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Abstract of Dissertation

From Engineering Application to Environmental I mplication: Reactive Species
Induced Transformation of Graphitic Carbon Nitride

Graphitic carbon nitride ¢¢3N4) has emerged as a promising photoreactive engineered
nanomaterial for broad chéral, mechanical, environmental, biomedical, and energy
applications in the recent decade. Its mass production and extensive use are expected in the
foreseeable future. The stability afnanomaterial is of great importance for practical
applications. In ddition, incidental release or inappropriate disposal of engineered
nanomaterials could pose adverse environmental and health impacts. Aiming to promote
nanomaterial robustness, safety regulations, and commercial acceptance, a thorough
understanding of ©3Ns stability in engineering systems and transformation in
environments is urgently needéithis dissertation focuses on understanding the stability
and persistence o-f@sNananosheets under the attack of
reactive chlorine speées (RCS).Furthermore, this dissertatiowill not only deepen
understanding of the possible impacts e€4N4 on humans and ecosystems but also
provide guidelines for rational design and optimization of robust and efficient
nanomaterial$or sustainable applications

Thefirst part of this dissertatioaims tounderstand thé O-driven decomposition of
g-CsN4 nanosheet. Two {3N4 nanosheet samples D and M2 were synthesized, among
which M2 has more pores, defects, and edges, thus more vulnerable to oxidative attacks.
Under the attack of hydroxyl radicals, both D and M2 were oxidized and decomposed to
release niite and soluble fragments. Particularly, photoinduced libf¢sncreased the

nitrate release rate by 3-8733 times even though the steemly at e concentrat.
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was similar. Mol ecul ar simulations highl i ght
of edgesite heptazines on-@sN4 nanosheets and resulted in peripheral etching and slow
degradation, whereas llecreased the activation energy barrier @l ®ond breaking
between heptazines, shifted the degradation pathway to bulk fragmentation, safetithu
to much faster degradation.

The second partof this dissertation aims t@xplore the stability, aging, and
environmental impact of-§3N4 nanosheets under the attack of free chlorine and reactive
chlorine specigsa widely used oxidant/disinfectaaind a class of ubiquitous radical
species, respectively-@N4 nanosheets were slowly oxidized by free chlorine even at a
high concentration of 260200 mg L, but they decomposed rapidI
Cl* were the key oxidants. Thoughzfila nd ClI OA are considered we
previous studies due to their lower reduction potentials and slower reaction kinetics than
AOH and CI A, this dissertation higiNkighted
nanosheets was on par with AOH and much hig
bonded CI (0.1-0.56 at%) was introduced te@N4 nanosheets after free chlorine and
RCS oxidation.

The third part of this dissertation aims étucidate the impacts of environmental
transformations on the toxicity of@:Na4 to bacterial cells and human cells. Our study
indicated that ¢-3N4 nanosheets did have high biocompatibility and low toxicity thet
toxicity was hi ghly influenced bizducadh e t r an
oxidation and decomposition, oxygeantaining groups were introduced to the surface of
g-CsN4 nanosheets, anidh e -afjed BC3N4 nanosheets became more benign to biatte

and human cells. By contrast, R@fluced transformation not only increased the surface

viii



oxygen content but alded to the formation of &l bonds. The trace level of covalently
bonded Cl atoms significantly increased the toxicity-@kils nanosheet® bacterial cells,
impairing cell membrane integrity and inhibiting the formation of biofilms, while the
alteration of theoxicity to human cellsvas not statistically significant

In the last part of the dissertation, a chlordoped gCs:N4 was synthsized through a
solvothermal method to effectively producgddwith a rate of 1.19 + 0.06 uM mitrunder
visible light irradiation, which was improved by 104 times compared to prist{DeNg
Continuous net production of,B, was realized at a rate of 2.78 + 0.10 uM timp to 54
h with isopropanol as the hole scavenger, where&® Was only sustained for 6 h
without scavengers. Both molecular simulations and advanced spectroscopic
characterizations elucidated that thal@bpant increased the charge transfer rate, decreased
the bandgap, and reduced the activation energy of thématieg step of Q reduction, all
of which favored HO2 production.

