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ABSTRACT

As a semiconductor photocatalyst, graphitic carbon nitride (g-CsN4) has attracted tremendous
interest of material scientists by virtue of its fascinating merits, such as nontoxicity, facile
preparation, moderate bandgap, strong redox capability, “earth-abundant” nature, and good
physicochemical stability. However, g-CsN, still suffers from poor photocatalytic activity and low
quantum efficiency due to the high recombination rate of photogenerated charge carriers.
Moreover, the optical bandgap (2.7 eV) of g-CsNs4 largely restrains the range of its visible light
absorption to wavelengths shorter than 460 nm. Thus, the development of efficient and broadband
responsive (from ultraviolet (UV), visible to near-infrared (NIR) regions) g-CsNs4 based
photocatalysts is a task of great significance and urgency, though challenging. In this thesis, three
kinds of g-C3sN4 based broadband photocatalysts were developed and used in photocatalytic

degradation of organic pollutants and green fuel production.

Firstly, a plasmon and upconversion enhanced broadband photocatalyst based on Au
nanoparticle (NP) and NaYF4:Yb3*, Er®*, Tm*" (NYF) microsphere loaded g-CsN4 nanosheets (Au-
NYF/g-CsN4) was subtly designed and synthesized. The simple one-step synthesis of NYF in the
presence of g-CsNs4, which has not been reported in the literature either, leads to both high NYF
yield and high coupling efficiency between NYF and g-CsNi. The Au-NYF/g-CsNs structure
exhibits high stability, wide photoresponse from the UV, to visible and NIR regions, and
prominently enhanced photocatalytic activities compared with the plain g-CsNs4 sample in the
degradation of a common pollutant, methyl orange. The high performance of the Au-NYF/g-C3N4
nanocomposite under different light irradiations was ascribed to the distinctively promoted charge
separation and suppressed recombination, and the efficient transfer of charge carriers and energy
among these components. The promoted charge separation and transfer were further confirmed
by photoelectrochemical measurements. Different mechanisms of the photodegradation under
separate UV, visible, and NIR illuminations are unveiled and discussed in detail. Under simulated
solar light illumination, the involved reactive species were identified by performing trapping

experiments.

Secondly, a heterojunction made of O-dimensional (0D) NIR-responsive PbS@CdS@ZnS
core@shell@shell quantum dots (PCZ QDs) and 2-dimensional (2D) g-C3sN4 nanosheets, named
0D/2D heterojunction, was rationally constructed. In addition to some typical advantages of 0D/2D
composites, such as short required-charge-diffusion-distance and high charge mobility, our

designed PCZ QDs/g-C3sN4 photocatalysts offer additional beneficial features. The broadband



optical absorption of high-quality PCZ QDs highly dispersed on the surface of the g-CsNs
nanosheets and their strong interaction yield efficient charge transfer between them and endow
PCZ QDs/g-CsN4 with high photocatalytic activity from UV to NIR regions. Actually, with the
optimization of PCZ QDs loading levels, the achieved, normalized rate constant is higher than the
best-reported value for NIR-driven photocatalysis. The charge transfer was investigated and
supported by steady-state and time-resolved photoluminescence spectroscopy and solid-state
electron spinning spectroscopy (ESR) as well as photoelectrochemical measurements.
Superoxide radicals were identified as the most important active species in photocatalysis by
scavenger experiments and ESR spectra. PCZ QDs/g-C:N4s possesses good recycling

performance and no metal release was detected in the solution after photocatalysis.

Thirdly, a 2D/2D heterojunction of black phosphorus (BP)/g-CsN4 was designed and synthesized
for photocatalytic H, evolution. The ice-assisted exfoliation method developed herein for
preparing BP nanosheets from bulk BP, leads to high yield of few-layer BP nanosheets (=6 layers
on average) with large lateral size at reduced duration and power for liquid exfoliation. The
combination of BP with g-CsN4 protects BP from oxidation and contributes to enhanced activity
both under A > 420 nm and A > 475 nm light irradiation and to long-term stability. The H2 production
rate of BP/g-CsNs (384.17 umol g™' h™") is comparable to, and even surpasses that of the
previously reported, precious metal-loaded photocatalyst under A > 420 nm light. The efficient
charge transfer between BP and g-CsNs (likely due to formed N-P bonds) and broadened photon
absorption (supported both experimentally and theoretically) contributed to the excellent
photocatalytic performance. The possible mechanisms of H, evolution under various forms of light

irradiation is unveiled.

Keywords: broadband photocatalyst, carbon nitride, plasmonic, upconversion, near-infrared

quantum dots, metal-free, black phosphorus, photocatalytic degradation, hydrogen evolution
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RESUME

En tant que photocatalyseur a semi-conducteur, le nitrure de carbone graphitique (g-CsNa4)
présente un grand intérét pour le domaine des matériaux, pour ses mérites tels que la non-
toxicité, la facilité de préparation, la bande interdite modérée, la forte capacité rédox, 'abondance
sur terre et la bonne stabilité physico-chimique. Cependant, le g-CsN4 souffre toujours d'une
activité photocatalytique médiocre et d'un rendement quantique faible en raison du taux de
recombinaison élevé des porteurs de charge photogénérées. En plus, la bande interdite optique
(2,7 eV) du g-C3N4 limite grandement la plage d’absorption de la lumiére visible aux longueurs
d’'onde inférieures a 460 nm. Ainsi, le développement de photocatalyseurs basés sur du g-CsN4
répondant efficacement dans une large bande d’absorption couvrant l'ultraviolet (UV), le visible,
et I'infrarouge (NIR), demeure une tache de grande importance et de grande urgence, bien que
difficile. Dans cette thése, trois types de photocatalyseurs a large bande basés sur le g-CsN4 ont
été développés et utilisés pour la dégradation photocatalytique de polluants organiques et la

production de carburant écologique.

Tout d'abord, nous avons synthétisé un photocatalyseur a large bande amélioré par plasmon et
conversion ascendante (upconversion, UP), basé sur des nano-feuilles de g-CsN4 chargées de
nanoparticules (NP) d’or et de microsphéres de NaYF4:Yb%*, Er®*, Tm3* (NYF) (Au-NYF/g-C3Ns).
La synthése en une simple étape de NYF en présence de g-CsNs4, qui n'a pas été rapportée dans
la littérature, conduit a la fois a un rendement élevé en NYF et a une efficacité de couplage élevée
entre NYF et g-CsNa. La structure Au-NYF/g-CsN4 présente une stabilité élevée, une large bande
de photoréponse allant de 'UV aux régions visibles et NIR, ainsi qu'une activité photocatalytique
nettement accrue au g-CsNs4 lors de la dégradation du méthyl orange. Les hautes performances
du nano-composite Au-NYF/g-CsN4 sous différentes irradiations lumineuses sont attribuées au
fait que la séparation des charges est nettement favorisée et a la suppression de la recombinaison
ainsi qu'au transfert efficace des porteurs de charge et de I'énergie entre ces composants. Le fait
que la séparation et le transfert de charge soient favorisés a ensuite été confirmé par des mesures
photoélectrochimiques. Différents mécanismes de photo-dégradation réalisée séparément sous
des éclairages UV, visible et NIR sont mis en évidence et discutés en détail. En simulant une
illumination solaire, les espéces réactives impliquées ont été identifiées en effectuant des

expériences de piégeage.

Deuxiéemement, une hétérojonction, constituée de points quantiques PbS@CdS@ZnS

core@shell@shell (PCZ QDs) et de g-C3N4 a deux dimensions (2D), et dénommée hétérojonction

vii



0D/2D, a été synthétisée. En plus des avantages typiques des composites 0D/2D, tels qu’une
courte distance de diffusion par charge et une mobilité élevée des charges, nos photocatalyseurs
PCZ QDs/g-CsNs offrent des fonctionnalités supplémentaires. L'absorption optique a large bande
de PCZ QD de haute qualité dispersés sur toute la surface des nano-feuilles de g-CsNs et leur
forte interaction permettent un transfert de charge efficace entre eux. Ceci confére aux
hétérojonctions PCZ QDs/g-CsN4 une activité photocatalytique élevée de 'UV a la région NIR. En
fait, avec l'optimisation des niveaux de charge des PCZ QD, [l'efficacité photocatalytique
normalisée est supérieure a la meilleure valeur rapportée dans la littérature pour la photocatalyse
dans le NIR. Le transfert de charge a été étudié et analysé grace a la spectroscopie a
photoluminescence en régime continu et résolu dans le temps, par spectroscopie a spin
électronique (ESR) ainsi que par des mesures photoélectrochimiques. Les radicaux superoxydes
ont été identifiés comme I'espéce active la plus importante dans la photocatalyse par des
expériences «scavenger» et des spectres d’ESR. Les PCZ QDs/g-CsNs possédent de bonnes
performances de recyclage et aucun relachement de métal n’a été détecté dans la solution aprés

photocatalyse.

Troisiemement, une hétérojonction 2D/2D de phosphore noir (BP)/g-CsN4+ a été concue et
synthétisée pour le dégagement photocatalytique de H.. La méthode d’exfoliation assistée par de
la glace développée ici pour la préparation de nano-feuilles de BP a partir de BP massif conduit
a un rendement élevé en nano-feuilles de BP a plusieurs couches (6 couches en moyenne) avec
une grande taille latérale et une exfoliation liquide de courte durée et de faible puissance. La
combinaison de BP avec le g-C3N4 protége le BP de I'oxydation et contribue a une activité accrue
sous irradiation lumineuse A> 420 nm et A> 475 nm et a une grande stabilité a long terme. Le
taux de production de H, a partir de BP/g-C3N4 (384,17 umol g h') est comparable voire
supérieur a ce qui a été rapporté dans la littérature, a savoir celui d’'un photocatalyseur chargé de
métaux précieux sous irraditation A> 420 nm. Le transfert de charge efficace entre BP et g-C3N4
(probablement d( a la formation de liens N-P) et la large bande d’absorption (démontrés a la fois
expérimentalement et théoriquement) contribuent a I'excellente performance photocatalytique.
Les mécanismes possibles d'évolution de H: sous différentes types d'irradiation lumineuse sont

mis en évidence.

Mots-clés: photocatalyseur a large bande, nitrure de carbone, plasmonique, conversion
ascendante, points quantiques dans le proche infrarouge, sans métal, phosphore nair,

dégradation photocatalytique, dégagement d'hydrogéne
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Schematic illustration of the principle of semiconductor photocatalysis. (I) the
formation of charge carriers by a photon; (Il) the charge carrier recombination to
liberate heat; (IIl) the initiation of a reductive pathway by a CB electron; (IV) the
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1 INTRODUCTION

1.1  General Background

Since the industrial revolution, our thirst for energy provided by fossil fuels, including oil, coal, and
natural gas, has been becoming stronger and stronger. During the past hundreds of years, fossil
fuels have boosted the progress of human society and economic development, and it is not too
much to claim that they are the cornerstone of our modern civilization. It is further predicted that
in 2050 the worldwide energy consumption will be 25-27 Terawatts (TW), over 80% of which will
still rely on fossil fuels, which are neither renewable nor sustainable, and will undoubtedly be
exhausted sooner or later."* Moreover, the combustion of these fossil fuels causes the emission
of hazardous substances, which has led to severe air and water contamination. With the rampant
unregulated industrial growth and the unceasing world population increase, the energy crisis and
environmental pollution caused by the intensive consumption of fossil fuels have been the two
main issues facing human beings. To maintain the sustainability of our human society, the seeking

of green and renewable energy sources is imperative and urgent.

Of the various renewable and clean energy sources, solar energy that powers all the lives on our
planet is considered to be an inexhaustible and secure natural resource. The solar energy striking
Earth per hour (4.3 x 1020 J) is more than the annual global energy demand (4.1 x 10%° J in
2001), which dwarfs all other fossil-based and renewable energy resources combined together.>
8 Solar power has thus emerged as a promising alternative to finite fossil fuels and its efficient

utilization is also attracting extensive and heightened attention though challenging.

Semiconductor photocatalysis, which can directly harvest and convert solar energy for green,
solar fuel production and environmental remediation at room temperature and standard
atmospheric pressure (atm), has been recognized as one of the green sustainable and ideal
avenues to address the global energy and environmental concerns.®'" In 1972, Fujishima and
Honda first discovered that the TiO» electrodes can be used for photocatalytic water splitting to
produce H, under ultraviolet (UV) light irradiation.'? In 1977, Frank and Bard, for the first time,
realized the remediation of environmental pollution by photocatalysis via reducing CN~ ion in
aqueous TiO; suspensions under light illumination.™ Since these pioneering work, photocatalysis
has by far spurred immense and incessant research interests in many different fields, such as
photocatalytic degradation of various harmful and toxic organic contaminants, solar water

splitting, CO2 reduction, heavy-metal removal, and N fixation.'4-24



From the economic and environmental point of view, H, produced from solar-driven water splitting
is an ideal substitute for fossil fuels, due to the abundance of solar energy and water, the
extraordinarily high specific energy density of H, (33.3 kWh kg™), as well as the emissions free
of CO, and other toxic gases.?>?” Photocatalytic oxidation of organic substances constitutes
another field of significant importance, as it can fully degrade some hazardous organic
contaminants. The increasing amounts of wastewater containing organic pollutants with high
toxicity and the encountered difficulties for the traditional treatment technologies, such as energy-
consuming, low efficiency, the co-existence of inorganics and organics, have prompted extensive
research in photocatalytic oxidation.'#2'2831 As a fundamental and applied science,
photocatalysis will continue to be an integral component of modern chemistry and a promising
approach to pursue a sustainable future by utilizing sunlight to drive energy conversion in the 215t

century.

1.2 Fundamentals of Photocatalysis

The term “photocatalysis” is made from the combination of photochemistry and catalysis,
signifying that light and catalysts are required to trigger or/and to accelerate a redox reaction.3?
For semiconductor photocatalysis, the energy band theory has been used to demonstrate the
underlying complex physicochemical processes.*® Differing from conductors, the electron-filled
valence band (VB), and the vacant conduction band (CB) of semiconductor are clearly separated
by a bandgap, which is the energy difference between the lowest unoccupied state in the CB and

the highest occupied state in the VB.26:34:3%

As displayed in Figure 1.1, multiple processes occur in an illuminated semiconductor. When the
semiconductor photocatalyst is irradiated by photons (hv, where h and v represents the Planck
constant and photon frequency, and hv refers to one photon energy) with energy equal to or
greater than its bandgap energy (Eg), the electrons (e°) in the VB can be promoted to the CB,

simultaneously leaving positively charged holes (h*) in the VB (Figure 1.1 1).

There are several pathways that the photogenerated charge carriers can take after
photoexcitation. The photo-induced e and h* separate and migrate rapidly within photocatalysts
to their surface. In the absence of a suitable acceptor, the photo-induced charge carriers tend to
recombine in the bulk phase or on the surface on a nanosecond time scale and dissipate the
additional energy in the form of light emissions or phonon vibrations (Figure 1.1 II), which is

unfavorable for photocatalysis and decreases the overall efficiency.¢-3°



The photo-generated electrons and holes possess strongly reductive and oxidative capabilities,
respectively, and they migrate to the surface to drive redox reactions. Specifically, the excited
electrons in the CB have a reduction potential of +0.5 to -1.5 V vs the normal hydrogen electrode
(NHE) and the holes in the VB possess an oxidation potential of +1.0 to +3.5 V, which can reduce
(Figure 1.1 IIl) the adsorbed electron acceptors (A) and oxidize (Figure 1.1 IV) or even mineralize
(Figure 1.1 V) the electron donors (D) into CO; and H20.*® In the photocatalytic degradation
system, electrons react with the adsorbed O: to produce superoxide (+O2’) radicals, while holes
react with H,O or OH" to generate hydroxyl (*OH) radicals. The produced O, radicals, *OH
radicals, and holes are strongly oxidative and active and can effectively degrade the present
organic substances. For water splitting, the electrons and holes are used to reduce and oxidize
water to produce H> and O. In addition, the charge carriers can migrate to the surface of the
semiconductor and get trapped in metastable surface states (Figure 1.1 VI and Figure 1.1 VII),
such as crystalline defects and dangling surficial bonds. Therefore, the semiconductor with a
better crystallinity can lead to lower recombination rate of charge carriers and generally show

higher photocatalytic efficiency.*°
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Figure 1.1 Schematic illustration of the principle of semiconductor photocatalysis. (I) the formation of charge
carriers by a photon; (ll) the charge carrier recombination to liberate heat; (lll) the initiation of a reductive pathway by
a CB electron; (IV) the initiation of an oxidative pathway by a CB hole; (V) the further thermal (e.g., hydrolysis or reaction
with active oxygen species) and photocatalytic reactions to yield mineralization products; (VI) the trapping of a
conduction band electron in a dangling surficial bond; (VII) the trapping of a VB hole at the surface of the semiconductor.
Reprinted with permission.3® Copyright 2014, The Royal Society of Chemistry.



For a photocatalytic reaction to occur, the redox potentials of the charge carriers, which are
determined by the band position, should meet some requirements. The VB maximum should be
more positive than the oxidation potential of the reactant to be oxidized (Pox), while the CB
minimum is supposed to be more negative than the reduction potential of the reactant to be
reduced (Preq).?° The energy difference between Prq and Pox represents the overall change of
Gibbs free energy (AG) (Figure 1.2a-b).*" In terms of energy, when Prq is lower than Poy, AG is
negative, otherwise, AG is positive. It is thereby concluded that photocatalysis can drive both
negative-AG and positive-AG reactions. For example, photocatalytic degradation of organics in
the presence of Oz is generally a downhill reaction with a negative AG change (Figure 1.2c), while
CO. reduction and water splitting are thermodynamically uphill reactions, i.e., positive-AG
reactions (Figure 1.2d).%? It is worth noting that only if both the partial AG in oxidation by h* (AG)
and reduction by e (AGe) are negative, the redox reactions can be triggered.*' Meeting

thermodynamic requirements is a sufficient condition for the occurrence of a photocatalytic reaction.
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Figure 1.2 (a-b) Electronic structure of semiconductor photocatalysts and Gibbs energy change in photocatalytic

reactions. (c-d) Two distinct classifications of photocatalytic reactions, namely downhill (c) and uphill (d) reactions.
Reprinted with permission.?® Copyright 2018, WILEY-VCH.



1.3 Requirements and Current Challenges for Photocatalysis

To render the practical application of the photocatalysis possible, it is crucial to develop an
efficient and broadband photocatalyst which can achieve the high solar energy utilization
efficiency. Based on the aforementioned photocatalytic processes, there are several
requirements to construct a superior photocatalyst.

1.3.1 Photo-response range

A narrow bandgap is desired to enable strong and broadband absorption of solar photons. For
photoexcitation, only if the incident photons have higher energy than the bandgap of the
photocatalyst they can be absorbed. Therefore, a match between the solar spectrum and
bandgap is generally required to maximize the harvesting of solar light. However, the most widely
studied semiconductors have wide bandgaps (>3.0 eV) and can only respond to the UV
light,>2343 which accounts for merely ~3-5% of the incident solar spectrum (Figure 1.3), leaving
the visible (~44%) and near-infrared (NIR) light (~53%) underutilized.*>** Such a situation makes

the target photocatalytic efficiency of greater than 10% challenging.®’
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Figure 1.3 Spectral distribution of the solar photon irradiation based on the AM1.5 global data. Reprinted with
permission.*® Copyright 2012, The Royal Society of Chemistry.

1.3.2 Redox capability

The excitons are expected to possess strong redox capabilities which are determined by the

positions of the VB and CB. Take solar water splitting as an example. As mentioned in Section



1.2, solar water splitting is a thermodynamically uphill reaction. A AG of 237.2 kJ mol' is required
to make one water molecule split into 1/2 O, and H; at room temperature and 1 atm.*
Photocatalytic water splitting is thus endothermic and an oxidation-reduction reaction, and
according to the Nernst equation, theoretically, the AG corresponds to the increased energy (AE)
of 1.23 V per transferred electron.*547 In fact, to initiate the solar water splitting reaction, the
photocatalyst should have a much larger bandgap than 1.23 eV (corresponding to the absorption
edge of much shorter than 1008 nm) to overcome the over potentials of both water reduction
(~0.05 V) and oxidation (0.25 V).#84° Thus, the narrow bandgap and the strong redox potentials

of excitons are contradictory and a balance between them should be established.

1.3.3 Charge separation and transportation

The charge carriers should be efficiently generated, separated and transported, and be of minimal
or largely suppressed recombination. Charge recombination and separation/migration take place
simultaneously while compete with each other during photocatalytic processes. It was reported
that most of the photo-induced electrons and holes recombine very fast (within 10 ns),*”-*® which
makes achieving high photocatalytic efficiency very difficult as water splitting and other
photocatalytic reactions occur on a time scale slower than this. Therefore, to gain high
photocatalytic efficiency, the efficient generation, separation and transportation of charge carriers
to the active redox sites or surface of photocatalysts are desired. Generally, a semiconductor with
high crystallinity can decrease the trapping and recombination sites and facilitate the
separation/transportation of charge carriers. In addition, photocatalysts with smaller size in some
dimension, such as zero-dimensional (0D) nanodots,?-5® one-dimensional (1D) nanowires or
fibers,54-% two-dimensional (2D) nanosheets,®5"-%° can minimize the required diffusion distance of
the excited electrons and holes to the surface and can consequently lower their recombination

rate.

1.3.4 Adsorptivity and stability

Adsorption of water and reactants is the prerequisite for the occurrence of photocatalytic water
splitting or decomposition of organic contaminants. To make the desired photocatalytic reaction
happen, the charge carriers prior to their recombination are supposed to be transferred to the
adsorbed molecules. The physical adsorptivity for photocatalysts is normally determined by the
surface area. To increase the surface area, photocatalysts with different morphologies, such as

porous and hollow structures,®'-%5 and the above mentioned 0D, 1D, as well as 2D nanostructures,



were rationally designed and synthesized. As the photo-generated charge carriers are highly
reactive, if they cannot be timely consumed for desired photochemical reactions, they can often
react with the photocatalyst itself, resulting in the deactivation and disintegration of the
photocatalyst. Thus, the stability of the semiconductor photocatalyst is supposed to be excellent
to resist both chemical corrosion and photocorrosion. In addition, the cost should also be taken

into consideration in designing photocatalyst.

During the past decades, various semiconductor photocatalysts have been extensively explored
and reported, such as TiO,,'"66-69 ZnQ,70-72 ZrQ,,% 75 Fe,03,"578 WO3,7%8" BiV4,8284 Bi,W g, 8587
and CdS.8891 Despite tremendous efforts have been paid to date, a practically viable photocatalyst
which is efficient, stable, cost-effective and able to harvest photons with a broad wavelength range
has not yet been developed. Most of the semiconductor photocatalysts are still suffering from
fundamental efficiency bottlenecks, including the confined photon absorption, inefficient charge
separation and transfer, a limited number of active sites and insufficient surface area and poor
stability. To achieve the goal of sustainable development with the aid of photocatalysis, the
exploration of a high-quality photocatalyst which can address the aforementioned challenges has

been a hot research area and a “holy grail” for researchers.

1.4  Graphitic Carbon Nitride Photocatalyst

Among the various categories of semiconductor photocatalysts, graphitic carbon nitride (g-CsNa)
has recently attracted tremendous interest of material scientists by virtue of its fascinating merits,
such as nontoxicity, facile preparation, moderate bandgap (~2.7 eV), strong redox capability,

“earth-abundant” nature, and good physicochemical stability.%2-

1.4.1 Microstructure

With a graphite-like layered structure, g-CsNa is in a form of 2D sheets, based on s-triazine (Figure
1.4a) or tri-s-triazine (Figure 1.4b) tectonic unit interconnected via tertiary amines.®® In these
cases, as the nitride pore size and the electronic environment of the N atom are different, the
energetic stability of the allotropes is thus different. Among all the allotropes of C3Nsa, tri-s-triazine
based g-C3N4 is energetically favored and is the most stable one under ambient conditions.397:98
Benefiting from the aromatic C-N heterocycles and the high condensation, g-CsN4 with tri-s-
triazine ring structure is thermally stable with temperature up to 600 °C in air, which is confirmed
by the thermogravimetric analysis (TGA) results.®? Furthermore, the strong interlayer van der

Waals interactions render g-C3N4 chemically stable, which can resist most of the organic solvents,



acid and alkali solutions.®?°°® The 2D g-CsN4 nanosheets provides large specific surface area due
to its graphite-like layered structure, and the theoretical value of g-CsN4 with monolayers is up to

2500 m?g™",'% which is favorable for the adsorption of reactants and thus facilitates photocatalysis.
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Figure 1.4 The hypothetical ideal structure of g-CsN4 based on (a) s-triazine and (b) tri-s-triazine (heptazine)
tectonic units. Reprinted with permission.®? Copyright 2012, American Chemical Society.

1.4.2 Electronic structure

The presence of sp?-hybridized C and N results in the unique established T-conjugated electronic
structures of g-CsN4 with a direct bandgap of ~2.7 eV. The appropriate VB and CB band positions
at +1.6 eV and -1.1 eV vs NHE are anodically and cathodically sufficient for water oxidation and
reduction to produce O; and H,, respectively.’°"1%2 In comparison to TiO», which has a bandgap
of 3.0-3.2 eV and can only respond to the UV light,""*> g-CsN4 shows photocatalytic activity in the
visible light region. As a metal-free photocatalyst, Wang et al. in 2009 used g-CsN. for water
splitting to generate H, under visible light irradiation for the first time.'%? Since this pioneering work
and due to the aforementioned intriguing properties, g-CsN4 has elicited ripples of excitement in

the scientific community and has drawn worldwide attention in recent years.

1.4.3 Synthesis methods

As g-CsN4 consists of earth-abundant C and N elements, it is supposed to be prepared with
accessible raw materials at low cost. Several cheap N-rich precursors with C-N core structure,
such as melamine,'%'% cyanamide,’"% dicyandiamide,'®'%" urea,'%1% thiourea,'"®""" or
mixtures thereof,''? have been widely used to prepare g-CsN4 via thermal polycondensation
method (Figure 1.5).%% The N-rich molecules are polymerized into g-CsN4 during a facile annealing
process at the temperature of 450-650 °C. The electronic band structure and textual properties of

obtained g-CsN4 can be affected by the selected precursor. For example, the g-CsN4 synthesized



from urea normally has a higher specific surface area than that synthesized from melamine.'"?

While the g-C3N4 obtained from urea shows a larger bandgap than that prepared from thiourea.''*
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Figure 1.5 Schematic illustration of the synthesis process of g-CsN4 by thermal polymerization of different

precursors such as melamine,’%3.1%4 cyanamide,'9".1% dicyandiamide, %6197 urea,°8.1%9 thiourea.'%'"" The black, blue,
white, red, and yellow balls denote C, N, H, O, and S atoms, respectively. Reprinted with permission.®® Copyright 2016,
American Chemical Society.

1.4.4 Inherent drawbacks

Although g-CsNs has been regarded as the most promising visible light-driven metal-free
photocatalyst, several inherent shortcomings are still hindering its practical applications in solar
water splitting and photocatalytic decomposition of organic contaminants.'%4''® For example, the
high recombination rate of the photoexcited electrons and holes along their migration from the
bulk to the surface leads to relatively low photocatalytic activity of pristine g-CsN4.""® In addition,
the not-so-narrow bandgap of g-CsN4 (~2.7 eV) confines its light response range only into the UV
range and a small portion of visible light with wavelength shorter than 460 nm.""7:118 As discussed
in Section 1.3.1, sunlight covers a broad range of photon wavelengths (250-2500 nm). Therein,
the UV (<400 nm), visible (400-800 nm) and NIR (800-1400 nm) photons account for ~5%, ~45%
and ~44%, respectively, of the total incident solar flux reaching the Earth surface.®”1'%12" As the
high percentage (~90%) of visible and NIR light is needed to essentially increase the overall solar

energy utilization efficiency, the narrow light response range of g-CsNs4 is far from “ideal”



expectations and industrial applications. Therefore, the development of an efficient and
broadband responsive (from UV, visible to NIR regions) g-CsNs based photocatalyst is highly

desired and of paramount importance.

1.5 Strategies to Construct Broadband g-C3:N4 Based Photocatalysts

As g-CsN4 solely comprises earth-abundant C and N, it not only indicates that g-CsN4 can be
prepared cost-effectively, but also suggests that its surface activity can be altered without
significantly changing the theoretical composition and structure.®*% Furthermore, the polymeric
nature endows g-CsN4 with sufficient flexibility of the structure, which can serve as a host matrix
for easy anchoring of various organic and inorganic compounds. Thus, this feature is beneficial
to improve the activity of g-CsNs through introducing other materials to form hybrid
nanocomposites. During the past decades, numerous strategies have been adopted to increase
the photocatalytic activity of g-CsN4 and render it broadened response to photons with wavelength
above 460 nm They include, for example, electronic structure modulation via heteroatom
doping'?>'%¢ or defect engineering,''”:12":12¢ nanostructure design,'?*'3% and dye sensitization.'3*
137 As a matter of fact, ion doping or defect engineering are effective in modifying the energy band
configuration and electronic structure by introducing impurities into the g-C3sN4 matrix.'17:122-128138
Reducing the dimension of g-C3N4 from bulk crystals to nanosheets can increase the specific
surface area, make more active sites exposed to reactants, and thus allowing the reactants and
charges more accessible to each other.’%13142 Dye organic molecules, such as
dibromofluorescein,’®® Eosin Y, Erythrosin B, fluorescein,*® magnesium phthalocyanine,'’
magnesium phthalocyanine,’’ Zinc phthalocyanine,’* and Rose Bengal,'® have been widely
used as a sensitizer to absorb light at longer wavelengths for photocatalysis. However, with some
of these methods, the modified materials are still suffering from thermal instability, photocorrosion,
poor photocatalytic activity; in some cases, they can even result in un-desired secondary

pollution,':144.145

The past several years have witnessed a surge of interest in introducing surface plasmon
resonance (SPR) via loading plasmonic metallic nanostructures, and constructing heterojunction
via coupling with narrower-bandgap semiconductor, which have effectively circumvent the
inherent defects of g-CsNs to uncommonly improve the photocatalytic efficiency of g-
C3N,4.29.93.94.121,146,147 W also noticed that there are some explorations on employing upconversion
(UC) materials to make g-C3sN4 a broadband-responsive photocatalyst in recent years. This

section will be focused on the state-of-the-art advancements in the abovementioned three
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strategies toward achieving broadband solar harvesting by g-CsN4 for efficient photocatalysis,

including environmental remediation and H; evolution from water splitting.

