

Fukui function (FF) simulations were additionally carried out to reveal the role of carbon
vacancies in the photocatalytic H2Q; production process.*? The Fukui charge values of various
N sites are displayed in Figure S15. Compared with the FF plot of bulk g-CsN: (Figure 4a),
the 3D-CN-C sample shows a very high degree of active sites favoring radical attack (Figure
4b). The N atoms in the carbon defective triazine ring present a very large degree of affinity
towards a radical attack which is essential towards high yield of H>O; production. Adsorption
simulations®® show that 3D-CN-C1 (Figure 4d) demonstrates a very high extent of ‘O
radical loading compared with bulk g-C3N4, wherein the adsorption of "O;- radicals is through
a weak H bonding with H atoms linked with the C and N atoms in the triazine ring (Figure
4c). The affinity for the "0, radicals significantly increases in case of 3D-CN-C1 as a
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Figure 4. Fukui Function (FF) plots and Electrostatic potential plots
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Fukui Function (FF) plots for favored radical attack site for (a) B-CN and (b) 3D-CN-C. "0y
adsorption simulations for (¢) B-CN and (d) 3D-CN-C. Electrostatic potential plots for (e)
B-CN and (f) 3D-CN-C.

significant accumulation of "0, species is observed around the carbon vacancies from the
HOMO-LUMO and FF simulations, which is favorable for H»O, production. Electrostatic
potential energy plots are shown in Figures 4e and 4f for bulk g-CsNs and 3D-CN-Cl,
respectively. The work function value of 3D-CN-C1 1s 5.007 eV, considerably larger than
4.33 eV of bulk g-C3Na. The higher work function of 3D-CN-C1 suggests its stronger electron
affinity in favor of ‘O, radicals fo