This dissertation, for the first timegveals the synergistic effectpifiotoinduced holes
and hydroxyl radicals for the aging and transformation @34 nanosheetsThis
dissertation also serves as the first to elucidate the essential role of reactive chlorine species
in degrading and transforming-@Ns nanosheets. On onkand this dissertation
underlines the relationship between structural integritytie@ghotocatalytic performance
of nanomaterialdt also underscores the urgent need for optimizing both the reactivity and
robustness of photoreactive nanomaterialsrigireeering application©n the other hand,
this dissertation sheds light on understandingthe stability and environmental
transformation of other emerging photoreactive nanomaterials beyGgidsganosheets.

Moreover, it highlights the environmental implicationpifotoreactive nanomaterials



natural aquatic environments, particularly in saline waknally, this dissertation
implements a novel metflee photocatalyst for sustainablex®d production and
elucidates the mechanism for promotinggQ4 production that can guide further

optimization of photoreactive nanomaterials.
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Chapter 1. Introduction

The increasing consumption of fosdillels and the worsening environmental
degradation have become global esis the past decades. For the sustainable development
of human society, there is an urgent need to develop green technologies for cleaner energy
supplies and environmental remedati Semiconductelbased photocatalysis can utilize
inexhaustible solar energy for energy conversion and environmental applications, thus
providing a possible solution. Ever since Fujishima and Honda realized photocatalytic
water splitting on the surface @02 in 1972, tremendous efforts have been devoted to
designing and synthesizing active photocatalysts. Various photocatalysts have been
developed, including Tig) ZnO, CdS, BiVQ, TaNs, black phosphorus, TaON, metal
organic metals, and so orhe globalmarket of photocatalysts reached $3.1 billion in 2021
and is expected to grow to $5.1 billion in 2026 at an annual growth rate of 15%e
search for promising photocatalysts, graphitic carbon nitride has triggered waves of interest
in the academic communities due to its eattindant compositions, controllable
morphologiestunable band structures, facile synthesis methods, low costs, and visible
light responsiveness’

Graphitic carbon nitridég-CaN4) is a polymeric semiconductor composed of carbon
and nitrogen atoms with a theoretical atomic ratio of 0.75. It can be facilely synthesized
through thermal polycondensation of cheap nitregem precursors such as melamine,
urea, and dicyandiamide. Duette incomplete condensation, reaCgNs materials bear

structural defects and H and usually O impurities. Being analogous to grap@Giis g



consists of strong -Gl bonds constructed frameworks in each layer and van der Waals
force-connected layers. Thiayer structure of §°3N4 can be facilely transformeihto
various morphologies with different dimensionalities, including quantum dots, nanotubes,
nanosheets, spheres, etc. Among all allotropess-ttiazine (or heptazine) unitsased g
CsN4 has the hghest stability and the heptazine rings are thus commonly recognized as the
building blocks of gCsN4 (Figure 1.1).*° In g-C3N4, both C and N atoms are ?sp
hybridized, capabl e of f @ orbital gnd eventuglly gat e d
constructing a highly delocalized conjugated systéihe delocalized electrons and the
lone electron pairs of nitrogen endowCgN4+ with a unique electronic structure and a
tunable band gap® According to the density functional theory (DFT) based simulations,
the condution band of gCi:N4 constitutes carbonporbitals while the valence band
constitutes nitrogen wrbitals’ The band gap of pristine-@N4 is around 2.7 eV, which
enables it to absorb visible light. The aforementioned unique advantageous features of g
C3N4 make it a fascinating photocatalyst an@€4N4 has thus far found a broad range of
applications m water splitting, C®@ reduction, production of valsadded chemicals,
membrane separation, environmental remediation, and $¢ énResearchers have
published more thah2,600 publications about-GsN4 to date (based on Web of Science,
September 2022), and the global market for carbon nitride is expected to steadily grow in
the next 5 years’

In addition to the activity, longerm stability is another critical issue and a prerequisite
for realizing the largescale application of photocatalysts. The degradation and
decompositio of photocatalysts could impair the structural integrity, induce deterioration

in the photocatalytic efficiency, and increase operational costs. In contrast to some well



known unstable photocatalytic materials like black phosphorus and transition metal
chalcogenides® !’ g-CsN4 is generally considered to be very stable. However, rapid
decomposition of ¢C3N4 was observed in both gaseous systems and aqueous systems very
recently®*¥20 |n addition, with global production and usage, incidental release and
inappropriate disposal of-@sNs are inevitable, which may raise growing concerns in
scientific communities and policy makers, considering them@tl adverse environmental

and health impacts of this materfaf? Therefore, it is imperative to evaluate and
understand the environmental transformation, fate, and toxicity-@fNg to advance

regulations and commercial acceptafitg’

Figure 1.1A g-C3N4 nanosheet consisting of 6x6 representative heptazine units.