1.5.1 Employing upconversion materials
1.5.1.1 Introduction of upconversion

Photon UC is essentially a nonlinear, anti-Stokes emission process, whereby sequential
absorption of two or more lower-energy excitation photons to generate emissions with higher-
energy (Figure 1.6a).'81%2 UC particles generally consist of an inorganic crystalline host matrix
and lanthanide ions doped in the host lattice (Figure 1.6b). For trivalent lanthanide ions, the 4f"
electronic configuration splits into many energy sublevels due to the strong Coulombic repulsion
and spin-orbit coupling, resulting in a rich energy level pattern, which renders lanthanides
promising in realizing efficient UC. The symbol 2*'L,, where S, L, J are the total spin, orbital and
angular momentum quantum number of the electron, respectively, is normally used to represent
the energy levels. Most of the lanthanide ions are theoretically able to generate UC emissions,
while only UC particles doped with Er®*, Ho*", and Tm?®" as activators can emit visible photons
under the excitation of low power density (~10 W/cm?).'®3 For efficient UC to proceed, Yb® ion is
frequently doped as a sensitizer due to its large absorption cross-section in the NIR region.
Through tuning the combinations and ratios of different dopants in UC materials, UC emission
can be precisely modulated to a particular wavelength spanning from the UV to the NIR region

and the emission intensities can also be controlled relatively (Figure 1.6¢c-1.6e).'4%:154

1.5.1.2 Synthesis of lanthanide-doped upconversion materials

The luminescence properties of the UC materials, such as emission and excitation wavelengths,
lifetimes and UC quantum yields, are determined not only by their composition, but also by their
size, shape, crystallinity, and the defect concentration in the host crystals. %1% Through delicately
controlling the experimental conditions, such as solvents, raw materials, reaction time and
temperature, the UC luminescence properties can be substantially tuned. Therefore, by selecting
a suitable synthetic method, it is possible to design UC particles with specific required properties
for targeted applications. To date, various routes have been developed for the synthesis of
lanthanide-doped UC materials, such as thermal decomposition,’” % co-precipitation
methods,'®>'7? and hydro/solvothermal,’”''’> as well as other emerging strategies, including

micro-emulsion method,'® sol-gel approach,’’ and microwave-assisted process,'®'"® efc.
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Therein, thermal decomposition is the most effective method to prepare monodisperse and
phase-pure lanthanide-doped UC nanocrystals with high crystallinity, while the synthesis
procedure is complicated and the obtained UC nanoparticles (UCNPs) are generally hydrophobic.
The hydro/solvothermal approach is facile and user-friendly, and the synthesized materials can
be hydrophobic or hydrophilic. Nevertheless, the invisible reaction process and the difficult

sampling render the formation mechanism rarely understood.
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Figure 1.6 Lanthanide-doped UC particles and photon UC. (a) Schematic energy level diagram showing that UC
luminescence primarily originates from electron transitions between energy levels of localized dopant ions. (b)
Schematic illustration of UC particles composed of a crystalline host and lanthanide dopant ions embedded in the host
lattice. Reprinted with permission.'®® Copyright 2010, The Royal Society of Chemistry. (c) Typical lanthanide-based UC
emission bands covering a broad range of wavelengths from UV (~290 nm) to NIR (~880 nm) and their corresponding
main optical transitions. Reprinted with permission.'#® Copyright 2015, Springer Nature. (d) Typical emission spectra
showing multiple narrow and well-separated emissions produced by cubic NaYF4:Yb/Tm (20/0.2 mol%) and
NaYF4:Yb/Er (18/2 mol%) particles. (e) UC multicolor fine-tuning through the use of lanthanide-doped NaYF4 particles
with varied dopant ratios. Note that the emission spectra and colors are associated with the host composition, particle
size, and particle surface properties. Reprinted with permission.'>* Copyright 2008, American Chemical Society.
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1.5.1.3 Upconversion enhanced photocatalysis

Current studies regarding NIR photocatalysts are still quite rare as compared to UV and visible
ones. As discussed above, NIR light accounts for ~44% of solar spectrum, while g-C3N4 can only
capture photons with wavelength shorter than 460 nm. Recently, UC materials are gradually
coming into the visions of researchers as a potential candidate to combine with semiconductor
photocatalysts, including TiO,,4%180-186 g.C3N,,187-190 CdS,191.192 BjV Q4,939 and ZnO, %1% etc.,
and the composites thereof,'%197:1% for NIR photocatalysis. The UC enabled NIR photocatalysis
requires that the UC emissions by the lanthanide-doped UC materials should be capable of
exciting the proximal semiconductor or plasmonic photocatalyst to produce charge carriers for

targeted photocatalytic reactions (Figure 1.7).

The most commonly used lanthanide ions in NIR photocatalysis are Yb**, Tm** and Er®*. Yb%* can
strongly absorb at 980 nm, and usually serves as a sensitizer. It only possesses one excited state
and once excited, its energy can be transferred to Tm** and Er** ions, which act as activators to

generate UV, blue and visible emissions via the successive energy transfer processes.'%?
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Figure 1.7 lllustration of the UC enhanced photocatalysis. Reprinted with permission.'52 Copyright 2019, Royal
Society of Chemistry.
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1.5.2 Introducing surface plasmon resonance effect
1.5.2.1 Introduction of surface plasmon resonance

SPR can be described as the photo-induced coherent collective oscillation of free electrons in
plasmonic metallic nanostructures, such as Au, Ag and Cu NPs. It takes place when the frequency
of incident photons matches the natural frequency of surface electrons oscillating against the
Coulombic restoring force of positive nuclei (Figure 1.8).43199.200 Ag 3 result, an electric field in the
opposite direction to the electric field of the light, is created due to the redistribution of the charge
density.?®® These coherent oscillations of charge density and electric field are known as localized
surface plasmons and can last for ~10 fs.2°" The wavelength (frequency) at which the oscillation
of conduction electrons in metallic NPs occurs with minimal power dissipation is called the

plasmon resonance photon wavelength (frequency).

E-field Metal
sphere

e cloud

Figure 1.8 Schematic illustration of plasmon oscillation on a plasmonic metal sphere. An oscillation of conduction
electron charge cloud relative to the nuclei is established by the external oscillating electric field. Reproduced with
permission.2%° Copyright 2003, American Chemical Society.

For different plasmonic metals, the plasmon resonance photon wavelength is different. For
example, Au, Ag and Cu NPs show the SPR behavior when interacting with UV and visible
photons (Figure 1.9a). In addition, the resonant photon wavelength and the SPR intensity are
determined not only by the nature of the metal, but also by the size and shape of metallic
nanostructures as well as the surrounding dielectric environment.20%202203 Through tuning the
composition (Figure 1.9a), shape (Figure 1.9b), and size (Figure 1.9c) of plasmonic metal NPs, it
is possible to engineer nanostructures that can harvest the photons of the entire solar spectrum

and beyond.43:204-207
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Figure 1.9 (a) Normalized extinction spectra of spherical Ag (38 £12 nm diameter), Au (25 £ 5 nm) and Cu (133

+ 23 nm) particles. The intensity of solar radiation (data for air mass 1.5 solar spectrum from the National Renewable
Energy Laboratory) is also shown, in black. The metal extinction is a consequence of the excitation of SPR. Dashed
portions of the metal extinction curves indicate interband transitions. (b) Normalized extinction spectra for Ag wire (90
+ 12 nm diameter and > 30 aspect ratio), cube (79 + 12 nm edge length) and sphere (38 + 12 nm diameter) NPs. (c)
Normalized extinction spectra for Ag nanocubes as a function of size (56 £ 8 nm, 79 £ 13 nm and 129 + 7 nm edge
lengths correspond to orange, red and blue spectra, respectively). The inset shows a photograph of the three nanocube
samples suspended in ethanol. Reproduced with permission.'%® Copyright 2011, Springer Nature.

1.5.2.2 Mechanisms of plasmon-enhanced photocatalysis

The absorption cross section of plasmonic NPs was reported to be several orders of magnitude
larger than that of dye-sensitizer molecules.?®® Together with the tunable optical properties,
plasmonic metallic NPs have been integrated to semiconductor photocatalysts to enhance their
photocatalytic activities.?*® During photocatalytic transformations, both the plasmonic metals and
the semiconductors in the composite photocatalysts can interact with light and reaction solution,
resulting in complicated charge-transfer and energy-transfer processes. Thus, to date, the
enhancement mechanisms of SPR effect to photocatalysis have not been fully understood and
clarified. There are three non-mutually exclusive major mechanisms by which SPR can enhance
the photocatalytic activities of a proximate semiconductor, namely hot electron injection, near-

field and light scattering enhancement.

SPR-induced hot electron injection. The hot electron injection mechanism is analogous to dye
sensitization. The plasmonic NPs essentially act as a dye sensitizer, which absorb resonant
photons and generate hot electrons with upshifted energy states via SPR excitation.?'%?"" These
SPR-induced energetic electrons are injected to the CB of neighboring semiconductor to
participate in photocatalysis (Figure 1.10). Thus, the combination of plasmonic NPs with wide
bandgap semiconductor photocatalysts can extend the light absorption range towards longer

wavelengths. As plasmonic metallic NPs are characterized by high absorption cross-sections and
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high mobility of charge carriers, the tuning of the resonance wavelength suggests that the entire

solar spectrum can be potentially efficiently utilized with the use of plasmonic-metal sensitizers.
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Figure 1.10 Mechanism of SPR-induced charge transfer with approximate energy levels on the NHE scale.

Dashed red lines refer to the water-splitting redox potentials. (i) Electrons near the metal Fermi level, Er are excited to
surface plasmon (SP) states; (ii) the electrons transfer to a nearby semiconductor particle; (iii) this activates electron-
driven processes such as the Hz-evolution. Reproduced with permission.'®® Copyright 2011, Springer Nature.

The hot electron injection mechanism was found to be possible only when the SPR-induced
electrons have sufficient energy to surmount the Schottky barrier formed between the plasmonic
NPs and the semiconductor photocatalyst in direct contact.?'22'* Thus, the hot-electron-injection
efficiency is determined by the fraction of hot electrons with energy higher than the Schottky
barrier. It can be affected by the size, shape, and composition of the plasmonic NPs, the
physicochemical properties of the adjacent semiconductor, as well as the interfacial conditions
between them.?'® For example, it was reported by Govorov et al. that 10-20 nm is the optimal size
range of spherical Au NPs for efficient generation of hot charge carriers with energy over the
Schottky barrier.2'® For small non-spherical NPs, such as cubes, nanowires, platelets, slabs, and
stars, the direction of light polarization is important. The polarization direction along the small
dimension of the plasmonic NPs is beneficial for generating high fraction of hot electrons. Under
non-polarization light excitation, NPs with sharp tips or corners are normally more efficient in

generating energetic charge carriers and thereby preferred for hot electron injection.?'”
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Plasmon-enhanced photocatalytic activity was also observed in the system where the plasmonic
NPs were separated from the semiconductor by a thin, non-conductive spacers (e.g. SiO2) which
make the charge transfer between these two building blocks impossible.?'®220 In these cases,
energy transfer from the plasmonic NPs to the semiconductor can occur through the near-field

electromagnetic mechanism and resonant photon-scattering mechanism.

Near-field electromagnetic enhancement. Near-field electromagnetic mechanism is often
known as plasmon resonance energy transfer (PRET) mechanism.** SPR-excited plasmonic NPs
are characterized by strong electromagnetic fields, which are spatially non-homogenous and the
highest intensity shown at the surface of NPs is orders of magnitude higher than the incident
field.' These fields decrease exponentially as 1/s* with distance from the surface (s) within ~20-
30 nm, and decrease linearly further away.*>'*® These intense fields can thus greatly affect the
semiconductor which is in the proximity of a SPR-excited plasmonic NP. The photon absorption
rate (generation rate of electron-hole pairs) in a semiconductor is proportional to |E|?, where E is
the electric field.??"?>2 Thus, for example, the charge carrier formation rate in some regions of the
N-TiOz2, in the proximity of SPR-excited Au NPs, increases by a few orders of magnitude (Figure
1.11).
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Figure 1.11 Optical simulations showing SPR-enhanced electric fields owing to photo-excited Au particles,
permeating into a neighboring TiO2 structure. The color bar shows electric field intensity normalized by the light source
intensity (|E|%/|Eo|?). The electric field intensity (and therefore charge-carrier generation) is the highest at the
metal/semiconductor/liquid three-phase boundary. Reproduced with permission.??®> Copyright 2011, American
Chemical Society.
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A strong near-field electromagnetic resonance would also be beneficial to reduce the charge
carrier recombination in a semiconductor by allowing the use of a thinner layer of the
semiconductor with metal NPs situated at the semiconductor/liquid interface (Figure 1.12). Such
energy transfer can occur even in the presence of a thin non-conductive spacer between the

plasmonic metal and semiconductor.??*

Most of the experimental results suggest that energy of the near-field should be above the
bandgap of the semiconductor for the enhanced generation of electron-hole pairs through PRET.
However, Wu et al. observed unprecedented plasmonic enhancement with an energy below the
bandgap.?** They well explained their observation by proposing that plasmon-induced resonance
energy transfer is indeed a non-radiative process and relies on the dipole-dipole interaction
between the semiconductor and plasmonic metallic NPs.?? For utilizing this mechanism in
plasmon-enhanced photocatalysis, it should meet two requirements: 1) the distance between
plasmonic metal and semiconductor needs to be short, 2) the SPR band of a plasmonic material

needs to overlap the intrinsic absorption region of the semiconductor.
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Figure 1.12 (a) Nustration of the phenomenon where electron-hole pairs generated deep under the surface of the
semiconductor recombine easily. (b) lllustration of the situation when plasmonic metals are loaded at the surface of the
semiconductor. The light-absorption layer becomes thinner where electron-hole pairs are generated at a high rate as
a result of near-field electromagnetic resonant energy transfer. The generated electron-hole pairs take part in the
reactions easily owning to their shorter migration length. Reproduced with permission.*3 Copyright 2015, WILEY-VCH.

Light-scattering enhancement. Plasmonic metal NPs have much larger absorption and
scattering cross-sections than their actual sizes. For a SPR-excited plasmonic metal NP, the
energy flux within a much enlarged area compared with the geometric cross section will be
captured and absorbed (Figure 1.13a). On the other hand, enhanced light scattering due to the
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presence of plasmonic NPs can be associated with a radiative energy transfer process from the
plasmonic NPs to the semiconductor, which can be used to enhance the efficiency of
photocatalysis. Basically, the enhanced light scattering increases the average photon path length
in plasmonic-metal/semiconductor composites and thereby enhancing the formation of charge

carriers in the semiconductor that can take part in photocatalytic reaction (Figure 1.13b).
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Figure 1.13 (a) Schematic illustration of the energy flux (Poynting vectors) and the electric-field intensity for an
incident electromagnetic wave with an electric field in the plane of the image. Red/blue represent high/low electric-field
intensity. The scattering effect is neglected. Reproduced with permission.?" Copyright 2011, Royal Society of
Chemistry. (b) Schematic illustrating the scattering mechanism. The addition of optically excited plasmonic
nanoparticles increases the average path length of photons in the composite structure. Reproduced with permission.'%°
Copyright 2011, Springer Nature.

Contribution from this aspect highly depends on the light scattering efficiency of plasmonic
nanostructures, which can be estimated by calculated light scattering-to-absorption ratios. A high
scattering-to-absorption ratio is a very important condition to be satisfied for utilizing photons
effectively to enhance the efficiency of plasmon-enhanced photocatalysis. The scattering cross

section (Csca) and absorption cross section (Cas) are expressed following Equations (1) and

(2):226,227

_8m, 4 _g| &tm 2
o (1)
Caps = 41ka’Im (Z22) 2)
Where k is the wavenumber (k = 27"), A represents wavelength

a is the diameter of a plasmonic NP
¢ is the dielectric function of a plasmonic NP

&m is the dielectric function of surrounding medium
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Im is the imaginary component of the dielectric function.

From the above equations, it can be seen that both Csca and Caps largely and directly depend on
the diameter of a metallic sphere, which scales with a® and a°, respectively. Therefore, a larger
NP (~60 nm) predominately scatters incident electromagnetic field whereas a smaller NP (~20

nm) absorbs light and localizes the field.208228

In addition to the size of metallic NPs, shape and loading level also determine the enhancement
of photocatalytic efficiency by scattering. For instance, it has been observed that photoreaction
rate was highest for Ag nanocubes compared to Ag nanospheres and nanowires mainly due to
the difference in their scattering efficiency.??° Finite-difference time-domain (FDTD) simulations

further confirmed that the Ag nanocubes showed the highest scattering efficiency.

1.5.2.3 Plasmonic metal loaded g-CsNs photocatalysts

Plasmonic metallic NPs, such as Au NPs,230-232 Ag NPs,2*323% have been loaded onto g-CsN4
photocatalyst to enhance the light absorption and charge separation due to their strong SPR
effect. Ag generally suffers from easy oxidation and thereby can lose its SPR effect. In addition,
as shown in Figure 1.9a, the SPR peak of Au NPs locates in longer wavelength range compared
with that of Ag NPs with the similar size, which is favorable for capturing broader band solar
spectrum for photocatalysis. Thus, as a more stable metal, Au has recently been used for
preparing plasmonic photocatalyst.?*® For Ag or Au NPs loaded g-CsNa, the visible light absorption
was largely enhanced due to the SPR effect of Ag or Au NPs that are mainly covering the visible
light region. However, the visible light at longer wavelengths and the NIR light are still not utilized.
The longitudinal SPR peaks of the Au nanorods (NRs) can be tuned from the visible to NIR
ranges.?%"2% Thus, to further extend the light response range, it is promising to design Au NRs/g-
CsN4 photocatalysts. In addtion, to make the utmost of photons in both NIR and visible regions,
the combination of UC and SPR effect has also been tried, 45192239240 which is another prospect

idea to prepare broadband and efficient g-CsN4 based composite photocatalysts.

1.5.3 Coupling with narrow-bandgap semiconductor

In plasmon-enhanced photocatalysis, noble metallic NPs are always involved. The practical
application of introducing SPR effect to extend the light response range is limited by the high cost
and the low abundance of precious metals. To circumvent this limitation to reach the same goal,
i.e., making g-CsN; efficiently harvest broadband solar spectrum, the coupling of g-CsN4 with cost-

effective narrow-bandgap semiconductor can be a promising alternative strategy.
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1.5.3.1

The exploration of narrow-bandgap materials greatly stimulates the evolution of photocatalysts
and the past few years have witnessed the fast growth of this research area. Table 1.1

summarizes some of the frequently-used narrow-bandgap semiconductors and their bandgap

Representative narrow-bandgap semiconductors

values.
Table 1.1 Representative narrow-bandgap materials and their bandgap values.
Materials Bandgap (eV) References
Ag20 1.2 241,242
Ag2S 0.9-1.2 243244
Bi2Ss 1.3 245,246
C02.6754 0.92 247
CulnS2 1.0-1.42 248-250
MoS: 1.2 (bulk)-1.9 (monolayer) 251-255
PbS 0.4 (bulk)-1.5 (quantum dots) | 256-259
Sb2Ss 1.5 260
Sn2S3 0.68-1.1 261,262
V'S4 0.8-1.2 263,264
WS: 1.35 (bulk)-2.14 (monolayer) | 265269
CuSe 1.5 270,271
InSe 1.0 (bulk)-2.1 (monolayer) 272-274
ShoSes 1.0-1.2 275,276
In2Tes 1.0 277
Cuz2(OH)PO4 0.62 120,278
Black phosphorus 0.3 (bulk)-2.0 (monolayer) 279-282
CaFe204 1.9 283
ZnFe204 1.9 284-286

It is worth noting that the chalcogenides (materials containing at least one chalcogen elements,
e.g. S, Se or Te, as a substantial constituent, and at least one electropositive element), such as
Agzs,243'244 Bi283,245,246 MOSQ,251'254 Wsz’zes-zsg szse3,275,276 |n2Tes7277 account for a large
proportion of narrow-bandgap semiconductors. They have also been directly utilized in
photocatalysis to gain broadband photocatalytic activity. For example, Liu et al. reported a WS;
nanosheet semiconductor with a narrow bandgap of 1.35 eV.?®8 |t strongly absorbs photons

ranging from UV, visible to NIR regions and thus exhibiting broadband photocatalytic
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performance. Co267S4 NPs were synthesized by Yuan and Wang et al. which were measured to
possess a bandgap of ~0.92 eV and showed obvious light absorption in the range of 240-2200
nm, especially for the NIR region of 760-2200 nm.?*” As a result, the as-prepared Co267S4 NPs

exhibited photocatalytic activity in the removal of MB under the light from UV to NIR regions.

In search of photoactive narrow-bandgap semiconductors, Huang et al. developed a transition-
metal hydroxide phosphate photocatalyst, Cux(OH)PO4, with an absorption edge up to ~2000
nm.'20278 The developed Cu,(OH)PO4 showed effective activity in the photocatalytic oxidation of

2,4-dichlorophenol in agueous solution under A > 800 nm light irradiation.

Most recently, as a new 2D material, black phosphorus (BP) has grabbed a great research
attention with its enticing electrical and optical properties, such as sufficiently high carrier mobility,
high photoelectronic response, and tunable bandgap from 0.3 eV (bulk) to 2.0 eV (monolayer).?8”
21 These favorable properties make BP, particularly few-layer BP nanosheets (<10 nm in

thickness), a promising candidate for broadband photocatalysis.

However, for narrow-bandgap semiconductors, the fast recombination of charge carriers has
been seriously hindering their direct application in photocatalysis. For example, BP itself shows
very poor photocatalytic activity no matter in photocatalytic degradation or H, evolution due to the
fast recombination of photo-induced electrons and holes in it. That is the reason why Majima et
al. synthesized a Pt NP and reduced graphene oxide (rGO) loaded few-layer BP nanoflakes (Pt-
rGO-BP).?°2 The photons from UV to NIR regions can be harnessed by BP to generate electron-
hole pairs. The loaded Pt NP and rGO facilitated the separation of charge carriers to enhance the
photocatalytic activity in Hz evolution of the Pt-rGO-BP hybrid. In addition, the band positions of
these narrow-bandgap semiconductors are normally not possessing enough oxidation/reduction
potentials to initiate some redox reactions. Therefore, the fast recombination of charge carriers
and the weak redox capability render these narrow-bandgap semiconductors difficult to be
efficient broadband photocatalysts by themselves. Furthermore, BP is suffering from instability as
it is very reactive to moisture and ambient oxygen, and can be easily oxidized due to the exposed
lone pairs at its surface. For the preparation of few-layer BP nanosheets, as BP possesses
stronger interlayer interactions compared with graphene and other 2D materials, the exfoliation
by ultrasonication would be difficult and would require long processing time or a sonicator with
high power.2%32% Howbeit the yield of few-layer BP nanosheets is still very low. These features

are greatly restricting the practical applications of BP.
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1.5.3.2 Narrow-bandgap semiconductor quantum dots

Basics of semiconductor quantum dots (QDs). Semiconductor QDs are nanocrystals with
physical sizes smaller than the exciton Bohr radius in three dimensions and show properties in
between bulk semiconductors and molecules or discrete atoms.2%%2% Exciton Bohr radius is a
dimension describing the spatial extension of electron-hole pairs in solids, ranging from 2 to 50 nm
depending on the type of materials,?*”?* such as ~5 nm for CdSe and ~20 nm for PbS.300 258,301,302
When the nanocrystal size is small compared to the exciton Bohr radius, the exciton wave
functions undergo confinement, which induces the quantization of the electronic bands. Thus, the
discrete energy levels appear near the band edges of QDs and the bandgap increases with
decreasing size (Figure 1.14a).2%7-2%.303 Dye to the quantum confinement effect, semiconductor
QDs have demonstrated unique size-dependent optoelectronic properties in exciton generation
and light harvesting, which perhaps is the most attractive feature of QDs in many photon-related
applications. For example, the redox capabilities of excitons in QDs can be readily tuned through
size alteration.%43% Similarly, it is possible to realize the better energy level matching between
donors and acceptors as well as tune the absorption of QDs to cover the full solar spectrum by
varying the size of the QDs (Figure 1.14b).2% In addition, the abundant surface sites lead to the
strong interaction between QDs and other materials, favoring their interfacial charge transfer.3%”
Unlike bulk counterparts, the surface atoms of semiconductor QDs account for the significant
content of the total atoms, which makes the utmost of the material without much wasting the inner
part. As a result of the unique electronic and optical properties, QDs have become promising
candidates for applications in photocatalysis (by acting as sensitizers, for example), photovoltaics,

and optoelectronics.

Synthetic methods. For most QDs-based applications, it is generally desired to synthesize highly
monodisperse QDs with a narrow size distribution and high crystallinity, which can be achieved
by the thermal decomposition method.29:3%0:308.309 The formation of monodisperse QDs typically
consists of two steps: rapid nucleation followed by slow growth. Thus, the separation of these two
steps during thermal decomposition is essential to obtain monodisperse samples. To this end,
hot-injection and heat-up methods were developed. The hot-injection method involves the rapid
injection of suitable reactive precursors into a vigorously stirred, hot solvent with high-boiling point.
Upon injection, the induced supersaturation initiates the nucleation. The injection of the precursor
solution with room temperature can lower the overall reaction temperature, and thus the
nucleation step is terminated and the growth step begins. For the heat-up method without

injection, the separation of nucleation and growth is achieved through the steady heating of a
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mixture of precursors and surfactants dissolved in high-boiling-point solvents as these two steps

occur at different temperatures.
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Figure 1.14 (a) Schematic representation of the quantum confinement effect on the energy level structure of a
semiconductor material. The lower panel shows colloidal suspensions of CdSe nanocrystals of different sizes under
UV excitation. Courtesy of R. Koole (Philips Research Laboratories, Netherlands). Reproduced with permission.303
Copyright 2011, Royal Society of Chemistry. (b) Absorbance spectra of PbS QDs with diameter being tuned from 3 to
10 nm, leading to excitonic maxima ranging from 900 to 2100 nm. Reproduced with permission.3% Copyright 2011,
American Chemical Society.

Ligand exchange. Long-chain surfactants usually involved in the above mentioned thermal
decomposition synthesis make QDs stable in colloidal suspension; however, they also act as an
insulating layer covering the QDs.?® The hydrophobic surfactant layer enables QDs readily
dispersible in non-polar solvents. Nevertheless, in some applications, such as photocatalysis and
biomedical imaging, water-soluble QDs are generally desired. Both the above two problems can
be addressed by partially or fully exchanging the native ligands (e.g., oleylamine) with relatively

short-chain and hydrophilic ones (e.g., hexanethiol, mercaptopropionic acid).?'%-312

In virtue of the rapid development of synthetic technologies, semiconductor QDs have recently
shown great potentials and appealing performance in solar energy conversion, particularly for

solar cells.313-316
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1.5.3.3 Narrow-bandgap semiconductor/g-CsN4 heterostructure

In recent years, the coupling of narrow-bandgap semiconductors with g-CsN4 to prepare efficient
and broadband photocatalysts have piqued great interest of researchers. For example, Zhang
and co-workers constructed a Z-scheme heterojunction based on CulnSy/g-CsNs for
photocatalytic water splitting.>”” The as-prepared sample demonstrated efficient charge
separation and an enhanced photocatalytic H. evolution rate under visible light irradiation. Most
recently, Majima et al. synthesized two kinds of nanostructured MoS, (nanodots and monolayer)
coupled g-CsN4 samples.'® They systematically investigated charge transfer kinetics between g-
CsN4 and MoS:; by using single-particle photoluminescence (PL) spectroscopy and femtosecond
time-resolved transient absorption spectroscopy. The results indicated faster and more efficient
electron transfer from g-CsN4 to MoS2 nanodots than that to MoS2 monolayer, which is attributed
to the stronger interaction between g-CsN4 and MoS; nanodots. Also, the photodeposition of MoS;
enhanced the light absorption in the range of 450-800 nm. Thus, the g-CsN4/MoS: nanodots
exhibited higher photocatalytic activity for H, evolution than both pure g-CsN4 and g-CsN4/MoS;

monolayer under visible light irradiation (A > 400 nm).

Although the coupling of narrow-bandgap semiconductors with g-CsN4 has been studied for
several years, the reported g-CsNs based broadband photocatalysts that indeed show NIR
photocatalytic activity are still quite limited. Table 1.2 summarizes some examples of the g-CsN.

based NIR photocatalysts and their applications in solar-driven environmental purification and fuel

production.

Table 1.2 Some examples of the broadband photocatalysts based on narrow-bandgap semiconductor/g-CsN4

heterostructure for NIR photocatalytic applications.
Photocatalysts Light source Wavelength | Application 2 Ref.
g-CsN4+@Bi2S3 NRs diode laser 808 nm PEC and antibacterial 245
g-C3N4 QDs-Sb2S3/g-C3N4 ® | 300 W xenon lamp >760 nm MO Degradation 260
Agz0/g-CsNa 250 WNIRlamp | > 760 nm m‘e’”,\‘/l"(’)ig;dgar‘;'gg{ifﬁ 318
BP/g-CsN4 320 W xenon lamp > 780 nm H2 Production 319
NiS@g-CsN4 diode laser 980 nm H2 Production 820
Cuz2(OH)PO4/g-C3N4 200 W NIR light > 800 nm H202 production 821

&

Photocatalytic applications; b, g-C3N4 quantum dots loaded Sb2S3 rods/g-C3sN4 nanosheets.

For instance, a multifunctional Zn-doped g-CsN4@Bi>S3 nanorod heterojunction (CN-Zn/BiS) was

developed by Wu and coworkers.?*® The absorption spectrum of Zn-doped g-CsNs (CN-Zn)
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showed enhanced light absorption and the red-shift was observed for its absorption edge because
the doping introduced more lattice defects (Figure 1.15a). CN-Zn/BiS exhibited further enhanced
light absorption from UV, visible to NIR regions due to the introduction of Bi,Ss. A higher
photocurrent density was achieved by CN-Zn/BiS photocathode than that by BiS, while almost no
photocurrent density was observed for the CN and CN-Zn samples with or without 808 nm laser
irradiation (Figure 1.15b). To detect the involved reactive oxygen species (ROS) in this system,
the electron spin resonance (ESR) spectroscopy was employed. <O, and *OH radicals were
detected for CN-Zn/BiS sample after NIR light irradiation (Figure 1.15c). The band structures of
CN, CN-Zn, BiS, and CN-Zn/BiS were determined by performing density functional theory (DFT)
calculations and then the ROS generation mechanism was proposed (Figure 1.15d). Under 808
nm NIR light illumination, BiS can be excited to produce photo-induced electrons and holes, and
thereby to generate ROS. These ROS can be used for disinfection. As shown in Figure 1.16e-f,
for CN-Zn/BiS (200 pg mL™), 99.2% of Staphylococcus aureus (MRSA) and 99.6% of Escherichia
coli (E. coli) were killed when exposed to 808 nm laser for 10 min, largely surpassing the other

control samples.
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Figure 1.15 (a) UV-visible-NIR absorption spectra of CN, CN-Zn, BiS, and CN-Zn/BiS. (b) Linear volt-ampere
curve of CN, CN-Zn, BiS, and CN-Zn/BiS with and without 808 nm NIR irradiation. (c) ROS detection of CN-Zn/BiS
through ESR with DMPO probe. Blue arrows indicated *O2" and purple arrows indicated *OH. (d) The mechanism of
ROS enhancement based on the DFT calculation compared with individual CN-Zn and BiS. Red arrows mean
generated ROS species. (e) MRSA and (f) E. coli strain counts calculated from spread-plate assays after treatment
with CN, CN-Zn, BiS, or CN-Zn/BiS (200 pug mL™") under 808 nm light irradiation. Reproduced with permission.?*
Copyright 2019, WILEY-VCH.
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1.6  Thesis Objectives and Organizations

1.6.1 Thesis objectives

As discussed above, energy crisis and environmental pollution caused by the intensive
consumption of fossil fuels have been the two main issues facing human beings. To maintain the
sustainability of human society, the seeking of green and renewable energy sources is imperative
and urgent. Solar energy that powers all the lives on our planet is considered to be an
inexhaustible, secure and clean natural resource. Semiconductor photocatalysis, which can
directly harvest and convert solar energy for green fuel production and environmental remediation
at room temperature and standard atmospheric pressure, has been recognized as one of the
green, sustainable and ideal avenues to address the global energy and environmental concerns.
Among the various categories of semiconductor photocatalysts, g-CsN4 has attracted tremendous
interest of material scientists by virtue of its fascinating merits, such as nontoxicity, facile
preparation, moderate bandgap, strong redox capability, “earth-abundant” nature, and good
physicochemical stability. However, g-CsN, still suffers from poor photocatalytic activity and low
quantum efficiency due to the high recombination rate of photogenerated charge carriers.
Moreover, the optical bandgap (2.7 eV) of g-CsNs4 largely restrains the range of its visible light
absorption to wavelengths shorter than 460 nm. Accordingly, the large portion of visible light,
which accounts for ~43% of incoming solar energy, remains underutilized. Thus, the development
of efficient and broadband responsive (from UV, visible to NIR regions) g-CsNs based
photocatalysts is a task of great significance and urgency, though challenging. To date, the
reported g-CsN4 based broadband photocatalysts that indeed show from UV to NIR photocatalytic

activity are still quite limited. Therefore, the objectives of this thesis are as follows:

(1) Introducing both UC and plasmonic effects into photocatalysis to construct efficient and

broadband photocatalysts for photocatalytic degradation of organic dye in aqueous solution.

(2) Loading NIR-responsive, narrower-bandgap semiconductor QDs onto g-CsN4 nanosheets to
more economically harvest solar photons ranging from UV, visible to NIR regions for

photocatalytic degradation of organic dye in aqueous solution.

(3) Coupling a narrower-bandgap 2D semiconductor with 2D g-C3N4 nanosheets to construct a
metal-free 2D/2D heterojunction to more efficiently, economically, environmental-friendly utilize

solar energy for the broadband production of a green, zero-emission fuel, Ha.
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1.6.2 Thesis organizations
This thesis is composed of 6 chapters and the structures are as follows:

Chapter 1 introduces the background of this thesis and outlines the motivation of my research
work. Afterwards, a literature review is presented focusing on the development of efficient and
broadband g-Cs;N.s based photocatalysts and their applications in solar-driven environmental

purification and fuel production. The publications related to this chapter are:

Zhang Q, Liu Y, Xu Z, Zhao Y, Chaker M, Ma D (2018) Visible-Light-Driven Photocatalysts.
Nanomaterials for Energy Conversion and Storage, Wang D & Cao G (Eds.) World Scientific,
New Jersey. p. 109-173.

Zhang Q, Yang F, Xu Z, Chaker M, Ma D (2019) Are lanthanide-doped upconversion materials

good candidates for photocatalysis? Nanoscale Horizons, 4(3):579-591.

Zhang Q, Thrithamarassery Gangadharan D, Liu Y, Xu Z, Chaker M, Ma D (2017) Recent
Advancements in Plasmon-Enhanced Visible Light-Driven Water Splitting. Journal of
Materiomics, 3(1):33-50.

Chapter 2 provides the experimental and computational details. Synthesis methods of all the
samples, characterization information, photocatalytic degradation of organic dye and H:

production, and adopted models and parameters for theoretical calculations are all provided.

Chapter 3 corresponds to the first objective. A plasmon and UC enhanced broadband
photocatalyst based on plasmonic Au NP and upconverting NaYF4Yb3*, Er**, Tm® (NYF)
microsphere loaded g-CsNs+ nanosheets was subtly designed and synthesized, and used for
broadband (from UV to NIR) photocatalytic degradation of MO. The publication related to this

chapter is:

Zhang Q, Deng J, Xu Z, Chaker M, Ma D (2017) High-Efficiency Broadband CsNs
Photocatalysts: Synergistic Effects from Upconversion and Plasmons. ACS Catalysis,
7(9):6225-6234.

Chapter 4 corresponds to the second objective. NIR-responsive PbS@CdS@ZnS QDs (PCZ
QDs) were loaded onto g-C3sN4 nanosheets to construct a 0D/2D heterostructure, which was used
for harvesting solar photons from UV, visible to NIR regions for efficient photocatalytic degradation

of MO. The publication related to this chapter is:
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Zhang Q, Yang F, Zhou S, Bao N, Xu Z, Chaker M, Ma D (2020) Broadband Photocatalysts
Enabled by 0D/2D Heterojunctions of Near-Infrared Quantum Dots/Graphitic Carbon Nitride
Nanosheets. Applied Catalysis B: Environmental, 270:118879.

Chapter 5 corresponds to the third objective. A 2D/2D heterojunction of BP/g-CsN. was
designed and synthesized for broadband photocatalytic Hz evolution. The publication and applied

patent related to this chapter is:

Zhang Q, Huang S, Deng J, Gangadharan DT, Yang F, Xu Z, Giorgi G, Palummo M, Chaker
M, Ma D (2019) Ice-Assisted Synthesis of Black Phosphorus Nanosheets as a Metal-Free
Photocatalyst: 2D/2D Heterostructure for Broadband H», Evolution. Advanced Functional
Materials, 29(28):1902486.

Zhang Q, Ma D, Chaker M (2019) Facile Method for Large-scale Producing Few-layer Black
Phosphorus Nanosheets. International Patent, PCT/CA2019/050813.

Chapter 6 briefly summarizes the main conclusions of this work and provides the current

challenges and perspectives toward this dynamic field.

Following the main body of this thesis is a synopsis of this thesis in French as per the INRS

requirements.
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2 EXPERIMENTAL

2.1 Materials

Au target (99.99%, diameter x thickness: 8 mm x 1.5 mm), 1,4-benzoquinone (BQ), butylamine
(99.5%), cadmium oxide (CdO, 99%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), disodium
ethylenediaminetetraacetate (Na;EDTA), ethanol (99%), hexane (99.9%), isopropanol (IPA,
99.5%, anhydrous), lead chloride (PbCl,, 98%), methanol (anhydrous, 99.8%), 3-
Mercaptopropionic acid (MPA, 299.0%), methyl orange (MO), N-methyl-2-pyrrolidinone (NMP,
299%), NMP (99.5%, anhydrous), nitric acid (HNO3), N,N-dimethylformamide (DMF, 99.8%),
octadecene (ODE), oleic acid (OA), oleylamine (OLA, technical grade, 70%), phosphorus
pentasulfide (P2Ss, 99%), rare-earth nitrate hydrate (Y(NO3)3-6H20O, Yb(NO3)3-5H,0,
Er(NO3)3-5H,0, Tm(NO3)3-5H.0; 99.9 wt%), sodium fluoride (NaF), sodium hydroxyl (NaOH),
sulfur powder (S, 100%), tert-butyl alcohol (t-BuOH), toluene (99.9%), urea (NH.CONHz), and
zinc chloride (ZnClz, 99.999%) were purchased from Sigma-Aldrich and used without further
purification. Black phosphorus (BP) crystals of high-purity (~99.998%) were purchased from
Smart Elements. The absolute pure water, purified by a Millipore Ultrapure water system and

having a resistivity of 18.2 MQ cm at 25 °C, was used in the current investigation.

2.2 Synthesis of g-C3sN4 Nanosheets

For the synthesis of g-C3N4, urea (30 g) was placed into a covered alumina crucible, and then
heated in a quartz tube furnace with a heating rate of 2 °C min™' to 250 °C, 350 °C, and 550 °C,
and maintained at these three target temperatures for 1 h, 2 h and 2 h, respectively. After being
naturally cooled down to room temperature, the yellow powder was collected and washed for
three times with HNOs (0.1 mol L") and water to remove potential alkaline residue (e.g. ammonia).

After centrifugation, the precipitate was dried in the vacuum at 80 °C overnight.

2.3 Synthesis of Au-NYF/g-C3N4

2.31 Preparation of Au NP colloids

The Au NP colloids were prepared by using the pulsed laser ablation in liquid (PLAL) technique.
A KrF excimer laser (GSI Lumonics PM-846, A: 248 nm; pulse width: 25 ns; repetition rate: 20 Hz)
was employed for laser ablation. The Au target was fixed at the bottom of a glass vessel filled

with 5 mL of NaOH solution (pH = 9.5). The beam was focused onto the Au target by an objective
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lens with 7.5 cm focal length. The depth of the NaOH solution layer above the target was about
10 mm. Laser fluence on the target was set to a constant value (~40.0 J cm™2). The concentration
of the as-prepared Au NP colloids was 50 ppm based on the neutron activation analysis (NAA)

measurements.

2.3.2 In-situ synthesis of NYF/g-C3:N4 composites

NYF microspheres were synthesized and anchored onto the g-CsN4 nanosheets in a single step
via in-situ synthesis of NYF microspheres in the presence of g-CsN4. Typically, 0.60 g of the
obtained g-C3sN4 was dispersed into 60 mL of water by ultrasonication for 12 h. Then 3.133 mL of
Y(NO3)3 (0.5 M), 0.801 mL of Yb(NO3)z (0.5 M ), 1.000 mL of Tm(NO3)3 (0.01 M ), and 0.203 mL
of Er(NOs)s (0.01 M) solutions were added to the above g-CsN4 dispersion and the mixture was
further magnetically stirred for 2 h. Subsequently, 0.30 g of NaF was introduced into the solution.
After stirring for 1h, the reaction mixture was transferred into a 100 mL Teflon-lined stainless steel
autoclave and subjected to heating for 12 h at 180 °C. After the autoclave was cooled down
naturally to room temperature, the product was washed three times with pure water and ethanol
in sequence. The purified precipitate was then dried at 80 °C in an oven for 12h to obtain the

composite of NYF microsphere loaded g-CsN4 nanosheets.

233 Preparation of Au NP loaded NYF/g-C3:N4 photocatalysts

A certain amount of the freshly prepared Au NP colloid was added to 10 mg of NYF/g-CsN4 and
mixed by shaking. After being incubated for ~30 min at room temperature, the precipitate from
the mixture solution was collected by centrifugation, followed by washing with pure water. By
adding different volumes of Au NP solution, the Au-NYF/g-CsN4 photocatalysts with different
loading levels of Au NPs were prepared. The mass fraction of Au NPs in the Au-NYF/g-CsN.

photocatalysts was denoted as x wt% (x=1, 2, 3, 4 and 5).

2.4 Synthesis of PCZ QDs/g-C3N4 Nanosheets

241 Synthesis of PbS QDs

The PbS QDs were synthesized via a previous reported method.??? Typically, 24 mL of OLA and
10 g of PbCl, were mixed in one three-neck flask and heated to 160 °C. After stirring for 1h at this
temperature under Ny, the solution was cooled down to 120 °C and vacuumed for 40 min. At this
time, a solution containing 115 mg of sulfur powder and 4 mL of OLA was immediately injected

into the above flask under the protection of N2, which was cooled down to 100 °C and kept for 1
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min for the growth of PbS QDs to reach the desired size. Afterwards, the solution was quenched
with cold water to terminate the reaction. The PbS QDs were separated from the colloidal solution
and the supernatant was collected. 20 mL of hexane and 30 mL of ethanol were added to wash
the obtained QDs for two times. The final product was re-dispersed in toluene to get the colloidal
PbS QDs solution.

24.2 Synthesis of PbS@CdS core@shell QDs

A microwave-assisted cation exchange approach was used to synthesize PbS@CdS core@shell
QDs *2. Specifically, the colorless Cd precursor solution was prepared by heating a flask
containing OA (15 mL), ODE (20 mL), and CdO (3 g) to 200-250 °C, and then cooled to 100 °C
and degassed for 30 min to remove moisture and oxygen. When the solution was cooled down to
20 °C, 12 mL of the as-synthesized PbS QD dispersion was added to obtain a mixture. 20 mL of
the mixture was transferred to a 35 mL vial and underwent heating in a Discover SP microwave
reactor (CEM Corporation) to 100 °C for 3 min. Certain volume of ethanol was added to precipitate
QDs, which were separated by centrifugation and re-dispersed in toluene. The precipitation and
re-dispersion procedures were repeated three times to purify the obtained PbS@CdS QDs, which

were finally re-dispersed in toluene.

243 Synthesis of PCZ core@shell@shell QDs

Through a microwave-assisted procedure, the coating of ZnS shell on the PbS@CdS QDs and
replacing the OA with MPA ligand to make them water-dispersible were simultaneously achieved.
Typically, P-Ss (0.02 g) was dissolved into MPA (0.5 g), butylamine (0.3 mL), and NMP (10 mL)
by heating at 110 °C for 20 min in a sealed flask to prepare S precursor solution. Under the same
condition, Zn precursor solution was synthesized by dissolving ZnCl; (0.07 g) into same amount
of MPA, butylamine, and NMP in another sealed flask. After cooling down to room temperature,
0.007 g of as-synthesized PbS@CdS QDs were dissolved in the S precursor solution, and then
Zn precursor solution was added into the mixture. The obtained solution was heated in a Discover
SP microwave oven at 70 °C for 30 min to yield the MPA-capped PCZ core@shell@shell QDs.
The synthesized QDs were purified by repeating four times the centrifugation and re-dispersion
using toluene. The purified QDs were dried overnight in a vacuum oven and dispersed in 10 mL

of water.
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244 Preparation of PCZ QDs/g-C3N4 nhanosheets

A certain amount of the prepared PCZ core@shell@shell QDs was added to 10 mg of g-CsNs4
nanosheets and mixed by shaking for 5 min, and then the mixture was incubated at room
temperature until the supernatant became transparent and colorless. The precipitate was
collected and washed by water. By varying the added volumes of QD solution, PCZ QDs/g-CsN4
with different loading mass fractions of QDs were prepared, denoted as x wt% QDs/g-CsN4. The
actual contents of PCZ QDs in the composites were measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES). The measured values, 0.95, 2.14, 2.97, 7.02 and 10.89

wt%, are quite close to the nominal loading mass fractions, 1, 2, 3, 7 and 11 wt%.

2.5 Synthesis of BP/g-C3N4 Nanosheets

251 NMP-ice-assisted preparation of BP nanosheets.

BP nanosheets were synthesized by developing a NMP-ice-assisted exfoliation method.
Specifically, 25 mg of bulk BP was ground into ultrafine powder and dispersed into 25 mL of NMP
solvent. The dispersion was completely frozen with a liquid nitrogen bath for 5-10 min, and then
sonicated in a bath sonicator (BRANSONIC, 70 W, 40 kHz) for ~10 min to make the “NMP ice”
melt. The procedure of freezing and melting was repeated 3 times. To protect the BP from oxygen
and water, the dispersion was sealed in a vial, and all the experimental manipulations were
performed in a glovebox or with nitrogen bubbling. Afterwards, the dispersion was centrifuged at
4000 rpm for 15 min to remove the residual un-exfoliated BP. The light yellow supernatant was
decanted gently, which was the dispersion of BP nanosheets in NMP. The obtained BP
nanosheets were washed with IPA by centrifugation at 12000 rpm for 2 times. The collected
precipitate was re-dispersed into 25 mL of IPA. The concentration of BP in this dispersion was
determined to be 0.75 mg mL"' by ICP-OES.

252 Preparation of BP/g-C:N4 photocatalysts.

BP/g-CsN4 nanosheets were prepared by dispersing 10 mg of g-CsN4 powder into 0.4 mL of BP
nanosheet dispersion in IPA. The mixture was stirred for 2 h to couple BP nanosheets with g-
CsNs nanosheets under the protection of N.. Subsequently, the sample was collected by
centrifugation at 6000 rpm for 5 min, and then washed completely with IPA. The final product was
obtained by drying the washed sample in an oven under vacuum at 60 °C overnight. The obtained
BP/g-CsN4 nanosheets contain about 3 wt% of BP. The composites with 10 wt% and 15 wt% of

BP were prepared with adding 1.3 mL and 2 mL of BP dispersion, respectively.
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2.6 Characterizations

The microstructure and composition of the photocatalysts were studied by a transmission electron
microscope (TEM, JEOL 2100F, operated at 200 kV), equipped with an energy-dispersive X-ray
(EDX) spectrometer.

The crystal structures of all the samples were analyzed by the X-ray diffraction instrument (XRD,
PANalytical X’Pert MRD) with a Cu Ka radiation source (A = 0.15406 nm) operated at 45 kV and
40 mA.

The UV-visible-NIR absorption spectra of samples and the absorbance of MO in aqueous
solutions were measured using a Varian Cary 5000 scan spectrometer equipped with an
integrating sphere (for solid samples) at room temperature. The bandgap energy (Eg) of the

prepared samples were determined from Tauc plots, i.e. (ahv)? as a function of hv.

A VG Escalab 220i-XL X-ray photoelectron spectroscopy (XPS) equipped with a twin anode Al
Ka radiation x-ray source was used to analyze the chemical composition of the samples. All the

XPS spectra were calibrated using the C1s peak at 284.8 eV as reference.

Ultraviolet photoelectron spectroscopy (UPS) measurements were carried out with an unfiltered
Helium gas discharge lamp emitting predominantly at 21.22 eV to determine the valence band

(VB) position of as-prepared samples.

Fourier transform infrared (FTIR) spectra of the prepared samples were recorded on a Thermo
Scientific 4700 FTIR spectrometer.

The UC luminescence spectra were obtained by using a Thorlabs fiber-coupled laser diode
(maximum power: 330 mW) as the 980 nm excitation light source. The laser was focused on the
powder to obtain a spot (0.4 mm in diameter) with a Gaussian distribution of intensity. The
emission was collected at 90° from the incident beam, and then transferred and recorded on a
spectrophotometer (Avaspec-2048L-USB2). All the measurements were performed under

ambient conditions.

Steady-state photoluminescence (PL) and time-resolved PL (TRPL) spectra were obtained by a

Horiba Jobin Yvon Fluorolog-3 fluorescence spectrometer.

The electron spin resonance (ESR) characterizations were performed by using a JEOL JES-X320
spectrometer with a microwave power of 10.00 mW and a frequency of 9.15GHz at room

temperature to study the electron mobility. The 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
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used as the spin-trapping agent to detect the reactive species. The measurements were carried

out in aqueous dispersion and methanol dispersion for DMPO-+OH and DMPO-+O-", respectively.

The topography image of the BP nanosheets on a pre-cleaned glass was observed by an atomic

force microscopy (AFM, Bruker, MultiMode 8) in a tapping mode.

Zeta potential of the as-prepared samples was recorded with a Brookhaven ZetaPlus system in

a standard 10 mm all-side-transparent polymethyl methacrylate cuvette.

Neutron activation analysis (NAA) measurements were performed using a SLOWPOKE nuclear
reactor to determine the concentration of Au NPs in colloids, and the weight content of Au, Er, Tm
and NYF in Au-NYF/g-C3sN4 samples.

The concentration of actual contents of PCZ QDs in the PCZ QDs/g-CsNs composites was
measured by an Agilent 5100 ICP-OES.

The concentration of BP nanosheets in IPA dispersion and the content of BP in the composites
were determined by an IRIS Intrepid [l XSP ICP-OES (Thermal Scientific, USA).

2.7 Photoelectrochemical Measurements

Photoelectrochemical (PEC) properties were measured with a standard three electrode system
in an electrochemical workstation (CHI 660E, CH Instruments). The working electrode was
prepared by coating the as-synthesized sample on fluorine-doped tin oxide (FTO) glass with its
boundaries being protected by Scotch tape. Specifically, 2 mg of powder sample was dispersed
into 2 mL of DMF under sonication for 30 min to obtain evenly dispersed slurry, which was drop-
casted onto the FTO glass. After drying under ambient condition, the epoxy resin glue was used
to isolate the uncoated part of the FTO glass. A Pt wire and a Ag/AgCl electrode were used as
the counter and reference electrode, respectively. The 0.2 M of Na>SO4 (pH = 6.8) aqueous
solution pre-purged with nitrogen for 30 min was used as an electrolyte. A 300 W Xe lamp or a
150 W Newport solar simulator equipped with an AM1.5G filter (LCS-100, Newport) was utilized
as the light source. Nyquist plots were recorded over the frequency range of 100 mHz to 100 kHz
at a bias of 0.2 V.
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2.8 Photocatalytic Activity Evaluation and Trapping Experiments

2.8.1 Photocatalytic degradation of MO by Au-NYF/g-C3N4

The evaluation of the photocatalytic activities of the x wt% Au-NYF/g-CsN4 was carried out in the
photodegradation of MO. In a typical experiment, 10 mg of the x wi% Au-NYF/g-CsN.
photocatalyst was dispersed into 25 mL of MO solution (10 mg L™") in a 100 mL quartz reactor
with circulating cooling water to keep the reaction temperature constant. Prior to illumination, the
mixed suspension was magnetically stirred in the dark for 30 min to obtain the adsorption-
desorption equilibrium. The UV photocatalysis experiment was performed using a commercial
photoreactor (LUZ-4V, Luzchem), which was equipped with fourteen 8 W UV lamps (Luzchem
LZC-UVA). Visible light with different wavelengths, A > 420 nm and A > 475 nm, was generated
by applying appropriate long-pass optical filters onto a 300 W xenon lamp. A 980 nm diode laser
was set at 2 W to work as the NIR light source. The simulated solar light photocatalysis reaction
was carried out using a solar simulator (AM 1.5). After irradiation for various time intervals, 0.6
mL of MO solution was collected and centrifuged. The absorbance of MO in the supernatant was
analyzed by UV-vis absorption spectrometry. Also, the precipitates after centrifugation were
recovered, washed and dried, and re-used five times to test the photocatalytic stability of x wt%
Au-NYF/g-C3sNa.

2.8.2 Photocatalytic degradation of MO by PCZ QDs/g-C3N4

The photocatalytic activity of the PCZ QDs/g-CsNs samples was evaluated for removal of MO in
water. Photocatalysis was carried out in a 100 mL quartz reactor in the presence of 10 mg of the
PCZ QDs/g-CsN4 and 25 mL of MO solution (10 mg L™"). The reaction temperature was kept
constant with circulating cooling water. Prior to irradiation, the suspension was stirred in the dark
for 30 min to reach adsorption-desorption equilibrium between photocatalysts and MO. A
commercial Luzchem LUZ-4V photoreactor equipped with fourteen 8 W LZC-UVA lamps was
used for the UV photocatalytic experiment. A 300 W xenon lamp with long-pass optical filters was
used for the photocatalysis under A > 420 nm and A > 495 nm irradiations. For the NIR
photocatalysis, a 980 nm diode laser was set at 2 W to act as the NIR light source. For practical
application, the photodegradation reaction was performed using a solar simulator (AM 1.5). The
solution was irradiated with the above-mentioned light along with magnetic stirring. At different
irradiation time points, 0.5 mL of aliquot was collected and centrifuged to separate the MO solution
and photocatalysts. The MO residue in the supernatant was measured using a UV-vis

spectrometry by following the absorbance at wavelength of 465 nm. After the simulated solar light
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photocatalysis, QDs/g-CsNs+ were recycled by centrifugation, and then washed and dried
overnight. Five more runs of experiments were carried out in the presence of the recovered

samples under identical conditions to test the stability.

2.8.3 Trapping experiments

To detect the involved active species in the photocatalytic removal of MO, trapping experiments
were performed by using different scavengers. Specifically, t-BuOH (1 mM), BQ (1 mM), and
Na;EDTA (1 mM) served as scavengers to capture hydroxyl radical (*OH), superoxide radical
(«O27), and hole, respectively, during the photocatalysis testing with all other conditions being

identical.

284 Photocatalytic H: evolution by BP/g-C3N4

Photocatalytic Hz evolution experiment was performed in a 500 mL Pyrex top-irradiation reactor
with a quartz cover. A 300 W Xenon lamp equipped with cut-off filters (420 nm and 475 nm) was
used to provide the irradiation source in the visible wavelength range. Typically, 10 mg of
photocatalysts were dispersed in 100 mL of aqueous solution containing 10% of triethanolamine
(TEOA) as sacrificial reagents. The mixture was deaerated by Nz gas for 20 min and sonicated
for 5 min. The system was sealed and vacuumed prior to photocatalysis. During the irradiation,
the suspension was stirred continuously and kept at a constant temperature by circulating cooling
water. The evolved Hz was analyzed by a gas chromatography (GC, 7890B, Agilent Technologies)
equipped with a thermal conductivity detector. For stability measurements, the photocatalysts
were collected from the final reaction slurry by centrifugation, and then washed with ethanol and
water thoroughly. Subsequently, the recycled sample underwent the photocatalytic H, evolution
experiment under identical conditions and repeated for 5 cycles with a total irradiation time of 120
h.

2.9 Theoretical Calculations

Calculated absorption spectra (Figure 5.3f) were obtained by performing Many-Body Perturbation
theory calculations (namely GW method and Bethe-Salpeter equation)®** on top of density
functional theory (DFT) simulations.®*® In the G,W, simulations we used a cutoff of 40 Ry to
expand the wavefunctions, 160 Ry to evaluate the difference between the exchange self-energy
and exchange-correlation matrix elements <}, - Vi>. For the screening term W and the

correlation self-energy matrix elements <} > we performed careful convergence tests for the
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monolayer finding that 12 Ry and 400 bands provide well converged gaps within 0.05 eV. We
further checked that using lower convergence parameters, namely 6 Ry and 100 bands in G the
gap correction reduces of about 0.1 eV. For the same system we verified that performing partial
self-consistency in the Green Function as GW, scheme the gap increases of about 0.1 eV. In
order to speed up the calculations we performed, for all the other systems, calculations using a
cutoff of 6 Ry and N_b= (N)*100 (N number of layers) bands and avoiding self-consistency. We
then added the estimated difference of 0.2 eV, after verifying that this value really occurs for the
case of the bilayer. The convergence on k-points has been carefully checked both at GW and
BSE level and a grid of 24x21x1 is enough to converge both quantities within 0.1 eV. A box-like
cutoff in the Coulomb potential, as implemented in the yambo code, has been used to avoid
spurious interactions between the images and speed up the convergence with the vacuum size.
The geometries of the layered structures have been obtained using norm conserving
pseudopotentials®?® and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with
Van der Waals correction,®’ able to reproduce with very good accuracy the structural lattice
parameters of bulk BP. The vacuum in the aperiodic direction has been selected to be larger than
15 A for monolayer and bilayer and for all the other cases larger than the thickness of the few-

layer phosphorene atomic structure.
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3.1 Introduction

Photocatalysis is considered to be one of the most promising technologies for tackling the energy
crisis and environmental pollution by directly harvesting and utilizing the solar energy. Over the
past decades, numerous semiconductor photocatalysts have been developed.®®328-332 However,
there are still many challenges to address, such as a limited photoresponse range, the fast
recombination of photo-induced charge carriers, high cost in materials, complicated or time-
consuming preparation processes, and poor stability, efc., which pose obstacles to the practical
application of photocatalysts.3?®33% The seeking of suitable photocatalysts to solve the above

problems becomes one of the researchers’ noble missions.

Recently, graphitic carbon nitride (g-CsN4) has gained extensive attention as a two dimensional
(2D) m-conjugated photocatalyst with the merits of earth-abundance, visible-light response and
high chemical inertness.02142:334.335 Nevertheless, g-CsN4 still suffers from poor photocatalytic
activity and low quantum efficiency due to the high recombination rate of photogenerated charge
carriers.2%6:3%.337 Moreover, the optical bandgap (2.7 eV) of g-C3N, largely restrains the range of
its visible light absorption to wavelengths shorter than 470 nm.236:338 Accordingly, the large portion
of visible light, which accounts for ~43% of incoming solar energy, remains underutilized.**° To
address the above-mentioned intrinsic drawbacks of g-CsNs4, various strategies have been
adopted for enhancing its photocatalytic performance and expanding its visible-light absorption
towards longer wavelengths, including morphology modification,%340341 doping with metal
232236342 or non-metal elements,®*334 and coupling with semiconductors to form

heterojunctions.346-349

Plasmonic metallic nanostructures, for example Au and Ag nanoparticles (NPs), with unique size-
tunable localized surface plasmon resonance (SPR) have been extensively investigated for
combining  with  semiconductor photocatalysts towards achieving high-efficiency
photocatalysis.44199.232236.350-354 |n particular, Au nanostructures hold high promise, thanks to their
strong visible-light absorption capability over a wide range and extremely high resistance to
corrosion and oxidation under various conditions.?* In the case of Au/g-CsNa, the layered g-CsN4
can not only serve as the Au-supporting material, but also the acceptor of SPR excitation-
generated hot electrons injected from Au NPs that initiate the photocatalytic reaction under visible
light irradiation.3%> Moreover, it has been demonstrated that Au NPs can act as sinks to capture
electrons from the bandgap excitation of g-CsNs under ultraviolet (UV) and visible light

illumination.®*® The electron transfer can extend the lifetime of photogenerated charge carriers
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and effectively enhance the photocatalytic activity. Such plasmonic metal-semiconductor
interactions strongly rely on the direct contact between Au NPs and g-CsN.. Nevertheless, in most
of the cases, chemical synthesis yields Au NPs with organic ligands on the surface, which will
suppress the transport of charge carriers that is detrimental to photocatalysis. In a previous study,
we synthesized tiny Au NPs with “bare and clean” surfaces by using “Pulsed Laser Ablation in
Liquid” (PLAL).14%357-3% These Au NPs free of any ligands exhibited much higher catalytic
efficiency compared with those prepared chemically. Due to their “bare” surface, they are
expected to form a physical barrier-free interface with g-CsN4, favoring the charge transfer
process. The fascinating properties of PLAL generated Au NPs endow PLAL-Au/g-CsN4 huge
potential for highly efficient photocatalysis,**° however, to the best of our knowledge, few efforts
have been made in this field. Additionally, the exact mechanisms and processes in Au/g-CsN4
systems under separate UV and visible light illumination are still ambiguous. Therefore, it is of
great significance to carry out systematic studies to understand the underlying pathways and

explore critical parameters for the design of Au/g-CsN4 photocatalysts.

Nonetheless, in order to substantially utilize the solar energy, it is far from satisfactory to make
photocatalysts only respond to UV and visible light, with the near-infrared (NIR) photons being
wasted, which make up about 44% of the whole solar spectrum.3®' To date, only a few studies
report on NIR photocatalysis. A promising type of luminescent materials, the lanthanide-ions-
doped upconversion particles, can convert two or more NIR photons with lower energy to UV and
visible emissions,'%%2 which can subsequently be used to excite the Au NPs and g-CsNsa,
enabling the indirect utilization of the NIR photons for photocatalysis. Therefore, integrating
plasmonic Au NPs, upconversion microspheres and g-CsN: nanosheets into a single
photocatalyst is of great potential in harvesting UV, visible and NIR light at the same time for
efficient photocatalysis. To our knowledge, such a design strategy for the novel broadband
photocatalyst has seldom been reported yet. Furthermore, in most of the published papers,
upconversion particles were synthesized separately, and then combined with other
semiconductors.'4%161.180.363 Thig ex-situ synthesis method can be time-consuming, and usually
requires extra surface modification steps for promoting coupling and thus is more complicated. It

does not favor the close integration of the components in composite materials either.3%

In the present study, we demonstrate for the first time a novel composite photocatalyst that
includes three components: (1) the 2D g-CsN4 sheets with relatively narrow bandgap as the
support and major photocatalyst, (2) the plasmonic Au NPs free of any organic ligands prepared
by the PLAL method, (3) and the in-situ synthesized upconversion NaYF4:Yb3*, Er®*, Tm3* (NYF)
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microspheres on the g-CsN4 nanosheets, which can convert the NIR photons to UV, blue and
green emissions. The designed all-in-one photocatalysts, denoted herein as Au-NYF/g-CsN4, took
full advantage of the plasmonic and upconversion effects for photocatalysis. In the photocatalytic
degradation of methyl orange (MO), they exhibit not only significantly enhanced activity under the
UV and visible light irradiation, but also possess superior NIR photocatalytic performance as
compared to the reported performance in comparable systems. Furthermore, the charge transfer
processes and mechanisms for enhanced photocatalytic activity were thoroughly investigated and
discussed, and found to be different under UV, visible or NIR illuminations. The present work
provides an innovative solution for designing broadband photocatalysts to make good use of solar
photons, and contributes to the mechanistic understanding of the plasmon and upconversion

enhanced photocatalysis as well.

3.2 Experimental Section

3.21 Materials

Au target (99.99%, diameter x thickness: 8 mm x 1.5 mm), sodium hydroxyl (NaOH), nitric acid
(HNOs3), Urea (NH>.CONHy), rare-earth nitrate hydrate (Y(NO3)3-6H20, Yb(NO3)3-5H20,
Er(NO3)3-5H20, Tm(NO3)3-5H.0; 99.9 wt%), sodium fluoride (NaF) and MO, 1,4-benzoquinone
(BQ), disodium ethylenediaminetetraacetate (Na;EDTA), and tert-butyl alcohol (t-BuOH) were
purchased from Sigma-Aldrich and used without further purification. The absolute pure water,
purified by a Millipore Ultrapure water system and having a resistivity of 18.2 MQ cm at 25 °C,

was used in the current investigation.