Reactive species amssentiafor both engineering and natural systers.the most
powerful oxidant in waterd® = 2.8 eV),hydroxyl radicals A O)ire commonly generated
in advanced oxidation processes (AOPs), such as photocatalytic ozonatiorf-gimoio
processes, heterogeneous photocatalysis, etc., and then react with most organic compounds
at a near diffusiorwontrolled rat¢®>1 n addi ti on, AOH aratc ubiqui 't
environments, produced via the photolysis of nitrite, nitrate, and dissolved organic matter

(DOM), microbial activities, and overtwinduced aeration of anoxic bottom wat&r?
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As a result, the coexistence of nanomaterialsfa@ebuld be commonly observed either

in engineering settings or natural aquatic environm&rits** Previous studiehave

elaborated the significant role &f O kh inducing operational aging and &ronmental
transformation of numerous nanomaterials, including but not limited to silver
nanoparticles, carbon dots, carbon nanotubes, graphene, and g#émEhene
nanomaterial$l’-30:31:353%8 A pioneering study alsb ound t hat AOH -coul d d
C3N4 and lead to the release of nitrate ions and organic compobutifie detailed

informationabout the decomposition pathwagsnained unkown.*° Moreover,g-CsN4 is

responsive to visible light and could produce reactive oxygen sge®e® S, i e, AOH,
, 102),%94 making the interaction betweéh O ldnd g-CsN4 more complex. Therefore,
further research into the persistence and transformatigiCelfls under the attack ¢k O H
iS necessary.
+H* (2.1x101M-'s1) !
~ Cle
+OH- (1.8x101°M-1s1)
+CI (4.3x10° M''s™)
~ CIOH" -CI' (6x10%s") || +CI-(8.5x10° M's!)
-CI- (6.1x10% s71) 1
y ‘ +CI(1x10° M-1s1)
HO. S Clzo_
+OH- (4.5x10"M-1s1)
+HOCL 2x10°M"'s™) .
+OCI (8.8x10°M-1s1) 4 +HOCI (3% 10° M-1s™)
+OCI- (8.2x10° M-1s1)
Figure 1.2Radical chemistryn aUV/Chlorine system
In someadvanced oxidation processes, such as UV/chlorine, UV/chloramine, and
el ectrochemical AOPs, the concentration of r

and C§Y) is comparable to or even higher than thatR©S* For examplein a
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UV/chlorine systemKigure 1.2,A0OH and CI A are pr oahdthered as

transform into secondary radic4Bl* a n d )Cfor@idy an RCSdominated systerto

degrade persistent organic contamind#®€Si mi | ar to AOH, RCS ar

natural aquatic systems, especially in brines, estuaries, and seawater, and they are

generated through the oxidation of chlorige b A &t and photoexcited DONF 32 The
substrate transformation rates in R@@ninated systems may be very different from those
systems do miFHirs of all(RCH gxidafiod Eould be less thermodynamically
favorablet h a n dul © kheir lower reduction potentials (the reductiorepott i a | of
Cl", and CIl OA i <.88V, respect®ely?*5*|raanditionlIRCSaremore
sel ective t hasthefkledtophili€ attAck dnammaticripghereas Gt
and Cl OA prefer to r e a-donatingigroups trmoughmlactranc s
transfer?”3% Moreover RCSinduced oxidation is likely to form halogenated byproducts,
which may raise concerns for human health and ecosy$fefi¥.Both A O Hnhd RCS, in
this regard, could play an essential role in degrading and transform@adlg further
influencing its chemgphysical properties and toxic effects. Howeube stability and
persistence ohanomaterialaunder the attack of RCS is largely unknown to date. A
substantial knowledge gap remains in understanding the molecular mecharisds of
induced transformations and assessing the alteration of toxicities after transformations.
This dissertation aims tdully evaluate the structural stability and performance

durability of g-CsN4 nanosheets in engineering settings, understand tbddnd RCS

induced transformation mechanisms, study the impact of the transformation processes on

the toxicity of gCsN4 nanoshets, and provide instructions in the rational design and wise

application of gC3N4 and other photoreactive nanomaterials. Systematic mechanistic and

pr
e a
cl A
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kinetic evaluations, advanced material characterizations, and sophisticated molecular
simulations will bemtegratedo achieve four specific objectives as following:

1. Understand the hydroxyl radiedtiven decomposition of -@3N4 nanosheets.
Various advancedoxidation processewere utilized to create ighly oxidative aqueous
engineering systesnwith different orders of hydroxyl radical concentrations. The
degradation and decomposition ofCgN4+ nanosheets in these oxidative systemese
evaluated, the transformation mechanism at a moleculanm&geinderstood, and the role
of photoreactivity or photoinduced holes in degradi@sly4 nanosheetwas fullystudied.