3.2.2 Preparation of Au NP colloids

The Au NP colloids were prepared by using the PLAL technique. A KrF excimer laser (GSI
Lumonics PM-846, A: 248 nm; pulse width: 25 ns; repetition rate: 20 Hz) was employed for laser
ablation. The Au target was fixed at the bottom of a glass vessel filled with 5 mL of NaOH solution
(pH = 9.5). The beam was focused onto the Au target by an objective lens with 7.5 cm focal length.
The depth of the NaOH solution layer above the target was about 10 mm. Laser fluence on the
target was set to a constant value (~40.0 J cm™). The concentration of the as-prepared Au NP

colloids was 50 ppm based on the neutron activation analysis (NAA) measurements.
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3.23 Preparation of g-C3N4

For the synthesis of g-CsN4, urea (30 g) was placed into a covered alumina crucible, and then
heated in a quartz tube furnace with a heating rate of 2 °C min™' to 250 °C, 350 °C, and 550 °C,
and maintained at these three target temperatures for 1h, 2h and 2 h, respectively. After being
naturally cooled down to room temperature, the yellow powder was collected and washed for
three times with HNO3 (0.1 mol L") and water to remove potential alkaline residue (e.g. ammonia).

After centrifugation, the precipitate was dried in the vacuum at 80 °C overnight.

3.24 In-situ synthesis of NYF/g-C3:N4 composites

NYF microspheres were synthesized and anchored onto the g-CsN4 nanosheets in a single step
via in-situ synthesis of NYF microspheres in the presence of g-CsN4. Typically, 0.60 g of the
obtained g-CsN4 was dispersed into 60 mL of water by ultrasonication for 12 h. Then 3.133 mL of
Y(NO3)3 (0.5 M), 0.801 mL of Yb(NOs3)z (0.5 M ), 1.000 mL of Tm(NO3)s (0.01 M ), and 0.203 mL
of Er(NOs)s (0.01 M) solutions were added to the above g-CsN4 dispersion and the mixture was
further magnetically stirred for 2 h. Subsequently, 0.30 g of NaF was introduced into the solution.
After stirring for 1h, the reaction mixture was transferred into a 100 mL Teflon-lined stainless steel
autoclave and subjected to heating for 12 h at 180 °C. After the autoclave was cooled down
naturally to room temperature, the product was washed three times with pure water and ethanol
in sequence. The purified precipitate was then dried at 80 °C in an oven for 12h to obtain the

composite of NYF microsphere loaded g-CsN4 nanosheets.

3.2.5 Preparation of Au NP loaded NYF/g-C3:N4 photocatalysts

A certain amount of the freshly prepared Au NP colloid was added to 10 mg of NYF/g-CsN4 and
mixed by shaking. After being incubated for ~30 min at room temperature, the precipitate from
the mixture solution was collected by centrifugation, followed by washing with pure water. By
adding different volumes of Au NP solution, the Au-NYF/g-CsN4 photocatalysts with different
loading levels of Au NPs were prepared. The mass fraction of Au NPs in the Au-NYF/g-CsN.

photocatalysts was denoted as x wt% (x=1, 2, 3, 4 and 5).

3.2.6 Photocatalytic experiment and the detection of active species

The evaluation of the photocatalytic activities of the x wt% Au-NYF/g-CsN4 was carried out in the
photodegradation of MO. In a typical experiment, 10 mg of the x wit% Au-NYF/g-C3sN4

photocatalyst was dispersed into 25 mL of MO solution (10 mg L™") in a 100 mL quartz reactor
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with circulating cooling water to keep the reaction temperature constant. Prior to illumination, the
mixed suspension was magnetically stirred in the dark for 30 min to obtain the adsorption-
desorption equilibrium. The UV photocatalysis experiment was performed using a commercial
photoreactor (LUZ-4V, Luzchem), which was equipped with fourteen 8 W UV lamps (Luzchem
LZC-UVA). Visible light with different wavelengths, A > 420 nm and A > 475 nm, was generated
by applying appropriate long-pass optical filters onto a 300 W xenon lamp. A 980 nm diode laser
was set at 2 W to work as the NIR light source. The simulated solar light photocatalysis reaction
was carried out using a solar simulator (AM 1.5). After irradiation for various time intervals, 0.6
mL of MO solution was collected and centrifuged. The absorbance of MO in the supernatant was
analyzed by UV-vis absorption spectrometry. Also, the precipitates after centrifugation were
recovered, washed and dried, and re-used five times to test the photocatalytic stability of x wt%
Au-NYF/g-CsN.. To study the MO degradation kinetics in the presence of x wt% Au-NYF/g-C3Na,
the apparent reaction rate constant (k) was calculated by using the following first-order reaction
model (Equation (3)). The normalized reaction rate constant was calculated by normalizing k with

the total mass of catalysts.

In (C—O) = kt (3)

c

Where co is the initial concentration of MO solution
c is the concentration of MO solution at time t

The normalized reaction rate constant was calculated by normalizing k with the total mass of

catalysts.

In addition, in order to detect the generated active species in the photocatalysis, BQ (1 mM),
Na.EDTA (1 mM) and t-BuOH (1 mM) were used as superoxide radical (*O27), hole and hydroxyl
radical (*OH) scavengers, respectively, during the photocatalysis testing with all other conditions

being the same.

3.2.7 Characterization

The microstructure and composition of the photocatalysts were studied by a transmission electron
microscope (TEM, JEOL 2100F, operated at 200 kV), equipped with an energy-dispersive X-ray
(EDX) spectrometer. The crystal structures of all the samples were analyzed by the x-ray
diffraction instrument (XRD, PANalytical X’Pert MRD) with a Cu Ka radiation source (A = 0.15406
nm) operated at 45 kV and 40 mA. The UV-vis-NIR absorption spectra of samples and the

absorbance of MO in aqueous solutions were measured using a Varian Cary 5000 scan
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spectrometer. NAA measurements were performed using a SLOWPOKE nuclear reactor to
determine the concentration of Au NPs in colloids, and the weight content of Au, Er, Tm and NYF
in Au-NYF/g-CsN4 samples. The upconversion luminescence spectra were obtained by using a
Thorlabs fiber-coupled laser diode (maximum power: 330 mW) as the 980 nm excitation light
source. The laser was focused on the powder to obtain a spot (0.4 mm in diameter) with a
Gaussian distribution of intensity. The emission was collected at 90° from the incident beam, and
then transferred and recorded on a spectrophotometer (Avaspec-2048L-USB2). All the
measurements were performed under ambient conditions. The photoelectrochemical (PEC)
measurements were performed with an electrochemical workstation (CHI 660E, CH Instruments)
in a standard three electrodes cell, using a Pt wire and a Ag/AgCI electrode (3 M KCI) as the
counter and reference electrode, respectively. The working electrode was prepared on fluorine-
doped tin oxide (FTO) glass with its boundary being protected by Scotch tape. Five milligrams of
as-synthesized powder was dispersed into 1 mL of dimethylformamide under sonication for 30
min to get a colloidal dispersion. The dispersion was drop-casted onto the FTO glass. After natural
air drying, the uncoated part of the FTO glass was isolated with epoxy resin glue. The 0.2 M of
Na;SO. (pH = 6.8) aqueous solution pre-purged with nitrogen for 30 min was used as an
electrolyte. A 300 W Xe lamp was utilized as a light source for the measurements. Nyquist plots

were recorded over the frequency range of 100 mHz to 100 kHz at a bias of 0.2 V.

3.3 Results and Discussions

3.31 Structural and morphological characterization

The x wt% Au-NYF/g-CsN4 (x=0, 1, 2, 3, 4 and 5) photocatalysts were thoroughly characterized
by various instruments. All of the samples show the similar structure and morphology. Herein the
1 wt% Au-NYF/g-CsN4 sample is used as an example to demonstrate the typical microstructure

and morphology.

The morphology and structure of PLAL generated Au NPs, g-CsN4 nanosheets and Au-NYF/g-
CsN4 photocatalysts were investigated by TEM (Figure 3.1). As shown in Figure 3.1a and its inset,
the Au NPs prepared by the PLAL method are individually dispersed on the TEM grid without any
obvious agglomeration and have a uniform size of about 5 nm in diameter. The as-synthesized
g-C3N4 nanosheets reveal wrinkled laminar morphology like a silk veil (Figure 3.1b). The
appearance of the thin nanosheets is quite similar to that of graphene or graphene oxide. For the
Au-NYF/g-CsN4 sample, the g-C3sN4 nanosheets serve as the support of NYF microspheres and

Au NPs, and are capable of retaining their initial morphology when introducing these two
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components (Figure 3.1c and 3.1d). The elements of C, N, F, Na, Yb, Y and Au were observed in
the EDX spectrum (Figure 3.1e) of the Au-NYF/g-CsN4 sample, which supports the co-existence
of the major elements of NYF and Au; the absence of Er and Tm signal is due to their low
concentrations below the limit of detection of the EDX system. It can be easily seen that the NYF
microspheres and the small Au NPs are dispersed on the surface of the nanosheets uniformly,
which can facilitate the utilization of light by all the three components. In addition, as shown in the
TEM image, the in-situ synthesized NYF microspheres are all anchored on the g-CsN4
nanosheets; no un-coupled NYF microspheres were observed. The size and morphology of NYF
microspheres are similar to that of the microspheres synthesized in the absence of g-CsN4.™°
Furthermore, according to the NAA analysis, the weight content of NYF in the NYF/g-CsN4 sample
is about 36.17 wt %, which is quite close to the nominal value of 37.88 wt %. These results
underline the advantages of the in-situ synthesis of NYF on g-C3N4: high synthesis yield of NYF
and remarkable coupling efficiency between NYF on g-CsN4. The measured values of Tm and Er
are 0.16 wt% and 0.03 wt%, respectively, which are very close to the nominal concentration of
0.1726 wt% and 0.0347 wt%.
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Figure 3.1 TEM images of (a) Au NPs, (b) g-CsN4 nanosheets, (c) 1 wt% Au-NYF/g-C3N4 photocatalysts, (d) the
enlarged view and (e) the EDX spectrum of the rectangle area in (c). The inset in (a) is the high magnification TEM
image of Au NPs. (f) XRD patterns of g-CsN4, NYF, NYF/g-CsNsand 1 wt% Au-NYF/g-C3sNs samples. The corresponding
standard data for the B-NaYF4 phase (JCPDS 28-1192) is also given at the bottom.
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The crystal structure of as-prepared g-CsN4, NYF, NYF/g-C3sNs and 1 wt% Au-NYF/g-CsN4 was
analyzed by XRD (Figure 3.1f). The g-CsNs shows two prominent peaks in its XRD pattern at
13.1° and 27.4°, suggesting the presence of phase pure g-CsN4 layered structure.%?3¢5 The peak
at 13.1° corresponds to the (100) plane and stems from the in-plane structural packing motif (tri-
s-triazine units) with a repeating period of 0.675 nm. 35536 The dominant peak at 27.7°, assigned
to the (002) plane in graphitic materials, is a diffraction feature of interplanar stacking of the
conjugated aromatic system.'"'40 In the XRD patterens of the NYF, NYF/g-CsNs and 1 wt% Au-
NYF/g-CsN4 samples, multiple distinctive peaks indexed to the hexagonal 8-NaYF4 (JCPDS 016-
334) were observed. The involvement of C3N4 during the synthesis of NYF microspheres does
not seem affecting the crystalline phase of NYF. On the other hand, the weak peak at 27.7°
ascribed to the g-CsN4 structure also appears in NYF/g-CsNs and 1 wit% Au-NYF/g-CsNg,
confirming that the graphitic phase of CsN4 remains unchanged after the in-situ formation of NYF
microspheres via the hydrothermal process and the subsequent loading of Au NPs. For the 1 wt%
Au-NYF/g-CsN4 photocatalyst, it is difficult to identify metallic Au by XRD analysis because of the

overlap of the Au and NYF diffraction peaks, and of the low content of Au NPs in the composite.

3.3.2 Optical properties

For the comparison of optical properties, the UV-vis-NIR absorption spectra of g-CsN4, NYF,
NYF/g-CsNs and 1 wt% Au-NYF/g-CsN4 photocatalysts were recorded as presented in Figure
3.2a. In the UV-vis region, the typical absorption feature of g-CsN4 with an absorption edge at 460
nm is observed in all the samples involving g-CsN.. It corresponds to the electron excitation from
the valence band (VB) to the conduction band (CB) of g-CsN4 which represents a bandgap energy
of ~2.7 eV."%%2 The NYF microspheres present no absorption in this region, but a distinctive
absorption band is observed in the NIR region at about 980 nm, which is caused by the 2F7,; —
2Fs), transition of the dopant Yb®* ions in the NaYF4 host.®®” Since NYF/g-C3sN4 and 1 wt% Au-
NYF/g-CsN4 share the same dopants with NYF, they both exhibit the similar absorption band in
the range from 900 to 1000 nm. After the 1 wt% Au NP loading, an additional shoulder peak
apparently appears around 550 nm in the absorption spectrum, which can be mainly attributed to
the SPR excitation of Au NPs. Compared with the resonance peak (around 520 nm) of pure Au
NPs dispersed in water, a redshift of about 30 nm is possibly due to the formation of Au NP
agglomerates and/or to the higher refractive index of the neighbouring g-C3N4 (~1.8).%683%9 |n the
latter case, this shift would indicate the close contact between the Au NPs and the g-CsNa

nanosheets in the 1 wt% Au-NYF/g-CsN4 photocatalyst.
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As aforementioned, the NYF microspheres were employed to upconvert the NIR photons from
the 980 nm laser into higher energy emissions in the UV and visible ranges, via successive energy
transfer processes.'®3° |n order to investigate whether these emissions are capable of exciting
the g-CsN4 and Au NPs, the photoluminescence spectra of as-synthesized NYF, NYF/g-CsN4 and
1 wt% Au-NYF/g-C3sN4 were measured under the excitation of the 980 nm laser (Figure 3.2b). The
photoluminescence spectrum of NYF microspheres shows two green-emission peaks centered
at 521 and 540 nm, two blue-emission peaks at 477 and 451 nm, and two peaks at 361 and 345
nm in the UV region, corresponding to the transitions of 2Hi12—*l152, *Saz—*l1s2, 'Ga—>He,
'D,—3F4, 'D2—3Hs, and 'le—>F4, respectively. According to the analysis of the absorption spectra
(Figure 3.2a), the green and blue emission can be reabsorbed by the Au NPs due to SPR
excitation and/or interband absorption; the blue and UV emissions will be mainly absorbed by g-
CsN4. The calculated intensity ratio of the UV plus blue emissions (the four peaks centered at 477,
451, 361 and 345 nm) to green emissions decreases from 3.3 of NYF to 1.4 of NYF/g-C3N4, which
indicates that the converted emissions are absorbed by the g-CsN4 in the NYF/g-CsN4 sample,
verifying the energy transfer from the NYF microspheres to g-CsN4 nanosheets. After the loading
of Au NPs, the intensity ratios of blue-to-green emissions are increased from 1.3 for the NYF/g-
CsNg4 to 2.7 for 1 wt% Au-NYF/g-CsN4 due to the SPR excitation of Au NPs. Therefore, the subtly
designed Au-NYF/g-CsN4 photocatalyst achieved the indirect utilization of NIR photons by
upconverting them into UV and visible light. The upconverted emissions efficiently reabsorbed by

g-CsN4 and Au NPs are beneficial to photocatalysis to be discussed later in the text.
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Figure 3.2 (a) UV-vis-NIR absorption spectra and (b) upconversion photoluminescence spectra of the obtained
samples. The inset in (a) is the absorption spectrum of Au NPs in water.
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3.33 Photocatalytic activities

The photocatalytic activities of x wt% Au-NYF/g-CsNs were evaluated by monitoring the
degradation of MO under UV, visible (A > 420 nm and A > 475 nm), NIR and simulated solar light
irradiation (Figures 3.3-4, Figures S3.1-S3.3 in Supporting Information). As the Au NP loading is
an important factor in achieving high photocatalytic activity, the dependence of the degradation

of MO on photocatalysts loaded with varying Au NP amount (0-5 wt%) was studied systematically

As shown in the absorption spectra of MO over 1 wt% Au-NYF/g-C3sN4 (Figure 3.3a, Figure S3.1a,
S3.2a and S3.3a in Supporting Information), after reaching the absorption-desorption equilibrium,
the intensities of characteristic peak of MO, positioning at ~465 nm, are still relatively high. With
the increase of light irradiation time, the intensities steadily decrease, reflecting that MO in solution
is degraded gradually. The control experiments which were performed only in the presence of
light or photocatalysts showed almost no change in the absorption spectra of MO (Figure S3.4
and S3.5 in Supporting Information). In addition, no significant degradation of MO is observed in
the sole presence of Au NPs or NYF under visible light and the 980 nm laser irradiation,
respectively, suggesting that the SPR excitation in Au NPs and the upconversion in NYF cannot
directly trigger the photocatalytic reaction. These observations confirmed the pivotal role of the g-

CsN4 photocatalyst in the photocatalytic degradation of MO.

Under UV light illumination, all the Au NP loaded samples exhibit higher photocatalytic activity
than the NYF/g-CsN4 photocatalyst (Figure 3.3b). Figure 3.3c shows the kinetic study of MO
degradation over x wt% Au-NYF/g-CsN4. The rate constant calculated from the first-order reaction
model follows the order: 1 wt% Au-NYF/g-C3sN4 > 2 wt% Au-NYF/g-C3N4 > 3 wt% Au-NYF/g-CsN4
> 4 wt% Au-NYF/g-CsNs > 5 wit% Au-NYF/g-CsN4s > NYF/g-CsN4 (inset in Figure 3.3c). The highest
normalized reaction rate constant (8.74 x 10* min"' mg™) achieved by 1 wt% Au-NYF/g-CsN. is
3.1 times higher than that (2.78 x 10 min"" mg™") by NYF/g-C3Na. As the UV light exposure cannot
lead to the SPR excitation of Au NPs, the enhanced UV light activity was not induced by the
plasmonic effect of Au NPs. It was reported that the UV light-excited electrons can be transferred
from the CB of g-C3N4 to the Au NPs, leading to the decreased recombination rate of the charge
carriers to improve the photocatalytic activity.*° However, further Au NP loading (> 1 wt%) causes
the reduction in the photocatalytic activity, which is attributed to the introduced interface defects
and to the competition between the g-C3sNsand the loaded Au NPs in utilizing incident light due to

the interband absorption of Au NPs.369371

When the reaction system is exposed to visible light (A > 420 nm), the photodegradation

processes become more complicated. According to the UV-vis-NIR diffuse reflectance spectra,
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the bandgap excitation of g-C3sN4 and the SPR excitation of Au NPs take place under A > 420 nm
irradiation. The loading of Au NPs greatly improves the photocatalytic degradation rate of MO
(Figure S3.1b in Supporting Information), with the normalized reaction rate being increased from
0.032 h™* mg™" of the NYF/g-C3sN4 to 0.009 h™* mg™' of the 1 wt% Au-NYF/g-CsN, (Figure 3.3d).
The reaction rate decays with further Au loading to over 1 wt%, but all the Au loaded samples
have higher k values than the NYF/g-C3N4 photocatalyst. The SPR excitation of Au NPs under
visible light irradiation leads to the generation of energetic electrons that are capable of injecting
to the g-CsN4 photocatalyst to participate in the photocatalysis. At the same time, the electrons in
the VB of g-C3N4 are excited to the CB and then, in principle, can be transferred to the Au NPs. It
is challenging to unravel the exact contribution from each individual process to the photocatalysis.
In order to elucidate the important effect of SPR excitation of Au NPs on the photocatalytic
degradation, the light with A < 475 nm was cut off to completely rule out the bandgap excitation
of g-C3sN4. As shown in Figure S3.2b, the photocatalytic activity of NYF/g-CsN4 free of Au NPs in
the degradation of MO is quite poor. After integrating with Au NPs, a significant enhancement of
the photodegradation rate of MO is observed in x wt% Au-NYF/g-CsN4 photocatalysts. These
results confirm the important role of the SPR effect of the Au NPs in improving the visible-light-
driven photocatalytic performance. In principle, the reaction rate will be increased with increasing
Au loading, however as a matter of fact the 1 wt% Au loaded sample was found to display the
highest k value, which is about 6.2 times larger than that of NYF/g-CsN4 (Figure 3.3e). The defects
introduced by excessive Au NPs at the interface between Au NPs and g-CsN4 can act as the
recombination centers for charge carriers,¢%3”" which is accounted for the presence of the optimal

Au loading amount.

Figure S3.3b shows the photocatalytic degradation of MO over Au-NYF/g-CsN4 photocatalysts
under NIR light illumination. The concentration reduction of MO with time is clear over all the as-
prepared samples. As the Au NPs and g-CsN4 cannot be directly excited by the NIR light, these
observations reveal the significant role that upconversion materials play in the photodegradation
of MO under NIR light irradiation. As demonstrated in the section of optical properties and Figure
3.2b, the NaYF4 co-doped with Yb3*, Tm3* and Er®* ions create strong upconverted emissions in
the UV and visible regions, which are expected to be reabsorbed by the g-CsN4 nanosheets and
Au NPs owing to their bandgap and SPR excitations, respectively. The bandgap excitation of g-
CsN4 for photocatalysis is straightforwardly evidenced by the degradation of MO over NYF/g-CsN4
under the NIR illumination. Furthermore, the excitation of Au SPR effect is induced by the
upconverted emission in visible range. As shown in Figure S3.3b, the loading of Au NPs greatly

enhances the NIR photocatalytic activity and the 2 wit% Au-NYF/g-CsN4 shows the highest
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degradation rate of 0.1612 mg™'L™" h™", which is over 6 times higher than the largest value (0.0267
mg' L' h') ever reported for NIR-driven photocatalysis based on our extensive literature
search.®”? Furthermore, the highest normalized reaction rate constant (0.0035 h”' mg'), also
obtained by the 2 wt% Au-NYF/g-CsN4 photocatalyst (Figure 3.3f), is about 6.4 times higher than
that of the reported highest one (0.00055 h-' mg™).3”3 It has to be pointed out that as the reports
on NIR photocatalysis are limited, it is difficult to identify a significant number of proper systems
in the literature for comparison, which is further complicated by different experimental conditions.
It is observed that the degradation rate and the k value decrease with increasing Au NP loading
from 2-5 wit%, and that the 5 wt% Au loaded sample even shows poorer activity than the Au NP-
free sample. As aforementioned, the introduction of Au NPs is a double-edged sword. The
competition between the positive plasmonic effect and the negative effect resulting from interface

defect and reduced light penetration yields an optimal amount of Au loading of 2 wt%.
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Figure 3.3 Time-dependent UV-vis absorption spectra for the photocatalytic degradation of MO over 1 wt% Au-

NYF/g-CsN4 (a) and the plot of (c/co) vs reaction time (b) under UV light irradiation. The plot of In(co/c) vs reaction time
(c, d, e, ) for the photocatalytic degradation of MO over x wt% Au-NYF/g-C3N4 (x=0, 1, 2, 3, 4 and 5) photocatalysts,
under UV light (c), A > 420 nm (d), A > 475 nm (e), and the NIR light (f) irradiation. The insets in (c, d, e, f) are the
apparent rate constants (k value) vs Au loading.

The ultimate goal of our research is to use solar energy in photocatalysis to tackle environmental
and energy issues. Hence, the photocatalytic performance of the as-prepared photocatalysts was
investigated under simulated solar light (Figure 3.4a-3.4c). In this case, the bandgap excitation of

g-CsN4, the SPR excitation of Au NPs and the upconversion of NYF microspheres coexist in the
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same system. The combined effect of these three processes leads to significantly improved
performance of Au-NYF/g-CsN4 with respect to plain g-CsN4 under the otherwise same conditions.
The sample with 1 wt% Au loading gains a maximum degradation percentage of 83% (Figure
3.4a) and a normalized reaction rate constant of 0.0035 h™" mg™' (Figure 3.4b). The small loading
amount (1 wt%) of the Au NPs required for achieving the optimal photocatalytic performance is of
practical significance in terms of economic cost. In addition, the as-prepared photocatalysts were
proven to possess excellent stability in the photocatalytic degradation of MO. After conducting
five successive runs under simulated solar light illumination, almost no activity change is found
for the Au-NYF/g-CsN4 photocatalyst, and the percentage of degradation of MO over 1 wt% Au-
NYF/g-CsNs still remains as high as 81% (Figure 3.4c). The high performance, low Au loading
together with the high stability of the as synthesized photocatalysts under solar light are beneficial
to the large-scale application of photocatalysis in the environmental pollution remediation by using

abundant solar energy.

3.34 Detection of active species and relevant mechanisms

The dramatically increased photocatalytic properties of as-prepared Au-NYF/g-CsN4
photocatalysts with respect to the plain g-CsN4 photocatalyst motivated us to further elucidate the
processes involved in the degradation of MO. It is expected that the active species, such as
photogenerated holes, superoxide radicals («O27) and hydroxyl radicals (*OH), are likely to be
actively involved in the photocatalytic degradation of organic molecules.3*37* Accordingly, the
trapping experiments in the presence of three different types of scavengers, BQ, t-BuOH and
NaEDTA, were designed to identify the active species involved in this reaction system (Figure
3.4d). The slight suppression in the degradation of MO is observed by the addition of the hole
scavenger, Na,EDTA (1 mM).2%5375 While in the presence of the *O, radical scavenger, BQ (1
mM), and *OH radical scavenger, t-BuOH (1 mM),3¢1:362 the photocatalytic reaction was obviously
retarded, with the photocatalytic degradation rate being reduced by 67.2% and 37.1%,
respectively, after 7 h of simulated solar light exposure. Apparently, the O, and *OH radicals

play more important roles than the holes in the photocatalytic degradation of MO.
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Figure 3.4 (a) Photocatalytic degradation of MO and (b) the kinetics study over different photocatalysts under

simulated solar light illumination. The inset in (b) shows the rate constants vs Au loading. (¢) Photocatalytic stability of
1 wt% Au-NYF/g-C3N4 photocatalyst in five successive cycling reactions. The duration of simulated solar light exposure
in each cycle is 7 h. (d) Photocatalytic degradation of MO in the presence of three types of scavengers and 1 wt% Au-
NYF/g-CsN4 photocatalyst under simulated solar light irradiation.

Photoelectrochemical (PEC) measurements, including electrochemical impedance spectroscopy
(EIS) and transient photocurrent responses, of NYF/g-CsNs and 1 wt% Au-NYF/g-CsN4 samples
are shown in Figure 3.5. The high frequency region of Nyquist plots, which can provide useful
information on charge transfer resistance, are displayed in Figure 3.5a. The arc radius on the EIS
Nyquist plots of the 1 wt% Au-NYF/g-CsN. is smaller than that of NYF/g-CsN4 both in the dark and
under irradiation, indicating that the loading of Au NPs can reduce the charge transfer resistance
and thus accelerate the interfacial charge transfer.®#1247:37¢ This represents another beneficial
effect of the Au NPs on the photocatalysis. Additionally, the transient photocurrent measurements
were carried out during light on-off cycles (Figure 3.5b), to further assess the charge carrier
generation and transfer performance in the reaction system. The saturation photocurrent densities
remain constant with light on, and immediately drops to nearly zero once the light is switched off.
The photocurrent density over 1 wt% Au-NYF/g-CsNs (~6.36 yA cm™) is about 5.5 times higher
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than that of the NYF/g-C3N4 sample (~1.15 yA cm™). The increased photocurrent confirms that
the incorporation of Au NPs could facilitate the separation and prolong the lifetime of the
photoinduced charge carriers,*' and improve the visible light absorption due to SPR, which are
all responsible for the enhanced photocatalytic activity in MO degradation. Moreover, the almost
unchanged photocurrent response during repeated light on-off cycles is another evidence of the

excellent stability of the as-prepared NYF/g-CsN4 and Au-NYF/g-CsN4 photocatalysts.
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Figure 3.5 (a) EIS Nyquist plots of NYF/g-C3N4 and 1 wt% Au-NYF/g-CsN4 in the dark and under illumination;

(b) transient photocurrent density response of NYF/g-C3Ns and 1 wt% Au-NYF/g-C3sN4 during on/off cycles under a 0.2
V bias versus Ag/AgCI.

On the basis of the structural and optical characterizations, as well as the photocatalytic activities,
different pathways could be involved in the photocatalytic degradation of MO over Au-NYF/g-C3N4
photocatalysts under different light irradiations. For better understanding the underlying
mechanisms, a possible schematic for the charge transfer processes is depicted in Figure 3.6.
Under UV light illumination (Figure 3.6a), the electrons in the VB of g-CsN4 can be excited to the
CB, simultaneously leaving behind the positively charged holes in the VB. The Au NPs in close
contact can act as an electron reservoir due to their more negative work function than the CB
level of g-C3Na, and favor the electron transfer from the VB of g-CsN4 to the Au NP surface.?":3%
The transferred electrons react with O, to produce *O;™ radicals and the remaining holes in the
VB of g-CsN4 can react with OH/H20 to generate *OH radicals. The MO in aqueous solution is
oxidized by these active radicals. Although it may also be directly oxidized by the holes in the VB,
the chance is much lower according to the scavenger experiment. Although the SPR of Au NPs
is not excited, the boosted separation of photoinduced charge carriers results in the greatly
enhanced photocatalytic activity under UV light exposure.
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When the system is irradiated by visible light longer than 475 nm, as shown in Figure 3.6b, the
bandgap excitation of g-CsN4 is almost excluded and the Au SPR becomes the major source of
photo generated charge carriers. The hot electrons with higher energy from the SPR excitation
can be injected to the CB of g-C3sN4 by crossing the energy barrier, leaving the holes behinds
inside the Au NPs.3%537" The injected hot electrons can be rapidly transferred to the nearby O, to
facilitate the generation of O, radicals. At the same time, the holes in the Au NPs can be used

to produce *OH radicals, and hence also drive the decomposition of MO.
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Figure 3.6 Proposed photocatalytic mechanism of Au-NYF/g-C3sN4 photocatalyst under (a) UV and (b) visible

light (A > 475 nm) irradiation, respectively. (c) Schematic energy level diagrams, upconversion excitation and UV- visible
light emissions for the NYF microspheres under the NIR light (980 nm laser) illumination.

As for the NIR-driven photocatalysis, the schematic illustration of the upconversion and energy

transfer processes under 980 nm irradiation is depicted in Figure 3.6¢c. The doped Yb*" ion
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possesses only one excited state and acts as a sensitizer, and the Er®* and Tm?3* ions function as
activators. Only the Yb*" ion can be excited by the 980 nm photons with its long-lived 2Fs, level
being populated. Then the successive energy transfers from Yb3* to Er®*, and from Yb*" to Tm?®*,
occur to populate the corresponding “l112 and *F7.2 levels of Er* ions, and °Hs, 3F2, and 'Gs levels
of Tm3* ions, respectively.3837° The emissions of Tm*" ion span from UV to blue regions, centered
at 345, 361, 451 and 477 nm, and are assigned to the transitions of 'le—3F4, 'D2—>Hg, 'D2—3F4,
and 'Gs—3Hs, respectively. According to the absorption and the upconversion luminescence
spectra, the generated UV and blue emissions of Tm3* ion can be reabsorbed by the vicinal g-
CsN4 nanosheets. Similar to the photocatalysis under UV and visible light irradiation, these
indirectly excited g-CsN4 nanosheets can drive the photocatalytic degradation of MO by producing
the charge carriers. Simultaneously, the fast relaxation from the “F7, level to the ?H12 and #Ssp,
levels of Er** ions yields green emissions centered at 521 and 540 nm, associated with the
transitions of 2Hy12—*l1s2 and *Sz.—*l1s12, respectively. The green emissions match well with the
SPR band of Au NPs. As demonstrated in the reaction under visible light (A > 475 nm) irradiation,
the injection of SPR-induced hot electrons from Au NPs to g-CsN4 and the remaining holes in Au
NPs participate in the photocatalysis. In this way, the NIR light is indirectly utilized by Au NPs and
g-CsN4 for photocatalytic reactions via the energy transfer process followed by the energetic

electron transfer process.

3.4 Conclusions

In this work, both plasmonic and upconversion effects were introduced into photocatalysis to gain
largely broadened light response range and enhanced photocatalytic activity. The Au-NYF/g-CsN4
composite photocatalysts with different Au contents were successfully designed and prepared for
the first time by subtly integrating Au NPs, NYF microspheres and g-CsN4 nanosheets into a single
nano-architecture. The as-synthesized Au-NYF/g-CsN4 photocatalysts successfully use solar light
from UV-visible to NIR regions, and show exceptional activity in the photocatalytic degradation of
MO compared with plain g-C3N4, as well as excellent stability. Based on optical properties and
photodegradation experiments under different light irradiations, the underlying mechanisms were
elucidated. The photocatalysis pathways were also unveiled by performing trapping experiments
of active species. The present study offers a feasible strategy to design and simultaneously
prepare plasmon- and upconversion-enhanced high-performance photocatalysts for effectively

harvesting solar energy over a wide spectral range.
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Figure S3.1 Time-dependent UV-vis absorption spectra (a) and the plot of (c/co) vs reaction time (b) for the

photocatalytic degradation of methyl orange (MO) over 1 wt% Au-NYF/g-C3sN4 under A > 420 nm light irradiation.
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Figure S3.2 Time-dependent UV-vis absorption spectra (a) and the plot of (c/co) vs reaction time (b) for the

photocatalytic degradation of MO over 1 wt% Au-NYF/g-C3sN4 under A > 475 nm light irradiation.
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Figure S3.3 Time-dependent UV-vis absorption spectra (a) and the plot of (c/co) vs reaction time (b) for the

photocatalytic degradation of MO over 1 wt% Au-NYF/g-CsN4 under near-infrared (NIR) light irradiation.
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4 NIR-RESPONSIVE QUANTUM DOTS/CARBON NITRIDE
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Link between articles:

As aforementioned, both plasmonic and upconversion effects were introduced into photocatalysis
to gain largely broadened light response range and enhanced photocatalytic activity. The Au-
NYF/g-CsNs composite photocatalysts were successfully designed and prepared by subtly
integrating plasmonic Au NPs, upconverting NYF microspheres and g-CsN4 nanosheets into a
single nano-architecture. The as-synthesized Au-NYF/g-CsN. photocatalysts successfully use
solar light from UV, visible to NIR regions, and show exceptional activity in the photocatalytic

degradation of MO compared with plain g-CsN4, as well as excellent stability.

Due to the intermittency of solar energy together with the temporal and geographical divergence
between production and demand mean that solar energy harvesting must be made more efficient
and cost effective. However, the used Au and rare-earth metals in this work are still expensive. In
addition, the upconversion efficiency of lanthanide-doped upconversion materials is quite low. To
utilize solar energy more efficiently and more cost-effectively, a 0D/2D heterojunction based on
NIR-responsive quantum dots loaded g-CsN4 nanosheets was constructed, which is expected to
efficiently harvest solar photons from UV to NIR regions and used for photocatalytic degradation

of organic dye in wastewater.
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4.1 Introduction

Graphitic carbon nitride (g-CsN4) has attracted extensive attention in photocatalysis since Wang
et al. discovered g-CsN4 as a promising visible-responsive photocatalyst for H, generation from
solar water splitting in 2009.94:95.102380-382 Compared to most commonly used, ultraviolet (UV)-
active-only TiO2 photocatalyst, the UV and visible light responsivity makes g-CsN4 highly attractive
in more effectively utilizing solar energy. Furthermore, the 2-dimensional (2D) structure of g-C3N4
nanosheets provides large surface area for the adsorption of reactants and the easy loading of
other nanomaterials. Nevertheless, g-CsN4’s bandgap (~2.7 eV) is still relatively wide,98236.368.383
As a result, its light response is indeed mainly confined to UV photons, plus only a very limited
range in the visible (A <460 nm), resulting in the underutilization of more than 90% of solar energy
in the longer wavelength visible and near-infrared light (NIR) regions. Along with rapid charge

carrier recombination, the photocatalytic activity of pristine g-CsN4 remains rather poor.

Our group has made efforts in developing effective broadband photocatalysts via upconversion
(UC) and/or plasmonic nanostructures by rationally integrating them with semiconductor
photocatalysts.44.65145.188.384 Although some of these developed photocatalysts show broadband
UV-, visible- and NIR-light activity, the NIR photocatalytic performance is still far from satisfactory
due to the relatively low UC quantum efficiency of the UC materials.'®'52 Therefore, seeking an
alternative to endow g-CsN4 with enhanced photocatalytic activity in a broad range of the solar

spectrum, in particular, in the NIR range is of great significance.

On the other hand, quantum dots (QDs) have charmed material researchers with their enticing
optical and electronic characteristics, especially the large optical cross-sections, short required-
charge-migration-distance and size-tunable bandgaps due to the quantum confinement effect
300,385-388 The bandgap of QDs can be readily tuned over a broad range, thereby their absorption
at different wavelengths. This makes it possible to tune the size of certain types of QDs so as to
make them responsive to nearly all the visible and even a significant portion of NIR light. PbS
QDs are of such a kind. They have piqued the interest of researchers due to their small bandgap
(0.41 eV for bulk) and large exciton Bohr radius (20 nm),2%8:301:302 regylting in the strong quantum
size effect, and thus great promise in harvesting the full solar spectrum for photovoltaic and
photocatalytic applications.?%938-391 |t is anticipated that the photocatalytic performance can be
largely enhanced by introducing PbS QDs, thanks to their light-harvesting capability, potential
multiple-exciton-generation and efficient spatial separation of photoinduced charge carriers

between the QDs and other materials.?°' Yet the abundant surface defects make PbS QDs
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inherently unstable compared with their bulk counterparts, especially under various post-synthetic
manipulations and environmental conditions, such as washing, dilution, and exposure to air or
light.%8%3%" The coating of CdS shell was reported to passivate these surface defects, which may
act as charge carrier trap sites, and protect the QDs from interactions with external environments,
giving rise to greatly improved thermal and photo stability in comparison with the core-only
QDs.3%23% |n addition, our previous work has reported that the coating of CdS shell can effectively
prevent PbS QDs from releasing Pb?* ions.3%¢3%7 CdS was chosen as a shell material also
because of the relatively good lattice match between CdS and PbS.3% However, the toxicity issue
has heretofore been the primary concern for QDs containing heavy metals, such as PbS and CdS,
which can be further exacerbated due to the enhanced metal ion release under the exposure to
air or light irradiations.®%3% Bhatia et al. detected the release of Cd?* ions in Cd-based QDs
colloidal solution and also found that the concentration of the Cd?* ions directly determined the
level of cytotoxicity.3®® They demonstrated that the release of Cd?* ions can be prevented by
coating appropriate shells, such as ZnS or an organic shell, to encapsulate the Cd-based QDs to
make them non-toxic. Parak et al. encapsulated CdSe QDs with different layers, such as
mercaptopropionic acid (MPA), SiOz, ZnS, and polymer, and compared their cytotoxicity.*°° They
found that the coating of CdSe QDs with a ZnS shell increased critical concentration, below which
no toxicity could be detected, by up to 10 times, with respect to the CdSe QDs capped only by
MPA. Ye et al. performed a pilot study by injecting phospholipid micelle-modified CdSe/CdS/ZnS
QDs into rhesus macaques and found no any evidence of toxicity.**! After injection the blood and
biochemical markers remained within normal ranges, and histology of major organs after 90 days
showed no abnormalities. In our previous work, we also applied PCZ QDs for in vivo fluorescence
imaging in living mice.*?? The PCZ QDs showed no noticeable toxicity for both cells and animals,
which was concluded based on the cell culture assays, as well as the lack of adverse health
effects (no significant weight changes or behavior abnormalities were found over 25 days) for
mice injected with PCZ QDs. Thus, the encapsulation of QDs with a robust ZnS outer shell can
greatly suppress the release of inner heavy metal ions and significantly reduce cytotoxic
effects. 322385400401 Fyrthermore, for photocatalytic applications, such as water splitting and water
treatment, QDs are generally required to be dispersible in aqueous solution. In this context, we
developed an approach to synthesize a uniform CdS shell, and then grow a very thin ZnS outer
shell as well as simultaneously replace the hydrophobic oleate ligands on the surface of
PbS@CdS QDs with the hydrophilic MPA ligands through a rapid, low-cost microwave-assisted
approach.3?232® Thanks to the uniform heating feature provided by microwave irradiation,
homogeneous, water-dispersible, high-quality (with much fewer defects) PbS@CdS@2ZnS (PCZ)
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core@shell@shell QDs were synthesized in a very short time frame. Although the final QDs are
water-dispersive, they may still aggregate, depending on external environments.3°402 To
overcome these drawbacks, one of the most effective strategies is to load these 0D QDs onto 2D

ultrathin nanosheets to construct the 0D/2D heterojunction.403404

Herein, we for the first time designed and synthesized a novel 0D/2D heterojunction of PCZ
QDs/g-C3N4 nanosheets. The 2D g-CsN4 nanosheets provide large surface area for the adsorption
of reactants and easy loading and uniform distribution of PCZ QDs. The N/C-coordinating
framework of g-CzN4 formed by the unique tri-s-triazine structure renders it an ideal host for
robustly supporting ultra-small PCZ QDs to make them more stable and dispersive. Under
shorter-wavelength light irradiation (A <460 nm), QDs not only increase light absorption, but also
act as the electron acceptor and suppress the recombination of charge carriers in excited g-CsNa.
The introduction of NIR-responsive PCZ QDs can sensitize the composite photocatalysts to
respond longer-wavelength light, and reciprocally the presence of 2D g-CsN4 nanosheets can
promote the charge transfer from excited QDs. As a result, the obtained PCZ QDs/g-CsN4
photocatalysts exhibit greatly enhanced UV, visible and NIR light photocatalytic activities

compared with pristine g-CsN4 and most of the reported broadband photocatalysts.

4.2 Experimental Details

4,21 Materials

Butylamine (99.5%), ethanol, hexane (99.9%), methanol (anhydrous, 99.8%), N,N-
dimethylformamide (DMF, 99.8%), MPA (299.0%), 1-methyl-2-pyrrolidinone (NMP, 299%),
octadecene (ODE), oleic acid (OA), oleylamine (OLA, technical grade, 70%), toluene (99.9%),
cadmium oxide (CdO, 99%), lead chloride (98%), phosphorus pentasulfide (P2Ss, 99%), sulfur
powder (100%), zinc chloride (ZnCl;, 99.999%), disodium ethylenediaminetetraacetate
(Na2EDTA), 1,4-benzoquinone (BQ), and tert-butyl alcohol (t-BuOH) were purchased from Sigma-

Aldrich Corporation. All chemicals were used as received without further treatment.

4.2.2 Synthesis of PbS QDs

The PbS QDs were synthesized via a previous reported method.??? Typically, 24 mL of OLA and
10 g of PbCl, were mixed in one three-neck flask and heated to 160 °C. After stirring for 1h at this
temperature under Ny, the solution was cooled down to 120 °C and vacuumed for 40 min. At this

time, a solution containing 115 mg of sulfur powder and 4 mL of OLA was immediately injected
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into the above flask under the protection of N2, which was cooled down to 100 °C and kept for 1
min for the growth of PbS QDs to reach the desired size. Afterwards, the solution was quenched
with cold water to terminate the reaction. The PbS QDs were separated from the colloidal solution
and the supernatant was collected. 20 mL of hexane and 30 mL of ethanol were added to wash
the obtained QDs for two times. The final product was re-dispersed in toluene to get the colloidal
PbS QDs solution.

4.2.3 Synthesis of PbS@CdS core@shell QDs

A microwave-assisted cation exchange approach was used to synthesize PbS@CdS core@shell
QDs.32 Specifically, the colorless Cd precursor solution was prepared by heating a flask
containing OA (15 mL), ODE (20 mL), and CdO (3 g) to 200-250 °C, and then cooled to 100 °C
and degassed for 30 min to remove moisture and oxygen. When the solution was cooled down to
20 °C, 12 mL of the as-synthesized PbS QD dispersion was added to obtain a mixture. 20 mL of
the mixture was transferred to a 35 mL vial and underwent heating in a Discover SP microwave
reactor (CEM Corporation) to 100 °C for 3 min. Certain volume of ethanol was added to precipitate
QDs, which were separated by centrifugation and re-dispersed in toluene. The precipitation and
re-dispersion procedures were repeated three times to purify the obtained PbS@CdS QDs, which

were finally re-dispersed in toluene.

42.4 Synthesis of PCZ core@shell@shell QDs

Through a microwave-assisted procedure, the coating of ZnS shell on the PbS@CdS QDs and
replacing the OA with MPA ligand to make them water-dispersible were simultaneously achieved.
Typically, P-Ss (0.02 g) was dissolved into MPA (0.5 g), butylamine (0.3 mL), and NMP (10 mL)
by heating at 110 °C for 20 min in a sealed flask to prepare S precursor solution. Under the same
condition, Zn precursor solution was synthesized by dissolving ZnCl; (0.07 g) into same amount
of MPA, butylamine, and NMP in another sealed flask. After cooling down to room temperature,
0.007 g of as-synthesized PbS@CdS QDs were dissolved in the S precursor solution, and then
Zn precursor solution was added into the mixture. The obtained solution was heated in a Discover
SP microwave oven at 70 °C for 30 min to yield the MPA-capped PCZ core@shell@shell QDs.
The synthesized QDs were purified by repeating four times the centrifugation and re-dispersion
using toluene. The purified QDs were dried overnight in vacuum oven and dispersed in 10 mL of

water.
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4.2.5 Preparation of PCZ QDs/g-C3N4 nanosheets

g-CsN4 nanosheets were prepared following a thermolysis method in our previous report.'88-384
Briefly, a covered alumina crucible containing 30 g of urea was heated in a furnace at 250, 350,
and 550 °C, for 1, 2, and 2 h, respectively, with a temperature ramping rate of 2 °C min™.
Afterwards, the cooled yellow powder was collected and washed with water and dilute HNO3 to
remove potential alkaline residue. The products were collected by centrifugation and dried at 80
°C overnight. A certain amount of the prepared PCZ core@shell@shell QD was added to 10 mg
of g-CsN4 nanosheets and mixed by shaking for 5 min, and then the mixture was incubated at
room temperature until the supernatant became transparent and colorless. The precipitate was
collected and washed by water. By varying the added volumes of QD solution, PCZ QDs/g-CsN4
with different loading mass fractions of QDs were prepared, denoted as x wt% QDs/g-CsN4. The
actual contents of PCZ QDs in the composites were measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES). The measured values, 0.95, 2.14, 2.97, 7.02 and 10.89

wt%, are quite close to the nominal loading mass fractions, 1, 2, 3, 7 and 11 wt%.

4.2.6 Characterization

Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and energy dispersive
X-ray spectroscopy (EDX) were conducted on a JEOL 2100F TEM at an acceleration voltage of
200 kV for structural analysis. X-ray diffraction (XRD) patterns were recorded on a PANalytical
X'Pert MRD X-ray diffractometer with a Cu Ka radiation (A = 1.5406 A) and operated at 40 mA
and 45 kV. Fourier transform infrared (FTIR) spectra of the prepared samples were recorded on
a Thermo Scientific 4700 FTIR spectrometer. A VG Escalab 220i-XL X-ray photoelectron
spectroscopy (XPS) equipped with a twin anode Al Ka radiation x-ray source was used to analyze
the chemical composition of the samples. Optical absorption spectra of photocatalysts and methyl
orange (MO) in aqueous solution were taken using a Varian Cary 5000 scan UV-vis-NIR
spectrometer at room temperature. Steady-state photoluminescence (PL) and time-resolved PL
(TRPL) spectra were obtained by a Horiba Jobin Yvon Fluorolog-3 fluorescence spectrometer.
The average PL lifetime (1) was estimated by firstly fitting the TRPL decay curves with the bi-
exponential fitting Equation (4), which led to the best fit, and then by using Equation (5):3440°

= _t _t
Fit=A+ Blexp{ Tl} + Bzexp{ TZ} (4)
_ By112+B,1,2
- B171+B;,7;, (5)
Where A, B4, and B- are constants obtained from the fitting of decay curves
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11 and T2 are different decay components resolved also from the fitting

The weight content of PCZ QDs in PCZ QDs/g-CsN4 was determined by an Agilent 5100 ICP-
OES. The electron spin resonance (ESR) characterizations were performed by using a JEOL
JES-X320 spectrometer with a microwave power of 10.00 mW and a frequency of 9.15 GHz at
room temperature to study the electron mobility. The 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
was used as the spin-trapping agent to detect the reactive species. The measurements were
carried out in aqueous dispersion and methanol dispersion for DMPO--OH and DMPO-+0O;",
respectively. Photoelectrochemical (PEC) measurements were performed in a standard three-
electrode cell with a CHI 660E electrochemical workstation (CH Instruments). A Ag/AgCl
electrode (3 M KCI) and a Pt wire acted as the reference and counter electrode, respectively. The
photocatalysts (5 g) were dispersed into DMF (1 mL). The colloidal dispersion was drop-casted
onto a F-doped tin oxide (FTO) glass, of which the boundary was protected by Scotch tape. After
naturally drying, the epoxy resin glue was used to isolate the uncoated part of the FTO glass.
Prior to the measurement, the electrolyte solution (0.2 M of Na>SQO4) was purged with N, for 30
min to remove the dissolved O2. The PEC measurements were performed under the irradiation of
a 150 W Newport solar simulator (100 mW cm2). Nyquist plots were obtained at a bias of 0.2 V

with the frequency range of 100 mHz to 100 kHz.

4.2.7 Photocatalytic activity measurements and trapping experiments

The photocatalytic activity of the QDs/g-CsN4 samples was evaluated for removal of MO in water.
Photocatalysis was carried out in a 100 mL quartz reactor in the presence of 10 mg of the QDs/g-
C3N4 and 25 mL of MO solution (10 mg L™"). The reaction temperature was kept constant with
circulating cooling water. Prior to irradiation, the suspension was stirred in the dark for 30 min to
reach adsorption-desorption equilibrium between photocatalysts and MO. A commercial Luzchem
LUZ-4V photoreactor equipped with fourteen 8 W LZC-UVA lamps was used for the UV
photocatalytic experiment. A 300 W xenon lamp with long-pass optical filters was used for the
photocatalysis under A > 420 nm and A > 495 nm irradiations. For the NIR photocatalysis, a 980
nm diode laser was set at 2 W to act as the NIR light source. For practical application, the
photodegradation reaction was performed using a solar simulator (AM 1.5). The solution was
irradiated with the above-mentioned light along with magnetic stirring. At different irradiation time
points, 0.5 mL of aliquot was collected and centrifuged to separate the MO solution and
photocatalysts. The MO residue in the supernatant was measured using a UV-vis spectrometry

by following the absorbance at wavelength of 465 nm. After the simulated solar light
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photocatalysis, QDs/g-CsNs+ were recycled by centrifugation, and then washed and dried
overnight. Five more runs of experiments were carried out in the presence of the recovered

samples under identical conditions to test the stability.

To detect the involved active species in the photocatalytic removal of MO, trapping experiments
were performed by using different scavengers. Specifically, t-BuOH (1 mM), BQ (1 mM), and
Na.EDTA (1 mM) served as scavengers to capture hydroxyl radical (*OH), superoxide radical

(<O27), and hole, respectively.

4.3 Results and Discussion

4.3.1 Microstructures and optical properties

A representative TEM image of g-CsN4 shows the 2D thin nanosheet and graphene-like structure
(Figure 4.1a). Figure 4.1b and 4.1c reveals that the as-prepared water-dispersible PCZ QDs are
well-defined, monodisperse and quite uniform in size with a mean diameter of 4.7 + 0.3 nm. Clear
lattice fringes are shown in the HRTEM image of PCZ QDs and an interplanar spacing of 0.30 nm
was observed (inset of Figure 4.1c), which corresponds to the (200) lattice plane of the rock-salt
cubic PbS nanocrystal.*64%” More TEM images, size distributions, the absorption and PL spectra
of PbS QDs, PbS@CdS QDs and PCZ QDs are displayed in Figure S4.1-S4.4. No obvious size
change was observed after the CdS shell formation on the surface of PbS QDs via ligand
exchange between Pb?* and Cd?* (Figure S4.1-S4.2). In this reaction, as cation exchange
proceeds from the surface inward, the size of the remaining PbS core QDs decreases, leading to
an increase in the confinement energy and, therefore, the observed blue shift of the first excitonic
absorption peak from 1265 nm of PbS QDs to 1134 nm of PbS@CdS QDs (Figure S4.4a). The
peak PbS@CAS QDs of PL spectrum also blue shifted accordingly due to the same reason
(Figure S4.4b). The size of PbS QDs can be estimated according to the following Equation (6)

established by Zeger Hens et al.,*

1 _ 1240

Eg =041+ 0.025d2+0.283d  Ag (6)

Where Eo is the quantum confinement bandgap of PbS QDs
Ao represents the first excitonic absorption peak position
d is the diameter of PbS QDs in nm.

In our specific case, the diameter of PbS QDs and PbS core in PbS@CdS QDs were estimated
to be 4.45 nm (in agreement with TEM image shown in Figure S4.1) and 3.85 nm. Thus, the
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thickness of CdS shell was calculated to be ~0.3 nm. These are all strong evidence of the
successful coating of CdS shell onto PbS QDs.322:398:401.409-414 \oreover, the growth of the ZnS
layer led to an increase of diameter from ~4.5 nm for PbS@CdS QDs (Figure S4.2) to ~4.7 nm
for PCZ QDs (Figure S4.3). The increased overall size of QDs after coating indicated the formation
of ZnS shell once again and the thickness of the ZnS shell was thus estimated to be ~0.1 nm.
Although it was difficult to clearly resolve the very thin ZnS shell by TEM, both Zn and S were
observed in EDX spectrum (Fig. S4.5), in line with the shell formation. It is critical to construct the
very thin yet compact and uniform ZnS shell that can permit the charge transfer from core QDs to
g-CsN4 and meanwhile stabilizing PbS@CdS QDs to avoid any release of Pb?* and Cd?* ions into
the aqueous solution. Figure 4.1d-4.1e shows the TEM images of 2 wt% QDs/g-C3sN4 samples at
different magnifications. The TEM images of 1 wt% QDs/g-C3N4 and 7 wt% QDs/g-CsN4 are also
displayed in Figure S4.6. Ultra-small QDs are uniformly distributed on the surface of g-CsN4
nanosheets without any agglomeration. It is noteworthy that no free QDs were observed,
suggesting the high coupling efficiency between PCZ QDs and g-CsN4 nanosheets. HRTEM
image (inset of Figure 4.1f) clearly shows lattice fringes with a spacing of 0.34 nm, which can be
readily indexed to the (111) plane of rock-salt cubic PbS.?%” Furthermore, the presence of peaks
assigned to C, N, Pb, S, Cd, and Zn in the EDX spectrum is another evidence for the formation
of CdS shell and ZnS shell onto PbS QDs, and also confirms the successful integration of PCZ
QDs and g-CsN4 (Figure 4.19).

XRD analysis was performed to further study the crystal structure of g-CsN4, PCZ QDs, and 2
wt% QDs/g-CsN4 samples (Figure 4.1h). Two apparent peaks at 13.1° and 27.4° were observed
in the XRD pattern of g-CsNa, corresponding to the (100) plane and (002) plane, which stem from
the in-plane repeating unit (tri-s-triazine units), and the interplanar stacking of the conjugated
aromatic rings, respectively.'2142415 The peaks shown in the XRD pattern of PCZ QDs can be
readily indexed to the rock-salt cubic PbS (JCPDS 78-1055), which is consistent with the HRTEM
results. Due to the very thin thickness of the CdS and ZnS shells and the overlapping of diffraction
peaks, it is not easy to identify the crystalline structure of CdS and ZnS by XRD. The coexistence
of peaks of g-CsN4 and PbS core QDs in the pattern of PCZ QDs/g-C3sNs sample suggests the

successful integration of these two components.
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Figure 4.1 TEM images of (a) g-C3N4 nanosheets, (b-c) PCZ QDs, (d-f) 2 wt% QDs/g-C3N4 photocatalysts with

different magnifications. Insets in (¢) and (f) are the HRTEM images of PCZ QDs and PCZ QDs/g-CsNa, respectively.
Scale bars in (a-b) and (d-f) are 50 nm. (g) EDX spectrum of (f). (h) XRD patterns of g-CsN4, PCZ QDs, and PCZ QDs/g-

CsN4 samples.

FT-IR and XPS measurements of g-C3sN4 and 2 wt% QDs/g-CsN4 were carried out to investigate
the interactions between PCZ QDs and g-C3N4 nanosheets in the PCZ QDs/g-C3sN4 sample
(Figure 4.2a-e). Two samples show essentially similar FTIR spectra, but only from this

observation, it is difficult to conclude that the chemical structure of g-CsN4 nanosheets was not
affected by the introduction of PCZ QDs as the QD loading level is very low (Figure 4.2a). The
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broad absorption band in 3600-2900 cm™ can be ascribed to the N-H stretching vibration modes
or the adsorbed water.'"":404416-418 Sgyeral bands are shown in the fingerprint region of 1650-1200
cm™, which are ascribed to the characteristic skeletal vibrations of aromatic CN
heterocycles.*441¢ The sharp band at ~810 cm™ is attributed to the breathing vibration modes of

the main motifs of g-C3N4, the s-triazine ring units.**417

As for the XPS measurements, both the survey spectra of g-CsN4 and PCZ QDs/g-CsN4 show
peaks for C, N and O elements (Figure 4.2b). Additional peaks for S, Pb, Cd and Zn elements
were also observed in the survey spectrum of PCZ QDs/g-C3sN4 (Figure 4.2b), and Figure S4.7-
S4.9 show high-resolution Pb 4f, Cd 3d, and Zn 2p XPS spectra of both PCZ QDs and PCZ
QDs/g-CsNa4, indicating the successful preparation of PCZ QDs and the successful integration of
g-CsN4 and PCZ QDs. In the high-resolution C 1s XPS spectrum of g-CsN4, two distinctive peaks
are displayed at 284.8 and 288.2 eV (Figure 4.2c), corresponding to the adventitious
hydrocarbons or the sp? graphitic C in C-C bonds, and sp? C in N-C=N bonds, respectively.%41®
Deconvolution of N 1s XPS spectrum of g-CsNs led to three peaks centered at 398.6, 400.2 and
401.2 eV, which can be attributed to the sp? N in N=C-N, tertiary N groups (N-C3), and amino
functions carrying hydrogen (C-N-H or C-N-H>), respectively (Figure 4.2d).40441%-421 The two peaks
at 161.3 eV (S 2psr) and 162.5 eV (S 2p1p) in the S 2p XPS spectrum of PCZ QDs (Figure 4.2¢)
correspond to the S element in the QDs.4%7422423 Remarkably, after the loading of PCZ QDs onto
g-CsN4, the obvious shifting of the peaks toward lower binding energy by 0.2 eV in the S 2p XPS
spectrum occurs. This indicates that the electron density of S atoms in PCZ QDs increases, which
is most likely due to the strong interfacial interactions and to the electron transfer from C atoms
in g-C3N4. Such a peak shifting has also been observed in SnS2/g-CsN4 composite and S-doped
g-CsN4 materials, in which it was reasonably ascribed to the introduction of C-S coordinate
bonds.*?*426 The experimental results and theoretical calculations in the literature excluded the
possibility of forming N-S bonds and confirmed that S atom preferentially substitutes for the edge
N site of the g-CsN4 lattice to form C-S bond.*?*#2¢ No obvious shifting was observed in the C 1s
spectrum of g-CsN4 and that of PCZ QDs/g-CsN4 composite as the loading level of PCZ QDs is
very low (2 wt%). In addition, no peak shifting was observed in the Zn 2p XPS spectra (Figure
S4.9), which rules out the presence of N-Zn bond. Just as previously reported N-P bond, the
formed C-S bond can also act as the shallow charge trapping sites to inhibit charge carrier

recombination and thus enhance the photocatalytic activity.3'9-381:427

Figure 4.2f shows the UV-visible-NIR absorption spectra of PCZ QDs and 2 wt% QDs/g-C3sN4
samples. The color change from the light yellow of g-C3N4 to dark grey of PCZ QDs/g-CsN4 powder

74



indicates their different optical properties. Both samples exhibit typical g-CsN4 absorption with the
absorption edge at ~466 nm, corresponding to the bandgap of ~2.66 eV. The additional
absorption from 466 nm up to 1300 nm was achieved by the loading of PCZ QDs, which makes

the broad-solar-spectrum photocatalysis possible.
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Figure 4.2 (a) FTIR spectra, (b) survey XPS spectra, high-resolution (c) C 1s and (d) N 1s XPS spectra of g-

CsN4 and PCZ QDs/g-CsN4 samples, (e) high-resolution S 2p XPS spectra of PCZ QDs and PCZ QDs/g-CsN4, and (f)
absorption spectra of g-CsN4 and PCZ QDs/g-CsNa. Insets in (f) are the photographs of the prepared powder samples
and the NIR absorption spectrum of PCZ QDs.

4.3.2 Photocatalytic activity and stability

The photocatalytic activities of the as-prepared samples were evaluated by photocatalytic
degradation of MO under different light irradiations (Figure 4.3). As both the g-C3sN4 and the loaded
PCZ QDs can strongly absorb UV and short-wavelength visible photons to generate potentially
useful electrons and holes for photocatalysis, the charge carrier dynamics, including possible
charge transfer and back transfer between them under short wavelength irradiation, is expected
to be complicated. The QD loading amount is required to be optimized in order to maximize the
photocatalysis efficiency by balancing underlying optical and electronic processes of these two
components. The photocatalytic degradation of MO over varying contents of PCZ QDs was thus

investigated systematically.
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Under UV light illumination (Figure 4.3a), the loading of PCZ QDs prominently increases the
overall photocatalytic activity with respect to g-CsNa4, while no obvious activity was detected over
bare PCZ QDs. The kinetic study of MO degradation over 0-3 wt% QDs/g-CsN4 is shown in Figure
S4.10. Through fitting the data with the first-order reaction model, the apparent reaction rate
constant (kapp) was calculated, which was further normalized with the mass (10 mg) of the added
catalyst in the reaction solution. The highest normalized kpp (k) value obtained by 2 wt% QDs/g-
CsN4 (3.4 x 1072 min~" mg™) is about 7 times higher than that by pristine g-CsN4 nanosheets (0.5
x 107> min™' mg™"). The same trend was observed in the MO degradation under A > 420 nm light
illumination (Figure 4.3b). In terms of k values, the optimal loading level of PCZ QDs was also
found to be 2 wt% with a high k value of 2.1 x 10 min™' mg™" (Figure S4.11). The similar trend
can be attributed to a similar mechanism (to be discussed later on) underlying these two cases,
wherein both g-CsNs and PCZ QDs can be simultaneously excited. It is difficult to distinctly
differentiate the exact contribution from each of these two components to the enhanced

photocatalytic properties.