2. Explore the transformation of-@sMs nanosheets induced by reactive chlorine
species. Complex water ma toriCiwasdeveiopedtoe abunc
understand the interaction betwee@gN4 nanosheets and reactive chlorine species. The
relationship between structural integrity and photocatalytic reactivity was investigated. The
el ectrophilic att ack eahihsa@hpared mfunddstandto ClI A,
pathways of RC8nhduced gCzN4 transformation.

3. Evaluate the toxicity of fresh and age€#N4 nanosheets. The environmental fate
and potentiatisks of g-CsN4 nanosheets were evaluated by assessing the tosiditysh
and reactive speciesyed gCsN4 nanosheets to planktonic bacteria, bacterial biofilm, and
human cells. Isight into the relationship between structural changes and acute cytotoxicity
alterations was provided.

4. Realize the rational design 6f33N4 based photocatalytic nanomaterials. Cl dopants
were introduced to the framework to improve the photocatalytic performane€z0f.gn

producing HO-. The critical role of Cl dopant was explongd an integration of advanced



characterizations with deity functional theory simulations. A green and practical protocol

for on-site HO> generation was developed.



Chapter 2: Radical-Driven Decomposition of Graphitic Carbon Nitride Nanosheets:

Light Exposure Matters !

2.1Introduction

In the pastdecade, nanosized-@Ns has emerged as a promising photoreactive
nanomaterial for broad chemical, mechanical, environmental, biomedical, and energy
applicationst? ¥ The mass production and extensive use-GkN4 are expected ithe
foreseeable future. Aiming to promote nanomaterial robustness, safety regulations, and
commercial acceptance, a thorough understanding-@§Ng stability in engineering
systems and traf@mation in natural environments is urgently neetfed However, the
knowledge about how narsized gCsN4 persists ad ages during engineering applications
and in natural aquatic environments is very limitet?;*°and its chemical transformation
kinetics andpathway at a molecular level is unknown. In contrast to some photoreactive
nanomaterialthat are highly susceptible to photocorrosion and oxidation by weak oxidants
like O and watet*6962 g-C3N4 was considered to be highly stable and ochlpH wa's
responsible for its decompositidh.Nevertheless, we found that@Ns nanosheets
suffered from apparent photocorrosion even t

in photocatalysis. This intriguing discovded us to hypothesize that photoreactivity and

! Adapted with permissiofrtom Li, M.; Liu, D.; Chen, X.; Yin, Z.; Shen, H.; Aiello, A.;
McKenzie, K. R.; Jiang, N.; Li, X.; Wagner, M. J.; Durkin, D. P.; ChenSHyai, D.
RadicalDriven decomposition of graphitic carbon nitride nanosheets: light exposure
matters Environ. Sci. TechnoR021 55 (18), 1241412423
https://doi.org/10.1021/acs.est.1c03804pyright (2@1) American Chemical Society.
The computational simulation was carried out by Dr. Hanning Chen.
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photoinduced holesh() played a critical yet underexplored role ifCgN4 nanomaterial
oxidation and transformation. Photoreactivanomaterialsmay involve a distinct
mechanism during nanomaterial aging amyironmental transformation, in contrast to
numerous welknownengineered nanomateridtgat are not photoreactive.
In this study, we leveraged molecular simulations, advanced microscopy and
spectroscopy characterizations, and reaction kineticaurtderstand the molecular
me c h ani s wrivenfdecdmPddition of-§3N4 nanosheets by taking nanomaterial
photoreactivity into account. We fabricated tw«CgN4+ nanosheets, one showing more
pores, defects, and edges conepldn the other, and treatedthewi t h AOH i n t he pr
or absence of light irradiation. For the first time, the synerggafhd AOH i s reveal
the transformation and aging of photoreactlamomaterials | n t he dar k, AOH
attack a limited number of heptazine units & #uge of gCsN4 nanosheets, leading to
slow peripheral etching of the nanosheets. Under light irradiation, the presente of h
decreases the activation energgsf) of C-N bond breaking between heptazine unitha
bulk phase and at edges simultaneouslya result, fast fragmentation occurs across the
whole gCsN4 nanosheets. *hnot only promotes the degradation kinetics e€afja
nanosheets but also diverts the reaction pathway. Our work elucibatesmndamental
chemistry of the transformation andirag of photoreactiveengineered nanomaterials
provides first insights into their environmental fate and behavior, and inspires the rational
design of robust nanomaterials for engineering applications. Our work also has potential
broad impacts on understiing the environmental risks and material stability of many