To elucidate the important impact of the PCZ QDs, the reaction system was exposed to A > 495
nm light, where only the QDs can be excited, and in this case 7 wt% PCZ QDs loaded sample
shows the best photocatalytic activity with the k value of 8.4 x 10™* min™" mg™' (Figure 4.3c and
Figure S4.12). With the further increase of PCZ QDs loading, a great decrease of k value was
observed for 11 wt% QDs/g-CsN4 sample (4.1 x 107 min™' mg™).

In addition to the enhanced UV and visible photocatalytic activity, as expected, the as-prepared
PCZ QDs/g-CsN4 photocatalysts show superior activity under NIR light irradiation (Figure 4.3d
and 3e). This is also one of the reasons that the NIR-responsive PCZ QDs were selected and
used in this work. Because only the PCZ QDs can be excited under NIR illumination, the
underlying mechanism of NIR photocatalysis is similar to that of A > 495 nm light photocatalysis.
The optimized k value (9.9 x 1073 h™" mg™') was also obtained by the 7 wt% QDs/g-C3sNs sample
in the NIR photocatalysis. According to our extensive literature search (Table S4.1), for NIR
photocatalysis, the herein obtained k value is higher than the largest value (6.18 x 1073 h™* mg™)
ever reported for g-CsN4 based photocatalysts.?® Among the similar reaction systems, i.e., with
the comparable catalyst concentration and power of light sources, the k value obtained by the 7
wt% QDs/g-CsNs is higher than that of upconversion involved photocatalysts. Although our NIR
activity value is still lower than that under UV and visible lights, the beneficial effect of the

combination of NIR-responsive PCZ QDs with the g-C3sN4 nanosheets for NIR photocatalysis is
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clearly demonstrated, which opens the door for making more effective NIR photocatalysts by

exploring stable, core/shell structured NIR QDs.
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Figure 4.3 Photocatalytic degradation of MO over bare PCZ QDs and 0-11 wt% QDs/g-CsN4 samples under (a)

UV, (b) A>420 nm, (c) A > 495 nm, and (d) NIR light irradiation (980 nm). (e) The plot of In(co/c) vs reaction time of (d).
(f) Photocatalytic stability of 2 wt % QDs/g-CsN4 photocatalyst in six successive cycling reactions under simulated solar
light irradiation.

Considering practical applications, the photocatalytic activity and stability of 2 wt % QDs/g-C3N4
photocatalyst were studied in the degradation of MO under simulated solar light illumination (AM
1.5). As displayed in Fig. S13, negligible degradation of MO was observed in the presence of bare
PCZ QDs after 4 h of solar light irradiation. The 2 wt % QDs/g-C3N4 sample shows enhanced
photocatalytic activity with a k value of 7.6 x 1072 h™" mg™", which is about 2.6 times higher than
that of pristine g-C3sN4 (2.9 x 1072 h™* mg™"). This experiment was repeated for 6 runs with the total
time of 24 h and the 2 wt % QDs/g-C3N4 photocatalyst keeps a high activity in MO removal,
indicating the as-prepared composite photocatalysts possess good stability for photocatalysis. It
is noteworthy that no metal release was detected by ICP-OES in the solution after photocatalysis
(Table S4.2), while increasing concentrations of Pb and Cd elements were detected for the
solution of PbS@CdS QDs with increasing solar light irradiation time (Table S4.3). This is a strong
evidence for the structural robustness of the thin ZnS shell and its complete coverage around the
PbS@CdS core@shell QDs, further supporting the strong coupling between PCZ QDs and g-
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CsNs,. This result reveals that the use of PCZ QDs/g-CsN4 as a photocatalyst will not introduce

secondary pollution by releasing heavy metals during water treatment.

43.3 Charge transfer dynamics and PEC measurements

To gain deep insights into the charge transfer pathways for the enhanced photocatalytic activities,
various spectroscopic and PEC tests were carried out (Figure 4.4a-4.4f). Figure 4.4a shows the
steady-state PL spectra of g-CsN4 and 2 wt% QDs/g-CsN4 samples. Under the excitation of 375
nm, they both show a peak at ~460 nm in their PL spectra, corresponding to the recombination
of the photo-induced electrons and holes in g-C3N4.%?' The considerable PL quenching of 2 wt%
QDs/g-C3N4 indicates that radiative recombination has vanished, 336428429 which can be attributed
to the efficient interfacial charge transfer of electrons from g-CsN4 to PCZ QDs. The charge carrier
dynamics was investigated by a TRPL spectroscopy (Figure 4.4b). A bi-exponential fitting
equation was found most suitable and thus applied to analyze the TRPL decay curves. The
derived lifetime components and calculated average PL lifetimes are summarized in Table S4.4.
2 wt% QDs/g-CsN4 shows a shorter average PL lifetime (420 + 25 ns) than g-CsN4 (522 + 16 ns).
The notable decrease of PL lifetime of g-C3N4 in the PCZ QDs/g-CsN4 reveals the introduction of
additional non-radiative charge carrier decay or transfer pathway(s), suggesting that the addition
of PCZ QDs can effectively facilitate the separation of photo-generated charge carriers in g-

C3N,4.404430 The TRPL results are consistent with those of the steady-state PL spectra.

Solid-state ESR was also used to study the transfer and separation of charge carriers at room
temperature (Figure 4.4c). A signal centered at the g value of 2.003 is shown in the ESR spectra
of both g-CsN4 and PCZ QDs/g-CsN4, corresponding to the unpaired electrons of C atoms in the
CN aromatic rings within the 11-bonded nanosized clusters.**'432 The evidently enhanced ESR
signals, when the visible light irradiation is turned on, provide evidence for the promoted photo-
generation of radical pairs in the samples.*3'432 The ESR signal of PCZ QDs/g-CsN4 is stronger
than that of g-CsN4, confirming the charge transfer from g-CsN4 to PCZ QDs and the prohibited
charge carrier recombination,33433434 which is consistent with the lower PL peak intensity of g-
CsN4 in PCZ QDs/g-C3N4 sample.

In addition, to investigate the charge transfer pathways of the NIR light reaction system, the
steady-state PL spectra of PCZ QDs and 7 wt% QDs/g-C3N4 (the optimal sample in terms of
photocatalytic activity under NIR light) were measured upon the excitation of 780 nm (Figure
4.4d). Under the NIR light irradiation, only the charge carriers in PCZ QDs can be excited, and

their radiative recombination generates the PL emission. In comparison to bare PCZ QDs, the
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quenched PL peak intensity of the QDs in 7 wt% QDs/g-CsN4 manifests the hindered radiative

recombination after the introduction of g-C3Na.

To further ascertain the transfer and separation efficiency of the photoinduced charges, PEC
experiments were performed (Figure 4.4e-4.4f). Figure 4.4e displays the transient photocurrent
responses of g-CsN4 and PCZ QDs/g-CsN4 samples during the on-and-off cycles under simulated
solar light. The photocurrent density of PCZ QDs/g-C3sN4 (11.3 pA cm) is ~7.5 times higher than
that of g-CsN4 (1.5 pA cm), which reveals that the introduction of PCZ QDs can greatly promote
the separation of the photoinduced charge carriers. This argument is also confirmed by the
electrochemical impedance spectroscopy (EIS) measurements (Figure 4.4f). The smaller arc
radius in the EIS Nyquist plots of the PCZ QDs/g-CsNs sample is indicative of a lower charge
transfer resistance than g-CsNs both in the dark and under irradiation. All these positively
contribute to the enhanced photocatalytic activity in MO removal of PCZ QDs/g-CsN4. Moreover,
the reversible and almost unchanged photocurrent density during more than 800 s of repeated
light on/off cycles is another proof of the excellent stability of the as-prepared g-CsNs and PCZ
QDs/g-CsN4 photocatalysts.

4.3.4 Detection of active species

For better understanding the underlying mechanism of photocatalytic degradation of MO, the
involved active species were detected by trapping experiments using three different scavengers
(Figure 4.4g). Specifically, Na;EDTA, BQ, and t-BuOH act as the scavengers for capturing h*,
*O,™ and *OH radicals, respectively. After 4 h of solar light irradiation, in the presence of 2 wt%
QDs/g-C3N4, the photocatalytic removal ratio of MO in BQ-added system was reduced by 90%
compared to the scavenger-free system. However, the addition of Na;EDTA and t-BuOH has
almost no impact on the photocatalytic activity. The results suggest that «O,™ radical plays the
most important role in the photocatalytic degradation of MO by the PCZ QDs/g-CsN4 sample. In
addition, a standard DMPO spin-trapping ESR method was used to verify the participation of O3~
(Figure 4.4h) and *OH (Figure 4.4i) radicals in the ethanol dispersion and aqueous dispersion,
respectively. After visible light irradiation, both g-C3N4 and PCZ QDs/g-C3sN4 samples show clear
DMPO-+O-" signals. Compared with g-CsN4, the signal intensity in the case of PCZ QDs/g-CsN4
is much stronger, implying the higher concentration of *O," radicals.***43° As «O," is generated
from the reaction of excited electrons with dissolved O, the higher <O~ concentration can be

attributed to the prominent charge separation in PCZ QDs/g-CsNs4, which makes it more
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photocatalytically efficient in MO degradation. No DMPO-+OH signals were detected in both

ethanol and aqueous dispersions, which is in agreement with the trapping experiment results.
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Figure 4.4 (a) PL spectra with the excitation at 375 nm, (b) TRPL decay curves with emission at 460 nm, and

(c) solid-state ESR spectra in the dark and after visible light irradiation of g-C3N4 and 2 wt% QDs/g-CsNa4. (d) PL spectra
with the excitation at 780 nm of PCZ QDs and 7 wt% QDs/g-CsN4. () Photocurrent response and (f) EIS Nyquist plots
in the dark and under simulated solar light irradiation of g-CsN4 and PCZ QDs/g-C3N4 samples. (g) Photocatalytic
degradation of MO over 2 wt% QDs/g-CsN4 in the presence of three different scavengers under simulated solar light
irradiation. DMPO spin-trapping ESR spectra of (h) «O2™ and (i) *OH radicals for g-C3sN4 and PCZ QDs/g-CsNa in the
dark and under visible light (A > 420 nm) irradiation.

4.3.5 Proposed possible mechanism

Based on all the above results, the possible mechanisms of the photocatalytic degradation of MO
under different light irradiations were proposed. The approximate VB and CB positions (vs
vacuum level) of PCZ QDs and g-CsNs were obtained from previous reports,381:390:412436.437 gng

the corresponding energy diagram was constructed (Figure 4.5). Under UV or A > 420 nm light
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illumination, the excitations of both g-CsN4 and PCZ QDs take place. The charge recombination
can be greatly mitigated via the charge transfer between g-CsN4 and PCZ QDs (Figure 4.5a). As
the major absorbing and catalytic component is g-CsN4 in the composite, its band excitation is
reasonably expected to dominate the photocatalysis process, and PCZ QDs mainly act as the
acceptor of excited electrons from g-CsN4 to suppress the charge recombination in g-C3sN4 and
thus enhance overall photocatalytic activity. The transfer of electrons from g-CsN4 to PCZ QDs
and the suppressed charge carrier recombination have been confirmed by steady-state PL, TRPL
and solid-state ESR spectra, as well as PEC measurements. The electrons in the valence band
(VB) of g-C3N4 are excited to the conduction band (CB) and further transferred to PCZ QDs. The
electrons then react with the dissolved O to produce +O," radicals for photocatalysis, which has
been verified by the trapping experiment and DMPO spin-trapping ESR method. The loading of
excessive PCZ QDs can decrease the number of photons reaching the g-CsNa4 surface due to the
QDs surface coverage. Although electrons and holes can be generated due to the excitation of
PCZ QDs, the competition between the absorption of PCZ QDs and g-CsNs+ makes 2 wt% the
optimal loading content of PCZ QDs under UV and A > 420 nm light irradiation.

a UV /A>420nm b A > 495 nm / NIR

0, 0,
b7 ¢

0, : 2
g-{:3l'“-.lﬁI PCZ QDs g-C3NQ PCZ QDs
Figure 4.5 Proposed possible mechanism for the photocatalysis over PCZ QDs/g-C3N4 samples under a) UV or

A >420 nm and b) A > 495 nm or NIR light irradiation. Band energies (in eV referenced to the vacuum level) are taken
from literatures.

When the system is irradiated by A > 495 nm or NIR light (980 nm), according to the absorption
spectra, the excitation of g-C3sN4 can be excluded (Figure 4.5b). The photocatalytic absorption is
solely determined by the loaded PCZ QDs. Thanks to the formed C-S bonds, which quite likely
act as interfacial charge trapping sites between PCZ QDs and g-CsNys, the excited electrons in the
PCZ QDs can be transferred to the C-S energy level and participate in the photocatalysis. The

charge transfer has also been confirmed by the quenched and red-shifted steady-state PL spectra
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upon excitation of 780 nm. Excessive PCZ QDs loaded on the surface of g-C3sN4 nanosheets,
although can increase light absorption, tend to aggregate and thus reduce the effectively active
sites accessible to reactants (Fig. S14), resulting in the decreased photocatalytic activity. The
interplay of these competing factors yields 7 wt% as the optimal loading level of PCZ QDs, leading

to the best photocatalytic activity.

4.4 Conclusions

In summary, a 0D/2D photocatalyst composed of UV, visible and NIR-responsive and water-
dispersible PCZ QDs/g-C3N4 was rationally designed and synthesized for the first time. Thanks
to the broadband spectral response of uniformly distributed, ultra-small, high-quality PCZ QDs,
efficient charge separation and transfer, as well as strong coupling between PCZ QDs/g-CsN4 by
forming the C-S bond, the prepared PCZ QDs/g-CsN4 exhibits excellent photocatalytic activities
in organic dye degradation under UV, visible and NIR light irradiations. Especially for NIR-driven
photocatalysis, the composite with optimized PCZ QDs loading outperforms the best-reported
photocatalysts. Remarkably, the PCZ QDs/g-CsNs also possesses excellent recycling
performance and no metal release was detected in the solution after photocatalysis. Through
investigating the charge transfer dynamics and detecting involved active species, the underlying
mechanisms for photocatalysis under different light irradiations were clearly elucidated. This work
paves a way to synthesize broad-solar-spectrum 0D/2D photocatalyst that is of great potential in

water treatment and extensive (photo)electronic applications.
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4.5 Supporting Information
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Figure S4.1 TEM image of prepared PbS QDs and (b) size distribution. Scale bar: 10 nm.
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Figure S4.2 TEM image of prepared PbS@CdS core@shell QDs and (b) size distribution. Scale bar: 10 nm.
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Figure S4.3 (a) TEM image of prepared PCZ core@shell@shell QDs and (b) size distribution. Scale bar: 5 nm.
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Figure S4.4 (a) Absorption and (b) steady-state photoluminescence (PL) spectra of PbS, and PbS@CdS
core@shell QDs.
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Figure S4.5 Energy dispersive X-ray spectroscopy (EDX) spectrum of PCZ QDs sample.

Figure S4.6 (a) TEM images of (a-c) 1 wt% QDs/g-C3sN4 and (d-f) 7 wt% QDs/g-C3N4. Scale bars: 50 nm.
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High-resolution Pb 4f XPS spectra of PCZ QDs and PCZ QDs/g-CsNa.
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Figure S4.8 High-resolution Cd 3d XPS spectra of PCZ QDs and PCZ QDs/g-CsNa.

86



Zn 2p 10218 eV

Intensity (a.u.)

PCZ QDs/g-C:N,

1050 1040 1030 1020
Binding Energy (eV)

Figure S4.9 High-resolution Zn 2p XPS spectra of PCZ QDs and PCZ QDs/g-CsNa.
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Figure S$4.10 Plot of In (co/c) vs time of photocatalytic degradation of MO under UV light irradiation.
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Figure S4.11

Figure S4.12
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Plot of In (co/c) vs time of photocatalytic degradation of MO under A > 420 nm light irradiation.
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Plot of In (co/c) vs time of photocatalytic degradation of MO under A > 495 nm light irradiation.
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7.6 Solar
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Figure S4.13 Plot of In (co/c) vs time of photocatalytic degradation of MO under simulated solar light irradiation.

Figure S4.14 TEM images of 11 wt% QDs/g-CsN4 sample at different magnifications. Serious agglomerations of
PCZ QDs occur in this sample.
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Table S4.1

Reaction rates for photocatalytic degradation of organics under NIR light irradiation in recent

published literatures.

Catalyst K value
References Photocatalyst Organics ¢ | concentration Light source
“ (103 h'" mg™")
(mg L)
168 Au-NYF/g-CsNs4 @ MO 400 980 nm 2 W laser | 3.5
145 NYF@TiO2-Au 2 MO 1000 980 nm 2W laser | 7.0
373 BiVO4/CF ® MO 1000 980 nm 2W laser | 0.56
195 NYF/CusZnSnSes© | RhB 300 2760 nm 150 W g 5
Xe lamp
MB 1000 980 nm 2W laser | 2.8
184 NYF@TiO2/RGO ¢
MO 1000 980 nm 2W laser | 2.0
260 ) >760 nm 300 W
Sb2S3/g-CsNa MO 1000 Xe lamp 6.18
This work PCZ QDs/g-CsN4 MO 400 980 nm 2W laser | 9.9

2 NYF (NaYF4Yb3*,Er¥*,Tm®); » CF

dyes

Table S4.2

(CaF2:Er®*",Tm*,Yb%); ¢ NYF

(NaYF4:Yb**,Tm®'); ¢ NYF@TiO2/RGO
(NaYF4:Yb**, Tm3>*@TiO2/ reduced graphene oxide); ¢ RhB (rhodamine B), MB (methyl blue), MO (methyl orange)

ICP-OES detection of metals released into the reaction solution after 24 h of photocatalysis under
simulated solar light irradiation in the presence of PCZ QDs/g-C3Na.

Elements Wavelength (nm) (Cpc;r::\:;egtration (E}))(i)ts]c;ting Limit

217.000 N 0.10

Pb
220.353 - 0.14
214.439 - 0.020

Cd
228.802 - 0.015
213.857 - 0.009

Zn
206.200 - 0.025

2 - The concentration is below detecting limit.
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Table S4.3 ICP-OES detection of metals released into the reaction solution for PbS@CdS QDs under simulated
solar light irradiation.
Time (h) Elements Wavelength (nm) Concegtratlon Detecting Limit
(ppm) (ppm)
217.000 - 0.10
Pb
0 220.353 - 0.14
214.439 - 0.020
Cd
228.802 - 0.015
Pb 217.000 0.97 0.10
0.5 220.353 0.73 0.14
' cd 214.439 0.05 0.020
228.802 0.05 0.015
217.000 1.31 0.10
Pb
] 220.353 1.29 0.14
cd 214.439 0.09 0.020
228.802 0.08 0.015
Pb 217.000 4.30 0.10
1 220.353 4.25 0.14
cd 214.439 0.26 0.020
228.802 0.25 0.015

a2 - The concentration is below detecting limit.

Table S4.4

excitation and emission at 408 nm and 460 nm, respectively.

PL Lifetime of g-CsN4 and PCZ QDs/g-CsN4 samples obtained from TRPL measurements with

Sample T1 (1) T2 (a2) T
g-CsN4 48 ns (64%) 591 ns (36%) 522 + 16 ns
PCZ QDs/g-C3N4 45 ns (67%) 490 ns (33%) 420 £ 25 ns
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5 METAL-FREE BLACK PHOSPHORUS/CARBON NITRIDE
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To more efficiently utilize solar photons from UV to NIR regions, an effective heterojunction
composed of 0D NIR-responsive PCZ QDs and 2D g-CsN4 nanosheets was rationally constructed
and demonstrated in Chapter 4. The broadband optical absorption of high-quality PCZ QDs highly
dispersed on the surface of the g-CsN4 nanosheets and their strong interaction yield efficient
charge transfer between them and endow PCZ QDs/g-CsN4 with effective photocatalytic activity
from UV to NIR regions. Although PCZ QDs/g-CsN4 showed good recycling performance and no
metal release was detected in the solution after photocatalysis, the use of heavy-metal based

QDs always constitutes a big concern in the application of environmental purification.

To address this concern, to utilize solar energy more environmentally-friendly, without introducing
heavy-metal containing materials, and more cost-effectively, a completely metal-free 2D/2D
heterojunction of BP/g-CsN4 was designed and synthesized. The introduction of narrow-bandgap
BP is expected to endow g-CsNs with broadband activity in photocatalytic H> evolution.
Furthermore, the 2D/2D heterojunction is supposed to promote charge separation, make BP

stable and make BP/g-CsN4 possess high activity and long-term stability in Hz evolution.
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5.1 Introduction

Solar H; evolution has shown great potential as a green technology in solving energy crisis.**43¢-
440 Taking economic and environmental factors into consideration, the development of efficient,
low-cost, stable and nontoxic photocatalyst is highly desired and crucial for the widespread
implementation of solar fuel technology. For acquiring the above listed beneficial features, visible-
light-responsive graphitic carbon nitride (g-CsN4), a two-dimensional (2D) metal-free
photocatalyst, has been extensively explored in photocatalysis. Though g-CsN4 was discovered
to be feasible for photocatalytic water splitting, obtaining a relatively high efficiency of H:
production still largely relies on the loading of noble metal co-catalysts because of the high
recombination rate of the charge carriers in g-C3N4.102:341.384441.442 Fyrthermore, the relatively wide
bandgap (2.7 eV) confines its light response mainly into the ultraviolent (UV) range and only
slightly into a narrow region of the visible light range (A < 460 nm).""®'8 To solve these problems,
numerous strategies have been developed, mainly including morphology tuning, doping with
metal/non-metal ions, and heterojunction creation.%:94328.368.443 However, quite limited progresses
have been achieved thus far. Aiming to enhance the harvesting of solar light efficiently and
economically, the development of novel g-CsNs-based metal-free photocatalysts with a broader

photo-response range is of great significance.

Black phosphorus (BP), a layered material that consists of corrugated atomic planes with strong
intra-layer chemical bonding and weak interlayer Van der Waals interactions, has attracted
tremendous interest of material scientists. Since the successful preparation of 2D BP with atom-
thick layer in early 2014, it has provoked a surge of research with its enticing electrical and optical
properties . 279.282291:444-449  Dyjfferentiating from previously reported 2D nanomaterial, such as
graphene, BP possesses a tunable thickness-dependent bandgap that spans from ~0.3 eV (bulk)
to ~2.0 eV (monolayer) in addition to sufficiently high carrier mobility and photo-electronic
response.?79-291:445.447-449  Thege favorable properties render BP, particularly few-layer BP
nanosheets (10 nm in thickness), a fascinating candidate for diverse applications in transistors,
photodetectors, solar cells, bio-imaging and phototherapy.?80:449-4%5 Notably, BP has demonstrated
its great potential as a broadband photocatalyst for the harvesting of solar energy due to its narrow
and direct bandgap.®83194%6-459 However, certain inherent problems existing in the exfoliated BP
nanosheets bring practical challenges for their actual application. For example, BP is very reactive
to moisture and ambient oxygen, and can be easily oxidized due to the exposed lone pairs at its

surface.?89293-295447.453,458:460 The roughening caused by the exfoliation can further accelerate the
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surface oxidation, which may proceed exponentially during the first hour after exfoliation.?** As a
consequence, the semiconducting properties of BP deteriorate rapidly, reflected from significantly
increased contact resistance and reduced carrier mobility.2892932%4 |t is thus of paramount
importance to develop effective strategies to retard or, even better, completely eliminate the
degradation of BP. Recently, several approaches were developed to protect BP from oxidation
with various levels of success.*%461-4%64 Among them, the non-covalent surface coverage of BP
with other inert 2D materials, such as poly (methyl methacrylate), graphene or hexagonal boron
nitride, was proposed as an effective way.?®9452 Hence, it is rationally anticipated that the
combination of BP with g-CsNs nanosheets can highly likely yield both enhanced stability and

broadband solar harvesting capability in photocatalytic H. production.

For the preparation of few-layer BP nanosheets, the mechanical and liquid exfoliation from bulk
BP has been extensively used.?%3460:465467 As BP possesses stronger interlayer interactions
compared with graphene and other 2D materials, the exfoliation by ultrasonication would be
difficult and would require long processing time (>15 h) or a sonicator with high power.293460.465-
467 Howbeit the yield of few-layer BP nanosheets is still very low.?®346” As the P-P bond is
remarkably weaker than the C-C bond, such long duration or high power of sonication are known
to generate nanosheets with reduced lateral size and anomalous structural defects.?%3468 |n
addition to the instability, such structural features can also accelerate charge carrier

recombination and restrict the practical applications of BP in electronics and optoelectronics.

Herein, we present a novel, time-effective ice-assisted exfoliation method to prepare few-layer
BP nanosheets for the first time. It led to the greatly improved yield of few-layer BP nanosheets,
while required much shorter time and largely reduced power for liquid exfoliation from bulk BP.
To gain long-term stability under ambient atmosphere, the few-layer BP and g-CsN4 nanosheets
were integrated into a single, 2D-on-2D architecture (BP/g-CsN4). As a result, the oxidative
degradation of BP was greatly inhibited. The as-synthesized metal-free BP/g-CsN4 photocatalysts
exhibit high photocatalytic H> evolution efficiency from water and excellent stability under
broadband light irradiation. This work opens a new facile path for the fast preparation of high-
quality BP nanosheets with high yield and renders a great promise for BP-based photocatalysts

for efficient solar Hz evolution.
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5.2 Results and Discussions

5.21 Preparation of BP nanosheets and BP/g-C:Ns photocatalysts

To prepare BP nanosheets, bulk BP crystals were exfoliated in N-Methyl-2-pyrrolidone (NMP)
using a NMP-ice-assisted ultrasonication method, which is detailed in the Experimental Section
and schematically illustrated in Figure 5.1a. When the bulk BP powder is dispersed into NMP, the
space between BP layers is filled with this solvent. As the melting point of NMP is -24 °C, after
being placed into direct contact with liquid nitrogen bath, the dispersion starts to freeze. The
gradually grown NMP ice crystals intercalate into BP layers to enlarge the interlayer spacing of
BP, which largely reduces the interlayer Van der Waals interactions and is favourable for the next-
step easy exfoliation to generate BP nanosheets. Subsequently, the frozen dispersion undergoes
ultrasonication, and the BP nanosheets are successfully exfoliated from the bulk BP. The
ultrasonic vibration of NMP ice between the layers facilitates the exfoliation process. The required
total time and the output power of the sonicator were less than 2 h and 70 W, respectively.
Compared with the conventional liquid phase exfoliation,?93:460.465-467 hoth the processing time and
sonication power are greatly reduced in our developed method. As a result, high-quality BP
nanosheets with larger lateral size and less anomalous structural defects were obtained.?%3468
Furthermore, a high yield of few-layer BP nanosheets was achieved with this unique approach.
According to the inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis,
18.75 mg of few-layer BP nanosheets were obtained from 25 mg of bulk BP with a yield of 75%,
which is much higher than previously reported values (Table S5.1 in the Supporting Information).
The obtained BP nanosheet-in-isopropanol (IPA) dispersion is brown and very stable, and there
is no aggregation and color change over four weeks during storage (Figure S5.1a-5.1b). To form
the 2D-on-2D assembly, g-CsN4 powder was introduced into various volumes of BP dispersion
(Figure S5.1c¢). Much precipitation was observed at the bottom of the solution, meanwhile the
supernatant turned to colorless and transparent after incubation at room temperature for 30 min
(Figure S5.1d), suggesting the successful integration and high coupling efficiency of BP with g-
CsN4 nanosheets. Figure S5.1e presents the Zeta potentials of BP and g-CsN4 in IPA, which are
positive and negative, respectively, at pH around 7 that is the pH value of the coupling solution.
It is clear that the strong electrostatic interaction between BP and g-CsN4 contributes to their
efficient integration. In the current investigation, three BP/g-C3Ns composites containing 3, 10 and

15% (in mass) of BP were prepared.
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Figure 5.1 (a) Schematic illustration of the preparation of BP nanosheets with NMP-ice-assisted exfoliation

method. (b) TEM image of BP nanosheets and (c) EDX spectrum of (b). (d) Tapping mode AFM topographical image
of few-layer BP nanosheets. Scale bars in b) and d) are 500 nm. (e) The height profiles of BP nanosheets along the
blue Line 1 and green Line 2 in (d). (f) Distribution of BP layers calculated from the height profiles of 150 BP nanosheets
in AFM images.

5.2.2 Morphological and structural characterization

The morphology of the as-prepared BP nanosheets was characterized by a transmission electron
microscope (TEM). Typical TEM images of BP nanosheets show a lamellar morphology with a
lateral size of 50 nm to 3 ym (Figure 5.1b and Figure S5.2a-5.2d). Only the peaks of C, Cu and

P elements were observed in the the energy-dispersive X-ray (EDX) spectrum (Figure 5.1c),
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indicating that pure BP without any detectable oxidation was obtained via the NMP-ice-assisted
exfoliation method. The thickness distribution of BP nanosheets was investigated using atomic
force microscopy (AFM) height measurements (Figure 5.1d-5.1f). Lines 1 and 2 in Figure 5.1d
are randomly selected and their corresponding height profiles are displayed in Figure 5.1e.
Assuming the thickness of a monolayer BP is 0.53 nm,289.2%450 the number of layers of the
generated BP nanosheets could be estimated from the AFM height measurements. Figure 5.1f
shows the statistical histogram of the number of BP layers, which was obtained from the height
profiles of 150 randomly selected individual BP nanosheets in AFM images. The mean number
of layers was determined to be <N> = 5.9+1.5, and about 93% of the observed BP nanosheets
have a thickness of less than 10 nm. The large pieces observed in AFM images are due to single
thicker BP or stacking of several BP sheets during sample preparation. A higher magnification

AFM image better shows the sheet morphology (Figure S5.2d).

The g-C3N4 shows a free-standing graphene-like wrinkled nanosheet structure (Figure 5.2a). As
displayed in Figure 5.2b-5.2d, the initial morphologies of BP and g-CsNs+ nanosheets were
remained after their integration (here we use 3 wt% BP/g-CsN4 as an example). The nanosheets
marked with arrows in Figure 5.2d are supposed to be BP considering their relatively “regular”
edges, which are further corroborated by the high-angle annular dark field (HAADF) scanning
TEM (STEM) image (Figure 5.2e) and corresponding STEM-EDX elemental mappings (Figure
5.2f-5.2i). The STEM-EDX mapping of C, N and P clearly confirms the co-existence of g-C3N4
and BP, and shows the stacking and the close interaction of these two components. The high-
resolution TEM (HRTEM) image reveals lattice fringes of 0.34 nm and 0.26 nm, attributed to the
(021) and (040) planes of the BP crystals (Figure 5.2j), respectively.*5® The presence of C, N and
P peaks indicates the successful preparation of BP/g-CsN4 hybrid nanosheets with high purity and
without detectable oxidative degradation (Figure 5.2k), which is consistent with the STEM-EDX
mapping results and is further verified by the following X-ray photoelectron spectroscopy (XPS)

analysis.
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Figure 5.2 Typical TEM images of (a) g-CsN4 and (b-d) BP/g-C3N4 with different magnifications. (e) HAADF
STEM image of (d), (f-i) STEM-EDX mapping of C, N, P, and the overlay of all the elements of the selected area in (e).
(j) HRTEM image of BP/g-C3sN4, and (k) EDX spectrum of (j). Scale bars: (a) and (c-i), 250 nm; (b), 1 ym; (j), 5 nm. The
TEM grids used in (a), (j) and (k) are carbon film coated copper grids, and those used in the other figures are lacey
carbon film coated nickel grids.

The composition and the chemical states of the as-prepared samples are assessed using XPS
(Figure 5.3 and Figure S5.3). In the XPS survey spectra of 3 wt% BP/g-CsN4 (Figure S5.3), only
the peaks assigned to C, N, O and P elements were observed, signifying the high purity of the
prepared samples and the successful integration of BP and g-CsN4 nanosheets. As previously
reported, O1s peak was observed in the XPS spectrum of g-CsN4, which results from the O, or
H»O adsorbed on the sample surface.*%®4° The similar atomic O percentages of g-CsN. (3.61%)
and BP/g-CsN4 (3.59%) strongly support that no further oxidation occurred during the preparation
of BP/g-C3N4 hybrid sample (Table S5.2). All these results suggest the remarkable coupling
efficiency between BP and g-CsN4 nanosheets. To specify which bonds form in the prepared
BP/g-C3N4 sample, peak deconvolution was performed for the C1s, N1s and P2p XPS spectra
(Figure 5.3a-5.3c).
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Figure 5.3 High-resolution (a) C1s and (b) N1s XPS spectra of g-C3N4 and BP/g-C3N4, and (c) P2p XPS spectra

of BP and BP/g-C3N4 samples. (d) XRD patterns of bulk BP, BP nanosheets, g-C3N4 and BP/g-C3N4 samples. The inset
is the amplification of XRD patterns of bulk BP and BP nanosheets in the lower-angle range, which is marked by the
dashed rectangle in (d). (e) UV-vis-NIR absorption spectra of g-CsN4 and BP/g-C3sN4 powder samples. Insets in (e) are
the absorption spectrum of BP nanosheets in dispersion (top), photos of BP/g-C3N4 (middle) and g-CsN4 (bottom)
powders. (f) Theoretical Tauc-plot curves of BP with different layer numbers (1-4 and 6 layers). (g, i) Photocatalytic H2
evolution and (h) Hz evolution rate achieved in the presence of BP (orange), g-CsNa (blue), 3 wt% BP/g-CsNs (red), 10
wt% BP/g-C3Na4 (green) and 15 wt% BP/g-C3N4 (purple) photocatalysts under (g-h) A > 420 nm and (i) A > 475 nm light
irradiations.

The high-resolution C1s XPS spectrum presents two distinct peaks at 284.8 and 288.3 eV (Figure
5.3a), which can be assigned to the graphitic sp? C=C bonds in the surface adventitious carbon
contaminations and in the C-N aromatic heterocycles, respectively.52328345 The main N1s peak
was deconvoluted into three peaks (Figure 5.3b), located at 398.6, 399.4 and 401.1 eV, which
are assigned to the sp? hybridized N in triazine rings (C=N-C), tertiary N (N-(C)s) and amino group
(C-N-H), respectively.336418471.472 As shown in Figure 5.3c, the fitting result of P2p spectrum shows

two peaks at binding energies of 129.8 and 130.6 eV, corresponding to P2ps2 and P2psp.,

101



respectively. In the case of BP/g-CsNa, the P2p peaks shift to lower binding energy as compared
to BP alone. This means that the electron density of P atoms increases, highly likely due to partial
electron transfer from N atoms. Similar observation has been reported by others and it supports
the strong interfacial interaction between BP and g-CsN4, which is supposed to introduce shallow
charge trapping sites and suppress charge carrier recombination and thus be beneficial for
photocatalysis.®'*4?" This is quite different from the case of deep trapping sites, which can
facilitate charge recombination and are detrimental to photocatalysis.*” It is noteworthy that the
peak in the range of 133.5~134.0 eV, ascribed to oxidized P (PxOy),31947474 was not observed in
the P2p XPS spectra of either BP or BP/g-CsNs, indicating that P was not considerably oxidized
during both the exfoliation process of bulk BP to BP nanosheets and the preparation process of
BP/g-C3N4 hybrid sample. The developed, time-efficient NMP-ice-assisted exfoliation method
played a vital role in protecting BP from oxidation by shortening the ultrasonication time and

reducing the possibility of exposure to O-.

Figure 5.3d shows the X-ray diffraction system (XRD) patterns of bulk BP, exfoliated BP
nanosheets, g-CsN4 and 3 wt% BP/g-CsN4 samples. The diffraction peaks shown in the patterns
of bulk BP and BP nanosheets can be well indexed to the orthorhombic BP with space group
Cmca (64) according to the standard pattern of BP (JCPDS No. 73-1358).4524%4 Furthermore, the
lower-angle peak originated from the periodic stacking of layers exhibits a downshift from 16.95°
of the BP bulk counterpart to 15.89° of the exfoliated BP nanosheets, corresponding to the inter-
plane distance increasing from 5.2 A to 5.6 A, respectively (inset of Figure 5.3d). This result
confirms that the intercalation of NMP ice crystals can enlarge the inter-planar spacing of BP, and
further facilitates its easy exfoliation by reducing the interlayer Van der Waals interactions. In the
XRD pattern of g-CsN4, the two peaks present at 13.0° and 27.4° are ascribed to the in-planar
arrangement of the tri-s-triazine unit and the inter-planar stacking of the conjugated aromatic
system, respectively.'02.140.188.328.415472 Fqr the diffractogram of BP/g-CsNs sample, both the
characteristic diffraction peaks of BP and g-CsN4 were observed, once again confirming their
successful integration. No additional diffraction peaks were observed, implying no new crystalline

phases or compounds are formed during the coupling reaction.

5.2.3 Optical properties

The optical properties of BP nanosheets in IPA, g-C3sN4 and 3 wt% BP/g-C3N4 nanosheets were
investigated as displayed in the UV-visible-near infrared (UV-vis-NIR) absorption spectra (Figure

5.3e). The BP nanosheets show a quite broad absorption band from UV to NIR regions, whilst g-
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CsN4 exhibits a typical semiconductor-like absorption spectrum in the UV and blue regions with
the absorption edge of around 466 nm. Through Tauc plots (Figure S5.4), the bandgap energy
(Eq) of as-prepared BP and g-C3N4 nanosheets were estimated to be ~1.39 eV and ~2.66 eV,

respectively.

Figure 5.3f shows the theoretical Tauc-plot curves obtained from the ab-initio absorbance spectra
calculated for BP of different layer thickness (1-4 and 6 layers). They were calculated by
performing state-of-the-art Many-Body Perturbation theory calculations (hamely GW method and
Bethe-Salpeter equation) *?* on top of density functional theory (DFT) simulations,??® as detailed
in Supporting Information. Although a direct comparison with the experimental curve shown in
Figure S5.4a is quite difficult, due to the presence at experimental level of several thicknesses
and to the assumption, at theoretical level of perfect isolated layers in a vacuum dielectric
screening, the broad feature from visible to NIR is in line with what experimentally observed and
supports the experimental estimation of an average thickness of about 6 layers. It is worth to
underline that the calculated optical gaps can be better extracted from the position of the first
optical peak in the absorption curves (Figure S5.5) and are due to bound excitons. The binding
energies decrease with the increasing BP layer numbers, as due to smaller quantum confinement
effect and larger dielectric screening. Indeed the calculated GW electronic (transport) gaps
(Figure S5.6) are systematically larger than the energetic position of the first optical

pea ks 126,293,475

For the BP/g-CsN4 2D-on-2D assembled nanosheet photocatalyst, in addition to the absorption of
g-CsN4, a largely enhanced tail absorption in the visible and NIR regions was clearly observed
due to the introduction of BP nanosheets. This can greatly benefit to the visible light-driven
photocatalytic H> production. Furthermore, a slight red-shift of the absorption edge was observed
in the spectrum of BP/g-CsN4 (474 nm) compared to that of g-CsN4 (466 nm), confirming the strong

N-P interactions between BP and g-C3Na.

5.2.4 Photocatalytic H, evolution

The photocatalytic H2 production in the presence of BP, g-CsN4, 3 wt% BP/g-C3N4 and 10 wt%
BP/g-CsN4 photocatalysts under A > 420 nm light irradiation and the stability measurement of
BP/g-C3sN4 are shown in Figure 5.3g-5.3h. All the samples show H: evolution from water
containing triethanolamine, which acts as the sacrificial electron donor to quench the
photoinduced holes. The as-prepared BP/g-C3sN4 photocatalyst exhibits much larger H» evolution

amount (93.14 pmol), compared to BP (13.18 pmol) and g-C3sN.s samples (20.43 pymol) after 24 h
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of light irradiation. As displayed in Figure 5.3h, the highest H; evolution rate was achieved by
BP/g-C3N4 (384.17 umol g' h™"), which is about 7 times and 4.5 times higher than that of pure BP
(54.88 umol g' h™') and g-C3Ns4 (86.23 umol g™ h'), respectively. The fast recombination of photo-
generated charge carriers in BP and g-CsN4 should be responsible for their poor photocatalytic
activities. In the BP/g-CsN4 composite, the excited electrons in the conduction band (CB) of g-
CsN4 are possibly transferred to BP nanosheets and suppress the recombination of charge
carriers in g-C3N4, resulting in further enhanced photocatalytic activity, as confirmed by the
following constructed energy diagrams. Under A > 420 nm light irradiation, the excitation of g-CsN4
plays a major role in producing H.. When the BP content increases to 10 wt%, the g-CsN4 content
is accordingly reduced, leading to a decreased H, evolution rate (271.2 ymol g h™"). The H;
production rate achieved by 3 wt% BP/g-CsN4 is comparable to or even higher than that of the
reported photocatalyst with loading of the Pt precious metal as a co-catalyst (Table S5.3).
Furthermore, a decrease of only about 2% was observed in the Hz evolution by the as-synthesized
BP/g-CsN4 photocatalyst after 120 h (the longest time period under the current investigation) of
visible light irradiation, which suggests that it possesses excellent stability in water under light
illumination. The P2p XPS spectra of BP and BP/g-CsN4 after photocatalytic experiment were
measured (Figure S5.7). An additional peak at ~134 eV, assigned to the oxidized P, appeared
after photocatalysis, which accounts for 21.6 at% and 7.5 at% of P in BP and BP/g-CsNj,
respectively (Table S5.4). This indicates that the introduction of g-CsNs greatly retards the
oxidation of BP by ~3 times. Though a small portion of P in BP/g-CsNs was oxidized, the
photocatalytic activity was not noticeably affected. Furthermore, no obvious change was observed
in the XRD pattern (Figure S5.8) and TEM images (Figure S5.9a-5.9b) of the BP/g-CsN. after
photocatalysis. The EDX spectrum (Figure S5.99c) shows a small peak of O, which is attributed
to the oxidation of BP and is consistent with the XPS analysis (Figure S5.7).

Figure 5.3i shows the photocatalytic H, production by the prepared samples under A > 475 nm
light irradiation. No H, was detected in the presence of bare BP, g-C3sN4 or 3 wt% BP/g-CsN4
photocatalysts, while 10 wt% BP/g-CsN4 sample exhibits a H, generation rate of 143.47 ymol g™
h' (Figure S5.10). When BP loading content increases to 15 wt%, no obvious further
enhancement was observed in Hx evolution. In this scenario (A > 475 nm irradiation), g-C3sN4
cannot be excited and only BP excitation contributes to H, evolution, but the fast charge carrier
recombination in BP greatly decreases the use of excited electrons and holes in photocatalysis.
As a result, both g-CsNs-only and BP-only samples show inferior activity. The combination of BP
and g-CsNs may introduce shallow interfacial charge trap sites, which can promote the charge

separation in BP.*"® This well explains the clearly observed photoactivity with BP loading of 10%
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and 15% with respect to plain g-CsN4 and BP samples. However, higher loading (15% vs 10%)
does not necessarily lead to higher activity due to the limited trap sites. These results suggest
that the as-prepared BP/g-CsN. is an economic, efficient and stable, completely metal-free
photocatalyst, exempt of introducing any metal as co-catalyst, allowing H> production under

broadband light irradiation.

5.2.5 PEC measurements and charge transfer dynamics

The photoelectrochemical (PEC) properties of the as-prepared g-CsN4 and 3 wt% BP/g-CsN4
samples were evaluated by electrochemical impedance spectroscopy (EIS) and transient
photocurrent responses (Figure 5.4a-5.4b). Some useful information for the charge transfer
resistance can be extracted from the high frequency region of the Nyquist plots. The significantly
decreased arc radii are exhibited in the EIS Nyquist plots of 3 wt% BP/g-CsN4+ compared with that
of g-C3N4 both in the dark and under simulated solar light irradiation (Figure 5.4a), suggesting
that the introduction of BP leads to the increase of the interfacial charge transfer rate in the BP/g-
CsNs sample.'88341376472 Tq fyrther verify the improved PEC performance, the transient
photocurrent responses for more than ten light on-off cycles were measured under simulated
solar light irradiation (Figure 5.4b). The photocurrent density rapidly increases to a saturation
value and remains constant once the light is switched on, while it immediately returns to nearly
zero when the light is turned off. The saturated photocurrent density of BP/g-C3sN4 (~5.28 yA cm™2)
is about 4.8 times higher than that of plain g-CsN4 photocatalysts (~1.11 yA cm™). The increased
photocurrent density strongly verifies that the introduction of BP nanosheets can facilitate charge
separation/transport,3'47¢ and/or enhance the visible light absorption due to their narrower
bandgap. Altogether they contribute to the improved photocatalytic H2 evolution rate under visible
light irradiation. It is worth noting that the measurement of photocurrent density of the electrodes
was also done under constant light irradiation for longer time (5400 s) and repeated for 3 runs
(Figure S5.11). Only slight fluctuations were observed for the recorded photocurrent data among
the 3 runs, which are in the range of measurement error. For each run, almost no decrease was
observed, which supports that the as-synthesized BP/g-C3N4 samples possess good stability

under light irradiation.

Figure 5.4c shows the steady-state photoluminescence (PL) spectra of g-CsN4 and 3 wt% BP/g-
CsN4 samples. Under the excitation of 380 nm, they both show a peak at ~457 nm in their PL
spectra, corresponding to the recombination of the photo-induced electrons and holes in g-

CsN4.#2" The PL quenching in BP/g-CsN4 indicates greatly suppressed recombination,336:428429
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which can be attributed to the efficient interfacial charge transfer from g-CsN4 to BP. The charge
carrier dynamics was investigated by time-resolved PL (TRPL) spectroscopy (Figure 5.4d). A bi-
exponential fitting equation was applied to analyze the TRPL decay curves due to their
complexity. The decay kinetics of BP/g-C3sN4 shows a shorter average PL lifetime (486 = 5 ns)
than that of g-CsN4 (534 + 8 ns). The decreased PL lifetime in the BP/g-CsN4 heterojunction
supports that the introduction of BP can effectively facilitate the separation of photo-generated

charge carriers. 404430
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Figure 5.4 (a) EIS Nyquist plots of g-CsN4 and BP/g-CsN4 with and without illumination. (b) Transient

photocurrent density response of g-CsN4 and BP/g-C3sN4 during light on/off cycles under a 0.2 V bias versus Ag/AgCl
electrode. (c) Steady-state PL spectra with the excitation at 380 nm, and (d) TRPL decay curves measured at 457 nm
of g-CsN4 and BP/g-C3sN4 samples. Valence band UPS cut-off spectra of (e) BP and (f) g-CsN4 samples.

5.2.6 UPS measurement

To better understand the nature of BP/g-CsN4 as an efficient photocatalyst for H, evolution,
ultraviolet photoelectron spectroscopy (UPS) measurements were performed to determine the
energy levels of BP and g-CsN; nanosheets (Figure 5.4e-5.4f). The intersections of the
extrapolated linear portion at high and low binding energies with the baseline give the edges of
the UPS spectra, from which the UPS widths of BP and g-CsN. are determined to be 15.99 eV
and 14.95 eV, respectively.5? Then the VB energy (Eve) values of BP and g-CsN4 were estimated
to be 5.23 eV and 5.96 eV, respectively, by subtracting the width of the UPS spectra from the
excitation energy (21.22 eV). Combining with the measured Eg4 from the absorption spectra, the
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CB energy values (Ecg) of BP (4.18 eV) and g-CsN4 (3.3 eV) were estimated from Ecg= Eve-
Eq.52%"° These values in eV are all converted to electrochemical energy potentials in V according
to the reference standard for which —4.44 eV vs. vacuum level equals 0 V vs. reversible hydrogen
electrode (RHE).5?

5.2.7 Mechanism of photocatalytic H: evolution under different light
irradiations

Based on the UPS measurement results, the possible mechanism for the largely enhanced
photocatalytic activity in H. evolution of BP/g-CsN4 photocatalysts is proposed. As schematically
illustrated in Figure 5.5, the CB energy level of BP is more positive (-0.60 V) than that of g-C3N4
(-1.18 V), and both of them are more negative than the reduction potential of H*/H, (~0 V). In
addition, the VB energy level of BP is higher than that of g-CsN4. These properly positioned bands
are suitable for the transfer of charge carriers for water splitting, corroborating the capability of
BP/g-CsN4 as a metal-free photocatalyst for H> evolution. Under A > 420 nm light irradiation,
mainly the electrons in the VB of g-CsN4 are excited to its CB, leaving behind the positively-
charged holes in the VB (Figure 5.5a). Afterwards, the excited electrons can be further transferred
into the CB of adjacent BP, largely suppressing the recombination of charge carriers and
promoting the reduction of H,O to produce H.. In addition to benefiting from the suitable energy
levels of BP and g-CsNg4, the charge transfer process is also efficiently promoted by the presence
of certain trap sites. At the same time, the holes in the VB of g-CsN4 can be immediately captured
by the hole-sacrificial agent triethanolamine (TEOA) to generate its oxide. In this process, BP
mainly plays a role as the charge acceptor to inhibit the charge carrier recombination and leads
to efficient H, evolution. Another possible pathway of hole transfer is from the VB of g-CsN4 to that
of BP, where the holes were consumed by reacting with TEOA.#7 In this case, BP absorption and
the presence of interfacial trap states also contribute to the enhanced photocatalytic activity, but
are not dominating owing to their much smaller ratio than g-CsN4. Under A > 475 nm light
irradiation, the excitation of g-CsN4 can be excluded. BP cannot by itself act as the effective
photocatalyst either, for photocatalytic H2 production, due to the fast charge carrier recombination
in it. While in the BP/g-C3sN4 composite, the excited electrons in the CB of BP are captured by the
interfacial trap sites and participate in the H2 evolution (Figure 5.5b). Simultaneously, the holes

left behind in the VB of BP are scavenged by TEOA to generate CO and water.
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Figure 5.5 Schematic energy diagram of BP/g-CsN4 photocatalyst and proposed possible mechanism for the

photocatalytic Hz evolution under (a) A > 420 nm and (b) A > 475 nm light irradiation.

5.3 Conclusions

In conclusion, a novel metal-free efficient BP/g-CsNs visible light photocatalyst was developed.
The NMP-ice-assisted exfoliation method was presented for the first time to prepare few-layer BP
nanosheets from bulk BP, which leads to high yield of few-layer BP nanosheets with large lateral
size and largely reduced duration and power for liquid exfoliation. The combination of BP with g-
CsN4 leads to largely enhanced photocatalytic activity in H. production under both A > 420 nm and
A > 475 nm light irradiation. The intensive interaction at the interface of BP and g-CsN4 greatly
promotes charge transfer from excited g-CsN4 to BP, which can also introduce interfacial trap sites
to capture the electrons from excited BP for photocatalysis. Furthermore, the introduction of g-
CsN4 protects BP from oxidation and the as-prepared BP/g-CsN4 photocatalyst shows excellent
long-term stability in photocatalytic H> production. This work provides a facile preparation
approach of high-quality BP nanosheets and renders a successful paradigm for the design of
metal-free photocatalyst to improve the charge-carrier dynamics for efficient and broadband water

splitting.
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5.4 Supporting Information
5.4.1 Experimental section
5411 Materials

BP crystals of high-purity (~99.998%) were purchased from Smart Elements, N-Methyl-2-
pyrrolidone (NMP, 99.5%, anhydrous), isopropanol (IPA, 99.5%, anhydrous), urea (NH.CONH,),
nitric acid (HNOs), N,N-Dimethylformamide (DMF) and triethanolamine (299.0%) were purchased
from Sigma-Aldrich and used as received without further purification. The ultrapure water (18.2
MQ cm, 25 °C), obtained from a Millipore Ultrapure water system, was used throughout the current

study.

5.4.1.2 NMP-Ice-assisted preparation of BP nanosheets

BP nanosheets were synthesized by developing a NMP-ice-assisted exfoliation method.
Specifically, 25 mg of bulk BP was ground into ultrafine powder and dispersed into 25 mL of NMP
solvent. The dispersion was completely frozen with a liquid nitrogen bath for 5-10 min, and then
sonicated in a bath sonicator (BRANSONIC, 70 W, 40 kHz) for ~10 min to make the “NMP ice”
melt. The procedure of freezing and melting was repeated 3 times. To protect the BP from oxygen
and water, the dispersion was sealed in a vial, and all the experimental manipulations were
performed in a glovebox or with nitrogen bubbling. Afterwards, the dispersion was centrifuged at
4000 rpm for 15 min to remove the residual un-exfoliated BP. The light yellow supernatant was
decanted gently, which was the dispersion of BP nanosheets in NMP. The obtained BP
nanosheets were washed with IPA by centrifugation at 12000 rpm for 2 times. The collected
precipitate was re-dispersed into 25 mL of IPA. The concentration of BP in this dispersion was
determined to be 0.75 mg mL™" by Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES).
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5.41.3 Preparation of g-C3;N4 nanosheets

The g-CsNs nanosheets were synthesized by our previously reported thermal polymerization
method.'8838 Generally, urea (30 g) was placed into a covered alumina crucible and then heated
in a quartz tube furnace with a heating rate of 2 °C min~" to 250, 350, and 550 °C, and maintained
at these three target temperatures for 1, 2, and 2 h, respectively. After being naturally cooled
down to room temperature, the yellow powder was collected and washed for three times with
HNO; (0.1 mol L") and water to remove potential alkaline residue (e.g., ammonia). After

centrifugation, the precipitate was dried in the vacuum at 80 °C overnight.

5414 Preparation of BP/g-C:N4 photocatalysts

BP/g-CsN4 nanosheets were prepared by dispersing 10 mg of g-CsN4 powder into 0.4 mL of BP
nanosheet dispersion in IPA. The mixture was stirred for 2 h to couple BP nanosheets with g-
CsNs4 nanosheets under the protection of N.. Subsequently, the sample was collected by
centrifugation at 6000 rpm for 5 min, and then washed completely with IPA. The final product was
obtained by drying the washed sample in an oven under vacuum at 60 °C overnight. The obtained
BP/g-C3N4 nanosheets contain about 3 wt% of BP. The composites with 10 wt% and 15 wt% of

BP were prepared with adding 1.3 mL and 2 mL of BP dispersion, respectively.

5.41.5 Characterization

A transmission electron microscope (TEM, JEOL 2100F), equipped with an energy-dispersive X-
ray (EDX) spectrometer, was employed and operated at an accelerating voltage of 200 kV to
study the microstructure and composition of the prepared samples. The topography image of the
BP nanosheets on a pre-cleaned glass was observed by an atomic force microscopy (AFM,
Bruker, MultiMode 8) in a tapping mode. Zeta potential of the as-prepared BP and g-CsN4
nanosheets in IPA was recorded with a Brookhaven ZetaPlus system in a standard 10 mm all-
side-transparent polymethyl methacrylate cuvette. The crystalline structure was analyzed by an
X-ray diffraction system (XRD, PANalytical X’Pert MRD, operated at 45 kV and 40 mA) with a Cu
Ka radiation source (A = 0.15406 nm). X-ray photoelectron spectroscopy (XPS) was performed
with a VG Escalab 220i-XL spectrometer equipped with a twin anode Al Ka radiation X-ray source.
All the XPS spectra were calibrated using the C1s peak at 284.8 eV as reference. Ultraviolet
photoelectron spectroscopy (UPS) measurements were carried out with an unfiltered Helium gas

discharge lamp emitting predominantly at 21.22 eV to determine the valence band (VB) position
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of as-prepared BP and g-CsNs samples. The UV-visible-near infrared (UV-vis-NIR) absorption
spectra of g-CsNi, BP nanosheets and BP/g-CsNs powder were obtained using a scan
spectrometer (Varian Cary 5000) equipped with an integrating sphere. The bandgap energy (Eg)
of the prepared g-CsN4 and BP nanosheets were determined from Tauc plots, i.e. (ahv)? as a
function of hv. The concentration of BP nanosheets in IPA dispersion and the content of BP in the
composites were determined by an IRIS Intrepid 1| XSP ICP-AES (Thermal Scientific, USA).
Steady-state photoluminescence (PL) and time-resolved PL (TRPL) spectra were obtained by a
Horiba Jobin Yvon Fluorolog-3 fluorescence spectrometer. The PL lifetimes were calculated by

fitting the TRPL decay curves with a bi-exponential fitting equation.

5.4.1.6 Photoelectrochemical measurements

Photoelectrochemical (PEC) properties were measured with a standard three electrode system
in an electrochemical workstation (CHI 660E, CH Instruments). The working electrode was
prepared by coating the as-synthesized sample on fluorine-doped tin oxide (FTO) glass with its
boundaries being protected by Scotch tape. Specifically, 2 mg of powder sample was dispersed
into 2 mL of DMF under sonication for 30 min to obtain evenly dispersed slurry, which was drop-
casted onto the FTO glass. After drying under ambient condition, the epoxy resin glue was used
to isolate the uncoated part of the FTO glass. A Pt wire and a Ag/AgCl electrode were used as
the counter and reference electrode, respectively. The 0.2 M of Na,SO4 (pH = 6.8) aqueous
solution pre-purged with nitrogen for 30 min was used as an electrolyte. A solar simulator
equipped with an AM1.5G filter (LCS-100, Newport) was utilized as the light source. Nyquist plots

were recorded over the frequency range of 100 mHz to 100 kHz at a bias of 0.2 V.

5.41.7 Photocatalytic H; evolution

Photocatalytic H2 evolution experiment was performed in a 500 mL Pyrex top-irradiation reactor
with a quartz cover. A 300 W Xenon lamp equipped with cut-off filters (420 nm and 475 nm) was
used to provide the irradiation source in the visible wavelength range. Typically, 10 mg of
photocatalysts were dispersed in 100 mL of aqueous solution containing 10% of triethanolamine
(TEOA) as sacrificial reagents. The mixture was deaerated by N2 gas for 20 min and sonicated
for 5 min. The system was sealed and vacuumed prior to photocatalysis. During the irradiation,
the suspension was stirred continuously and kept at a constant temperature by circulating cooling
water. The evolved Hz was analyzed by a gas chromatography (GC, 7890B, Agilent Technologies)

equipped with a thermal conductivity detector. For stability measurements, the photocatalysts
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were collected from the final reaction slurry by centrifugation, and then washed with ethanol and
water thoroughly. Subsequently, the recycled sample underwent the photocatalytic H» evolution
experiment under identical conditions and repeated for 5 cycles with a total irradiation time of 120
h.

5.4.2 Theoretical calculations

Calculated absorption spectra (Figure 5.3f) were obtained by performing Many-Body Perturbation
theory calculations (namely GW method and Bethe-Salpeter equation) 32 on top of density
functional theory (DFT) simulations.®?® In the G,W, simulations we used a cutoff of 40 Ry to
expand the wavefunctions, 160 Ry to evaluate the difference between the exchange self-energy
and exchange-correlation matrix elements <X x - Vx>. For the screening term W and the
correlation self-energy matrix elements <3 > we performed careful convergence tests for the
monolayer finding that 12 Ry and 400 bands provide well converged gaps within 0.05 eV. We
further checked that using lower convergence parameters, namely 6 Ry and 100 bands in G the
gap correction reduces of about 0.1 eV. For the same system we verified that performing partial
self-consistency in the Green Function as GW, scheme the gap increases of about 0.1 eV. In
order to speed up the calculations we performed, for all the other systems, calculations using a
cutoff of 6 Ry and N_b= (N)*100 (N number of layers) bands and avoiding self-consistency. We
then added the estimated difference of 0.2 eV, after verifying that this value really occurs for the
case of the bilayer. The convergence on k-points has been carefully checked both at GW and
BSE level and a grid of 24x21x1 is enough to converge both quantities within 0.1 eV. A box-like
cutoff in the Coulomb potential, as implemented in the yambo code, has been used to avoid
spurious interactions between the images and speed up the convergence with the vacuum size.
The geometries of the layered structures have been obtained using norm conserving
pseudopotentials®® and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with
Van der Waals correction,®?” able to reproduce with very good accuracy the structural lattice
parameters of bulk BP. The vacuum in the aperiodic direction has been selected to be larger than
15 A for monolayer and bilayer and for all the other cases larger than the thickness of the few-

layer phosphorene atomic structure.
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Figure S5.1 Photographs of BP nanosheets in IPA a) at the first day, b) after four weeks, c) after adding g-CsNa,

and d) after the incubation at room temperature for 30 min. €) The zeta potentials of BP and g-C3N4 nanosheets in IPA
at pH around 7.
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Figure S5.2 (a-d) TEM and (e-f) AFM images of BP nanosheets with different magnifications (Scale bar: 500 nm).
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Table S5.1

Comparison of the yield of few-layer BP nanosheets from different exfoliation methods.

Sonication Bath Tip Sonicator Few-layer BP
Reference ield
Power/W | Time/h | Power/W | Time/h | Y€
ACS Nano, 2015, 9, 8869 2% 70 13 26%
Adv. Mater. 2016, 28, 510 47 380 20 30%
ACS Catal. 2016, 6, 8009 +%¢ - 8 15%
J. Am. Chem. Soc. 2017, 139, 13234 31° 10 20%
Angew. Chem., Int. Ed. 2018, 57, 1 47 10 20%
This work 70 2 75%
Table S5.2 Atomic composition of g-CsN4 and BP/g-CsN4 photocatalysts.
Sample C atom % N atom % O atom % P atom%
g-C3Ny 46.71 49.68 3.61 0
BP/g-C3N4 46.70 47.41 3.59 3.30
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Figure S5.3 XPS survey spectra of g-CsN4 and BP/g-C3N4 nanosheets.
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Figure S5.4 Representative direct Tauc plots of (a) BP nanosheets and (b) g-CsN4 samples used to determine
their bandgap energy.
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Figure S5.5 Theoretical calculations of the absorption spectra of BP with different numbers of layers (1-4 layers).
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Figure S5.6 Calculated electronic GW band structures of BP with different numbers of layers (1-4 layers).
Table S5.3 Photocatalytic H2 production rate under visible light (A > 420 nm) irradiation.
References Metal Catalysts Hz eVOIL_JtiO_n rate
(umol g™ h)
Nat. Mater. 2009, 8, 76 478 3wt% Pt | CsN4 106.94
Chem. Mater. 2015, 27, 4930 3%’ 1 wt% Pt | Hztreated g-C3Ns 29.63
J. Catal. 2016, 342, 55 47° 1 wt% Pt | g-CsN4/TiO2 29.97
Appl. Catal., B 2016, 192, 116 #° 3 wt% Pt | Br-modified g-C3Ns 960
Adv. Mater. 2017, 29, 1700008 ! 3wio py | Systaline ON 1060
Appl. Catal., B 2018, 224, 1 126 3 wt% Pt | O-doped C3N4 nanorods | 732
Science 2015, 347, 970 52 free CDots-CsN4 105
Angew. Chem., Int. Ed. 2018, 57, 2160 42 | free BP/BiVO4 160
This work free BP/g-C3N4 384.17
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Figure S5.7 P2p XPS spectra of BP and BP/g-C3sN4 samples after photocatalysis under visible light (A > 420 nm)
irradiation for 24 h.

Table S5.4 The atomic percentage of P1, P2, and P3 in BP and BP/g-C3sN4 photocatalysts estimated from Figure
S5.3.

Sample P1 % P2 % P3 %

BP 21.6 21.2 57.2

BP/g-C3N4 7.5 39.9 52.6

—— BP/g-C;N, before photocatalysis
—— BP/g-C;N, after photocatalysis

Intensity (a.u.)

2 theta (deg)

Figure S5.8 XRD pattern of BP/g-C3N4 sample before and after photocatalytic reaction.

117



(o] P Mi

SNSRI - S

0 2 4 6 8 10
Energy (KeV)

Figure S5.9 TEM images and EDX spectrum of BP/g-CsN4 after photocatalysis. Scale bars: 200 nm.
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Figure S5.11 Photocurrent density of BP/g-CsN4+ sample under constant simulated solar light
irradiation under a 0.2 V bias versus Ag/AgCI electrode recorded for 5400 s (1.5 h) for 3
runs.
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6 CONCLUSIONS AND PERSPECTIVES

6.1 Conclusions

Among the various categories of semiconductor photocatalysts, g-CsN4 has attracted tremendous
interest of material scientists by virtue of its fascinating merits, such as nontoxicity, facile
preparation, moderate bandgap, strong redox capability, “earth-abundant’ nature, and good
physicochemical stability. However, g-CsN. still suffers from poor photocatalytic activity and low
quantum efficiency due to the high recombination rate of photogenerated charge carriers.
Moreover, the optical bandgap (2.7 eV) of g-CsNs4 largely restrains the range of its visible light
absorption to wavelengths shorter than 460 nm. Accordingly, the large portion of visible light,
which accounts for ~43% of incoming solar energy, remains underutilized. Thus, the development
of efficient and broadband responsive (from UV, visible to NIR regions) g-CsNs4 based
photocatalysts is a task of great significance and urgency, though challenging. To this end, in this
thesis, three kinds of broadband g-Cs;N4 based photocatalysts were designed and synthesized,
which were used for photocatalytic degradation of organic dyes and H. production. The specific

conclusions are as follows.

In Chapter 3, both plasmonic and UC effects were introduced into photocatalysis to gain largely
broadened light response range and enhanced photocatalytic activity. The Au-NYF/g-CsN.
composite photocatalysts with different Au contents were successfully designed and prepared for
the first time by subtly integrating Au NPs, NYF microspheres and g-CsN4 nanosheets into a single
nanoarchitecture. The as-synthesized Au-NYF/g-CsN4 photocatalysts successfully use solar light
from UV-visible to NIR regions, and show exceptional activity in the photocatalytic degradation
of MO compared with plain g-C3sN4, as well as excellent stability. On the basis of optical properties
and photodegradation experiments under different light irradiations, the underlying mechanisms
were elucidated. The photocatalysis pathways were also unveiled by performing trapping
experiments of active species. The present study offered a feasible strategy to design and
simultaneously prepare plasmon- and UC-enhanced high-performance photocatalysts for

effectively harvesting solar energy over a wide spectral range.

In chapter 4, a 0D/2D photocatalyst composed of UV, visible and NIR-responsive and water-
dispersible PCZ QDs/g-CsN4 was rationally designed and synthesized for the first time. Thanks
to the broadband spectral response of uniformly distributed, ultra-small, high-quality PCZ QDs,
efficient charge separation and transfer, as well as strong coupling between PCZ QDs/g-C3sN4 by

forming the C-S bond, the prepared PCZ QDs/g-CsN4 exhibits excellent photocatalytic activities
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in organic dye degradation under UV, visible and NIR light irradiations. Especially for NIR-driven
photocatalysis, the composite with optimized PCZ QDs loading outperforms the best-reported
photocatalysts. Remarkably, the PCZ QDs/g-CsNs also possesses excellent recycling
performance and no metal release was detected in the solution after photocatalysis. Through
investigating the charge transfer dynamics and detecting involved active species, the underlying
mechanisms for photocatalysis under different light irradiations were clearly elucidated. This work
paves a way to synthesize broad-solar-spectrum 0D/2D photocatalyst that is of great potential in

water treatment and extensive (photo)electronic applications.

In chapter 5, a novel metal-free efficient BP/g-CsN4 visible light photocatalyst was developed. The
NMP ice-assisted exfoliation method was presented for the first time to prepare few-layer BP
nanosheets from bulk BP, which leads to high yield of few-layer BP nanosheets with large lateral
size and largely reduced duration and power for liquid exfoliation. The combination of BP with g-
CsN4 leads to largely enhanced photocatalytic activity in Hz production under both A > 420 nm and
A > 475 nm light irradiation. The intensive interaction at the interface of BP and g-CsN4 greatly
promotes charge transfer from excited g-CsN4 to BP, which can also introduce interfacial trap sites
to capture the electrons from excited BP for photocatalysis. Furthermore, the introduction of g-
CsN4 protects BP from oxidation and the as-prepared BP/g-CsN4 photocatalyst shows excellent
long-term stability in photocatalytic H> production. This work provides a facile preparation
approach of high-quality BP nanosheets and renders a successful paradigm for the design of
metal-free photocatalyst to improve the charge-carrier dynamics for efficient and broadband water

splitting.

6.2 Perspectives

We have tried different strategies to develop efficient and broadband (from UV to NIR regions)
photocatalysts for energy conversion and environmental pollution control. Even though certain
progress have been made, the research on the development and applications of full-solar-
spectrum photocatalysts with high photocatalytic efficiency is still far from satisfaction. Therefore,
significant efforts are still required to further move the research area forward, and the following

challenges and research directions are worth being paid special attention.

(1) The textural and surface properties of g-CsN4 are still required to be improved. The specific
surface area of currently-reported g-CsN4 nanosheets is about an order of magnitude lower than
the theoretical value of ideal monolayer g-CsNs (2500 m? g~'). Synthesis methods can be

optimized to form a close contact between g-CsN4 and the coupled material, which is important
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for efficient interfacial charge transfer. The surface chemistry of g-CsNs is desired to be tuned for
the easy-loading of other materials to form heterostructure and favorable for the adsorption of

reactants.

(2) Although the loading of UC materials has shown great potential in broadening the optical
response of g-CsN4 photocatalysts from the UV and visible to NIR regimes, there are still a number
of constraints in the practical application of UC particles for photocatalytic reactions, such as low
absorption capacity, low quantum yield, preference for lasers with specific, limited wavelengths
as excitation sources. To overcome these challenges, it is attractive and feasible to explore and/or
use a mixture of diverse UC particles sensitized by different types of sensitizer and activator
dopants. Constructing core@shell UC structures to suppress the non-radiative decay of UC PL
emissions represents another promising approach. Developing UC materials which can be
excited by broadband irradiations through introducing some materials (e.g. synthetic dyes,
transition metals and quantum dots) with large absorption cross sections appears very feasible.
The introduction of the SPR effect can concentrate the excitation light source and thus effectively
enhance light absorption also. In addition, coupling with plasmonic metals and sensitization with
dyes can also increase the energy transfer rate and efficiency, and thus results in an enhanced
quantum vyield. To make full utilization of UC emissions, the rational structure design of UC
particle-g-CsN4 photocatalysts is of great significance. For example, the upconverting-core@g-
CsNs-shell structure allows UC photons in all directions to have a chance of being absorbed, and
the close contact between the UC materials and g-CsN4 greatly facilitates the energy transfer
between them. The selection of suitable dopants, enabling as large a spectral overlap as possible
between the UC emissions and g-CsN4 absorption, is very important in harvesting the emissions

from UC particles.

(3) Low-cost broadband g-CsN4 based photocatalysts are expected to be developed. Plasmonic
noble metallic NPs, such as Au NRs, have been loaded onto g-CsN4 nanosheets to make the
composite possess broadband and enhanced photocatalytic performance. However, their
practical application is severely limited by the high cost and rarity of noble metals. Some other
plasmonic materials, such as Cu, CuS, TiN, and W1gOa9, can be promising candidates. Thanks to
the well-studied synthetic methods of plasmonic materials the tunable SPR effect has great
potential in the development of broadband g-CsN4 based photocatalysts. In addition, non-metal

materials substitutes for metal-containing ones are also strongly encouraged.

(4) Constructing narrow-bandgap semiconductor/g-CsN. photocatalytic systems with suitable

band structures is pivotal for efficient solar energy conversion. The band positions can influence
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the redox capability of the photocatalysts, while narrow-bandgap semiconductors normally have
weak reduction or weak oxidization potential. Both the broadband absorption of narrow-bandgap
semiconductor and the strong redox capability of g-CsN4 are desired. The construction of a Z-
scheme photocatalytic system can achieve both at the same time. Exploring suitable

semiconductors to form Z-scheme heterojunction with g-CsNs is of significance and challenges.

(5) A fundamental understanding of the mechanism behind the charge transfer in metallic NPs/g-
CsN4 or narrow-bandgap/g-CsN4 heterojunctions is critical. For example, the SPR-induced hot
electron transfer pathway and kinetics (including the rate of back transfer), which play an
important role in improving the photocatalytic activity, are still difficult to be determined. More
explorations have to be conducted in this research direction. Unified predictive models are highly
desired to give guidance in the effective design of broadband g-Cs:Ns based composite
photocatalysts. In addition, state-of-art characterization techniques are in urgent demand. In
particular, the in situ ultrafast characterizations of the behavior and fate of charge carriers at the
surface and interface during photocatalysis will be able to provide valuable information and largely

help with better understanding of the processes.
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SOMMAIRE RECAPITULATIF

L’introduction

Avec la croissance industrielle non réglementée et a I'augmentation constante de la population
mondiale, la crise énergétique et la pollution de I'environnement provoquée par la forte
consommation de combustibles fossiles ont été les deux principaux problémes auxquels I'homme
est confronté. L'énergie solaire est apparue comme une alternative prometteuse aux
combustibles fossiles limités et son utilisation efficace est également attrayante mais aussi
challenging. La photocatalyse a semi-conducteurs, qui peut directement capter et convertir
I'énergie solaire a la production de combustible écologique et la purification de I'environnement a
la température ambiante et a la pression atmosphérique normale, a été reconnue comme 'une
des stratégies durables et idéales pour répondre aux préoccupations énergétiques et
environnementales mondiales. Ensuite, certains principes fondamentales de la photocatalyse et

les exigences et les défis actuels en matiére de photocatalyseurs sont présentés.

Parmi les différentes catégories de photocatalyseurs a semi-conducteurs, le nitrure de carbone
graphitique (g-CsN4) présente un grand intérét pour le domaine des matériaux, pour ses mérites
tels que la non-toxicité, la facilité de préparation, la bande interdite modérée, la forte capacité
rédox, 'abondance sur terre et la bonne stabilité physico-chimique. Cependant, le g-CsN4 souffre
toujours d'une activité photocatalytique médiocre et d'un rendement quantique faible en raison du
taux de recombinaison élevé des porteurs de charge photogénérés. En plus, la bande interdite
optique (2,7 eV) du g-CsN4 limite grandement la plage d’absorption de la lumiére visible aux
longueurs d’onde inférieures a 460 nm. Ainsi, le développement de photocatalyseurs basés sur
du g-CsN4 répondant efficacement dans une large bande d’absorption couvrant I'ultraviolet (UV),
le visible, et I'infrarouge (NIR), demeure une tache de grande importance et de grande urgence,

bien que difficile.

Les derniéres années ont été marquées par un regain d'intérét pour I'utilisation de matériaux de
conversion ascendante (UC), l'introduction de la résonance plasmonique de surface (SPR) via le
chargement de nanostructures métalliques plasmoniques et la construction d'une hétérojonction
par couplage avec un semi-conducteur a bande d’interdit plus étroite, qui ont efficacement
contourné les défauts inhérents au g-CsNs pour améliorer de maniére inhabituelle I'efficacité
photocatalytique de g-CsN4. Le progrés est conclu dans les trois stratégies, qui vise a obtenir la

récolte solaire a large bande par le g-C3sN4 pour une photocatalyse efficace, comprenant la



purification de I'environnement et le dégagement de H, de I'eau splitté, sont résumées aux

avanceées les plus récentes.

Zhang Q, Liu Y, Xu Z, Zhao Y, Chaker M, Ma D (2018) Visible-Light-Driven Photocatalysts.
Nanomaterials for Energy Conversion and Storage, Wang D & Cao G (Eds.) World Scientific,
New Jersey. p. 109-173.

Zhang Q, Yang F, Xu Z, Chaker M, Ma D (2019) Are lanthanide-doped upconversion materials

good candidates for photocatalysis? Nanoscale Horizons, 4(3):579-591.

Zhang Q, Thrithamarassery Gangadharan D, Liu Y, Xu Z, Chaker M, Ma D (2017) Recent
Advancements in Plasmon-Enhanced Visible Light-Driven Water Splitting. Journal of
Materiomics, 3(1):33-50.

Objectif de la thése

Actuellement, les photocatalyseurs a large bande rapportés basés sur le g-C3sN4 et qui montrent
effectivement une activité photocatalytique UV a NIR sont encore assez limités. Par conséquent,

les objectifs de cette thése sont les suivants:

(1) Introduction des effets UC et plasmoniques dans la photocatalyse afin de construire des
photocatalyseurs efficaces et a large bande pour la dégradation photocatalytique du colorant

organique en solution aqueuse.

(2) Déposer des QD sensibles au NIR sur des nano-feuilles de g-CsN4 pour récolter de maniere
plus économique des photons solaires allant des régions UV, visibles aux NIR, pour la

dégradation photocatalytique d'un colorant organique en solution aqueuse.

(3) Coupler un semi-conducteur 2D a bande d’interdit plus étroite avec des nano-feuilles 2D g-
CsN4 afin de construire une hétérojonction 2D/2D sans métal, qui utiliser I'énergie solaire de
maniére plus efficace, économique et respectueuse de l'environnement, pour la production a

large bande d'un combustible vert avec zéro émission, H..

Section expérimentale

Le chapitre 2 fournit les détails expérimentaux et théorique. Les méthodes de synthése de tous
les échantillons, les informations de caractérisation, la dégradation photocatalytique de la
production de colorant organique et de Hy, ainsi que les modéles et paramétres adoptés pour les

calculs théoriques sont tous présentés.
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Résultats et discussions

Le chapitre 3 correspond au premier objectif. Un photocatalyseur a large bande amélioré par
plasmon et UC, basé sur du Au-NP de plasmonique et des conversions ascendantes de
NaYF.Yb%, Er¥*, Tm* (NYF) co-déposées par des nano-feuilles g-CsN4 a été subtilement
synthétisé et utilisé pour la dégradation photocatalytique a large bande de MO. La publication liée
a ce chapitre est:

Zhang Q, Deng J, Xu Z, Chaker M, Ma D (2017) High-Efficiency Broadband C3N.

Photocatalysts: Synergistic Effects from Upconversion and Plasmons. ACS Catalysis,
7(9):6225-6234.
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Figure R1 Les trois figures en haut présentent le processus de synthése de Au-NYF/g-C3N4. Images TEM de
(a) Au NPs, (b) nano-feuilles de g-C3Njs, (c) photocatalyseurs 1 wt%Au-NYF/g-CsN4, (d) la vue agrandie et (e) le spectre
EDX de la zone du rectangle dans (c) L'encart de (a) est 'image TEM en agrandissement de Au NP. (f) profils de
diffraction des rayons X (XRD) d'échantillons de g-C3N4, NYF, NYF/g-C3N4 et 1 wt%Au-NYF/g-CsN4. Les données
standards correspondantes a la phase $-NaYF4 (JCPDS 28-1192) sont également indiquées en bas.
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Nous avons synthétisé un photocatalyseur a large bande amélioré par plasmon et conversion
ascendante (upconversion, UP), basé sur des nano-feuilles de g-CsNs chargées de
nanoparticules (NP) d’or et de microsphéres de NaYF4:Yb%*, Er®*, Tm3* (NYF) (Au-NYF/g-C3Na).
La synthése en une simple étape de NYF en présence de g-CsN4, qui n'a pas été rapportée dans
la littérature, conduit a la fois a un rendement élevé en NYF et a une efficacité de couplage élevée
entre NYF et g-CsN4. La Figure R1 montre le processus de synthése rapide d'Au-NYF/g-C3Ng,

d'images TEM, de spectres EDX et de diagrammes de XRD des échantillons préparés.

La structure Au-NYF/g-CsN4 présente une stabilité élevée, une large bande de photoréponse
allant de 'UV aux régions visibles et NIR, ainsi qu'une activité photocatalytique nettement accrue
au g-CsNg4 lors de la dégradation du méthyl orange (MO). Comme montré par la Figure R2, avec
I'optimisation de la charge en Au, la constante de vitesse normalisée avec la masse de catalyseur
du catalyseur le plus performant, 1% en poids Au-NYF/g-C3N4 (0,032 h”' mg™') dépasse de loin
celle de NYF/g-CsN. et g-CsN4 (0,009 h'' mg™) x 3,6 fois sous A> 420 nm irradiation lumineuse.
Les hautes performances du nano-composite Au-NYF/g-CsNs sous différentes irradiations
lumineuses sont attribuées au fait que la séparation des charges est nettement favorisée et a la
suppression de la recombinaison ainsi qu'au transfert efficace des porteurs de charge et de
I'énergie entre ces composants. La séparation et le transfert de charge favorisés ont ensuite été
confirmés par des mesures photoélectrochimiques. Le 1 wt% Au-NYF/g-CsN4 présente une
densité de photocourant améliorée (environ 6,36 uA cm) par un facteur de 5,5 par rapport a
celui de NYF/g-CsN4 (environ 1,15 pA cm?).

Le fait que la séparation et le transfert de charge soient favorisés a ensuite été confirmé par des
mesures photoélectrochimiques. Différents mécanismes de photo-dégradation réalisée
séparément sous des éclairages UV, visible et NIR sont mis en évidence et discutés en détail.
En simulant une illumination solaire, les espéces réactives impliquées ont été identifiées en
effectuant des expériences de piégeage. Ces travaux mettent en évidence le grand potentiel de
développement de photocatalyseurs a large bande basés sur le g-CsN4 hautement efficaces pour
une utilisation compléte du spectre solaire en intégrant des nanostructures plasmoniques et des

matériaux a conversion ascendante.
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Figure R2 Spectre d'absorption UV-vis en fonction du temps pour la dégradation photocatalytique de MO sur 1

wt%Au-NYF/g-C3N4 (a) et la courbe de (c/co) en fonction du temps de réaction (b) sous irradiation a la lumiére UV. Le
graphique de In(co/c) en fonction du temps de réaction (c, d, e, f) pour la dégradation photocatalytique de MO sur x
wt%AuU-NYF/g-CsNs (x = 0, 1, 2, 3, 4 et 5) les photocatalyseurs, sous lumiéere UV (c), A > 420 nm (d), A > 475 nm (e) et
sous irradiation a la lumiére NIR (f). Les encarts dedans (c, d, e, f) sont les constantes de vitesse apparentes (valeur
k) en fonction de la charge en Au.

En raison de I'intermittence de I'énergie solaire et des divergences temporelles et géographiques
entre la production et la demande, il faut rendre la récupération de I'énergie solaire plus efficace
et plus rentable. Cependant, les métaux et les terres rares utilisées dans ce travail sont toujours
chers. De plus, l'efficacité de conversion ascendante des matériaux de conversion ascendante
dopés au lanthanide est assez faible. Pour utiliser I'énergie solaire de maniére plus efficace et
plus rentable, une hétérojonction 0D/2D basée sur des nano-feuilles de g-CsN4 chargées de
points quantiques sensibles au NIR a été construite pour la dégradation de colorant organique

dans les eaux usées.

Le chapitre 4 correspond au deuxiéme objectif. Des points quantiques (PCZ QDs)
PbS@CdS@ZnS sensibles a I'infrarouge-proche(NIR) ont été chargés sur des nano-feuilles de
g-CsN4 pour construire une hétérostructure 0D/2D, utilisée pour la récolte de photons solaires
allant des UV, visibles aux régions NIR et permettant une dégradation photocatalytique efficace

du MO. La publication liée a ce chapitre est:

Zhang Q, Yang F, Zhou S, Bao N, Xu Z, Chaker M, Ma D (2020) Broadband Photocatalysts
Enabled by 0D/2D Heterojunctions of Near-Infrared Quantum Dots/Graphitic Carbon Nitride
Nanosheets. Appllied Catalysis B: Environmental, 270:118879.
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Une hétérojonction, constituée de points quantiques PbS@CdS@ZnS core@shell@shell (PCZ
QDs) et de g-CsNs a deux dimensions (2D), et dénommée hétérojonction 0D/2D, a été
synthétisée. En plus des avantages typiques des composites 0D/2D, tels qu’une courte distance
de diffusion par charge et une mobilité élevée des charges, nos photocatalyseurs PCZ QDs/g-
CsN4 offrent des fonctionnalités supplémentaires. L'absorption optique a large bande de PCZ QD
de haute qualité dispersés sur toute la surface des nano-feuilles de g-CsNs et leur forte interaction
permettent un transfert de charge efficace entre eux. Ceci confére aux hétérojonctions PCZ

QDs/g-CsN4 une activité photocatalytique élevée de 'UV a la région NIR (Figure R3).

Figure R3 Hétérostructure 0D/2D de nano-feuilles PCZ QDs/g-C3N4 pour la collecte de photons solaires allant
des régions UV, visibles aux régions NIR.

Une image TEM représentative de g-CsN4 montre la feuille nanométrique mince 2D (Figure R4a).
Les figures R4b et R4c révélent que les PCZ QDs dispersables dans I'eau, tels que préparés,
sont bien définis, monodispersés et de taille assez uniforme avec un diameétre moyen de 4,7 £
0,3 nm. Des franges de réseau claires sont représentées dans I'image HRTEM de PCZ QD et un
espacement interplanaire de 0,30 nm a été observé (encadré de la figure R4c), ce qui correspond
au plan de réseau (200) du nanocristal PbS cubique de sel gemme. La figure R4d-R4e montre
les images TEM de 2 wt% QD/g-CsNs a différents grossissements. Les QD ultra-petits sont
uniformément répartis sur la surface des nano-feuilles de g-CsN.s sans aucune agglomération. |

est a noter qu'aucune QD libre n'a été observée, ce qui suggére l'efficacité élevée du couplage
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entre les PCZ QDs et les nano-feuilles g-CsNa. Le spectre EDX (Figure R4g) et I'analyse XRD
(Figure R4h) confirment l'intégration réussie des PCZ QDs et du g-CsNa.
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Figure R4 Images TEM de (a) nano-feuilles de g-CsNs, (b-c) QDs de PCZ, (d-f) 2 wt% QD/g-CsN4 avec des

grossissements différents. Les encarts (c) et (f) sont les images HRTEM des PCZ QDs et des PCZ QDs/g-C3Na,
respectivement. Les barres d'échelle en (a-b) et (d-f) sont & 50 nm. (g) spectre EDX de (f). (h) Modéles de diffraction
des rayons X des échantillons de g-C3N4, de PCZ QDs et de PCZ QDs/g-C3Na.

En plus de I'activité photocatalytique UV et visible accrue, comme prévu, les photocatalyseurs

PCZ QDs/g-CsN4 présentent une activité supérieure sous illumination de lumiére NIR (Figure R5).
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Avec I'optimisation des niveaux de charge des PCZ QD, l'efficacité photocatalytique normalisée
est supérieure a la meilleure valeur rapportée dans la littérature pour la photocatalyse dans le
NIR. Le transfert de charge a été étudié et analysé grace a la spectroscopie a photoluminescence
en régime continu et résolu dans le temps, par spectroscopie a spin électronique (ESR) ainsi que
par des mesures photoélectrochimiques. Les radicaux superoxydes ont été identifi€¢s comme
I'espéce active la plus importante dans la photocatalyse par des expériences «scavenger» et des
spectres ’'ESR. Les PCZ QDs/g-CsN4 possédent de bonnes performances de recyclage et aucun
relachement de métal n’a été détecté dans la solution aprés photocatalyse. Ce travail met en
évidence le grand potentiel des photocatalyseurs QD/g-CsN4 0D/2D dans la réalisation de la
photocatalyse a large bande a haute efficacité et de dispositifs optoélectroniques fonctionnels

pour une exploitation d’'une spectre solaire compléte.
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Figure R5 Dégradation photocatalytique de MO sur 0-11% en poids d'échantillons QD/g-C3Na4 sous (a) UV, (b)

A > 420 nm, (c) A> 495 nm et (d) irradiation par la lumiére NIR (980 nm). e) Le graphique de In(co/c) en fonction du
temps de réaction de (d). (f) Stabilité photocatalytique de 2% en poids QDs/photocatalyseur g-C3sN4 dans six réactions
de cyclage successives sous irradiation a la lumiére solaire simulée.

Bien que les QD PCZ/g-CsN4 aient montré de bonnes performances de recyclage et qu'aucune
libération de métal n'ait été détectée dans la solution apres la photocatalyse, I'utilisation de QD a
base de viande lourde constitue toujours un gros probleme dans I'application de la purification

environnementale. Afin de répondre a cette préoccupation, afin d'utiliser I'énergie solaire de

maniére plus respectueuse de I'environnement, sans introduire de matériaux contenant des
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métaux lourds, et de maniére plus rentable, une hétérojonction 2D/2D entiérement dépourvue de
métal a été congue et synthétisée. L’introduction de BP a bande d’interdit étoirt devrait conférer
au g-CsN4 une activité a large bande spectrale dans I'évolution photocatalytique de H;. De plus,
I'hétérojonction 2D/2D est censée favoriser la séparation des charges, rendre BP stable et rendre

BP/g-CsN4 posséder une activité élevée et une stabilité a long terme dans évolution H-.

Le chapitre 5 correspond au troisiéme obijectif. Une hétérojonction 2D/2D de BP/g-CsN4 a été
congue et synthétisée pour le dégagement de H, photocatalytique a large bande. Les publications

liees a ce chapitre sont:

Zhang Q, Huang S, Deng J, Gangadharan DT, Yang F, Xu Z, Giorgi G, Palummo M, Chaker
M, Ma D (2019) Ice-Assisted Synthesis of Black Phosphorus Nanosheets as a Metal-Free
Photocatalyst: 2D/2D Heterostructure for Broadband H», Evolution. Advanced Functional
Materials, 29(28):1902486.

Zhang Q, Ma D, Chaker M (2019) Facile Method for Large-scale Producing Few-layer Black
Phosphorus Nanosheets. International Patent, PCT/CA2019/050813.

Une hétérojonction 2D/2D de phosphore noir (BP)/g-CsN4 a été congue et synthétisée pour le
dégagement photocatalytique de H.. La méthode d’exfoliation assistée par de la glace
développée ici pour la préparation de nano-feuilles de BP a partir de BP massif conduit a un
rendement élevé en nano-feuilles de BP a plusieurs couches (6 couches en moyenne) avec une
grande taille latérale et une exfoliation liquide de courte durée et de faible puissance. La
distribution des épaisseurs de nanofeuilles de BP a été étudiée en utilisant des mesures de

hauteur par microscopie a force atomique (AFM) (Figure R6).

Le g-CsN4 présente une structure de feuille nanométrique plissée semblable au graphéne (Figure
R7a). Comme montré par la Figure R7b—d, les morphologies initiales des nanofeuilles BP et g-
C3N4 ont été conservées apreés leur intégration. Les nanofeuilles repérées par des fléches sur la
figure R7d sont supposées étre BP compte tenu de leurs bords relativement «normaux», ce que
corroborent en outre 'image STEM de champ noir annulaire aux angles élevés (Figure R7e) et
les cartographies élémentaires correspondantes (Figure R7f—i). La cartographie de C, N et P
confirme clairement la coexistence de g-CsN4 et de BP, et montre I'empilement et l'interaction
étroite entre ces deux composants. L'image TEM a haute résolution (HRTEM) révéle des franges
de réseau de 0,34 et 0,26 nm, attribuées aux plans (021) et (040) des cristaux de BP (Figure R7j),
respectivement. La présence de pics C, N et P indique que des nanofeuilles hybrides BP/g-C3N4

ont été préparées avec une pureté élevée et sans dégradation oxydative détectable (Figure R7k),
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ce qui est cohérent avec les résultats de la cartographie STEM-EDX et est ensuite vérifié par
analyse par XPS.
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Figure R6 (a) lllustration schématique de la préparation de nano-feuilles de BP avec la méthode d'exfoliation
assistée par NMP-glace. (b) image TEM de nano-feuilles de BP et (c) spectre EDX de (b). (d) Image topographique
AFM en mode taraudage de nano-feuilles BP a plusieurs couches. Les barres d'échelle en b) et d) sont a 500 nm. (e)
Les profils de hauteur des nano-feuilles de BP sur des lignes bleue 1 et verte 2 de (d). (f) Distribution des couches de
BP calculée a partir des profils de hauteur de 150 nano-feuilles BP dans des images AFM.
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Figure R7 Images TEM typiques de (a) g-C3Ns et (b-d) BP/g-C3N4 avec des grossissements différents. (e)
Image HAADF STEM de (d), (f-i) Cartographie STEM-EDX de C, N, P et superposition de tous les éléments de la zone
sélectionnée dans (e). (j) image HRTEM de BP/g-C3N4 et (k) spectre EDX de (j). Barres d'échelle: (a) et (c-i), 250 nm;
(b) 1 ym; (j), 5 nm. Les grilles TEM utilisées en (a), (j) et (k) sont des grilles de cuivre recouvertes d'un film de carbone
et celles utilisées dans les autres figures sont des grilles de nickel recouvertes d'un film de carbone.

La combinaison de BP avec le g-CsN4 protége le BP de I'oxydation et contribue a une activité
accrue sous irradiation lumineuse A> 420 nm et > 475 nm et a une grande stabilité a long terme.
Le taux de production de H. a partir de BP/g-CsN4 (384,17 umol g h™") est comparable voire
supérieur a ce qui a été rapporté dans la littérature, a savoir celui d’'un photocatalyseur chargé de
métaux précieux sous irraditation A> 420 nm. Le transfert de charge efficace entre BP et g-C3N4
(probablement d( a la formation de liens N-P) et la large bande d’absorption (démontrés a la fois
expérimentalement et théoriquement) contribuent a I'excellente performance photocatalytique.
Les mécanismes possibles d'évolution de H, sous différentes types d'irradiation lumineuse sont
mis en évidence. Ce travail présente une nouvelle méthode plus simple pour préparer des
nanomatériaux 2D et fournit un paradigme réussi pour la conception de photocatalyseurs sans
métal avec une dynamique de porteur de charge améliorée pour la conversion d’énergie

rounouvelable.
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Figure R8 Spectres XPS haute résolution de (a) C1 et de (b) N1 de g-C3sN4 et BP/ g-C3Na, et (c) de spectres

P2p XPS de BP et de BP/g-CsN4. (d) Modéles de diffraction des rayons x de feuilles de nanoparticules en vrac de BP,
BP, g-C3N4 et BP/g-CsN4. L’encart correspond a I'amplification des diagrammes de diffraction des rayons X de nano-
feuilles BP et BP en masse dans la plage des angles inférieurs, indiquée par le rectangle en pointillé pointillé en (d).
(e) spectres d'absorption UV-vis-NIR des échantillons de poudre de g-CsN4 et de BP/g-C3sNa. Les encarts dans (e) sont
le spectre d'absorption de nano-feuilles de BP en dispersion (haut), des photos de poudres BP/g-CsN4 (milieu) et g-
Cs3Na4 (bas). (f) Courbes théoriques de Tauc-plot de BP avec différents numéros de couche (1 a 4 et 6 couches). (g, i)
évolution photocatalytique de H: et vitesse (h) de Hz obtenue en présence de BP (orange), g-CsN4 (bleu), 3 wt% BP
/g-C3N4 (rouge), 10 wt% BP/g-C3Na (vert) et 15 wt% BP/g-CaN4 (violet) sous (g-h) A > 420 nm et (i) A > 475 nm.

Conclusions

Le chapitre 6 résume brievement les principales conclusions de ce travail et présente les défis

et perspectives actuels de ce domaine dynamique.
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