other emerging photoreactiveanomaterials e.g., boron nitride, black phosphorus,



transitionmetal carbides, (oxy)nitrides, phosphides, arsenides, chalcogenides, and
oxyhalides.
2.2 Materials and methods

2.2.1Synthesis of gC3N4 nanosheets

Synthesis of sample D. A supramolecular precursor of melaoyaeuric acid was
first synthesized. A mixture of 2 g of melamine, 1.68 mL of 8598®, and 160 mL of
ultrapure water was heated at 80 °C fdr, Aand subsequently transferred to a Tefinad
autoclave reactor for a hydrothermal reaction at 180 °C for 10 h. Cyanuric acid was
generated in acihcilitated hydrolysis of melamine and it saksembled with melamine
to form supramolecules. The obtad acicular powder was washed with 2.5 L of ultrapure
water to remove residual phosphorus species and dried at 60 °C. Next, 2.4 g of the powder
was refluxed with a mixture of 20 mL of glycerol and 60 mL of ethanol at 90 °C for 3 h to
allow alcohol intercation between the layers of supramolecules. The powder was then
washed with pure ethanol for 3 times and dried at 60 °C. Finally, the powder was heated at
500 °C for 2 h in the air with a ramp rate of 2 °C tia obtain sample D, by the thermal
polycondnsation of intercalated melaminganuric acid supramolecules.

Synthesis of M2. 20 g of melamine was first heated up in a covered alumina crucible
(not sealed) at -&to$5a t€@n thesdr aine keptffor £h to obtain n
yellow bulk gCsN4 powder by thermal polycondensation. After giimglinto fine powder
form, 2 g of bulk gCsNswas next placed in an open alumina crucible and heated at 500 °C
for 2 h in the air with a ramp rate of 5t@in™! to obtain light yellow powder M1. After
cooling down to room temperature, 1 g of M1 was placed into the open crucible and heated

at 550 °C for another 2 h in the air with a ramp rate of 2 °C'nmiiwo steps of thermal

10



etching oxidized and decomposg®sN4 in bulk and created layday-layer nanosheets.

The resulting fluffy material denoted as sample M2 showed a color close to pure white

11



2.2.2Characterization of g-C3N4 nanosheets

The crystal structure of samples D and M2 was characterized-fay Xowder
diffraction (XRD) on a Bruker D¥Phaser equipped with a Cu-rdy source. The
morphology of the samples was determined by transmission electron microscopy (TEM,
FEI Talos™ F200X), atomic force microscopy (AFM, Olympuc AC200TS R3) with the
tapping moeé, and variable temperature scanning tunneling microscopy5{MMI, Scienta
Omicron GmbH). To prepare the specimens for analysis, the samplesingie first
dispersed in ultrapure water by ultrasonication for at least 4 h, and then diluted with
ethand. For TEM analysis, the diluted suspensions were dropped on a Cu grid with an
ultrathin carbon film supported on a Lacey carbon support film (400 mesh) and dried inside
a vacuum desiccator at room temperature. TEM and-feigbiution TEM (HRTEM)
images wee collected under the 200 kV mode. For AFM analysis, the diluted suspensions
were dropped onto a glass slide and dried inside a fume hood. For STM characterization,
the diluted M2 suspension (~0.3 ¢f)Lwas dropped and dried on a {mleaned Au (111)
foil, and then transferred to an ultrahigh vacuumMM chamber< 1.5 x 10'° mbar)
for scanning.

To make comparison of surface area between fresh samples D and M2, nitrogen gas
isotherm adsorption/desorption data was collected fgP B 0.01-0.99 using a
Micromeritics ASAP Plus 2020. The surface area was measured from the adsorption data
using the BrunaudEmmitt-Teller (BET) method. Samples were degassed at 120 °C for 4
h under dynamic vacuum (20 orr) prior to analysis.

Bulk contentof carbon, hydrogen, and nitrogen were quantified with a CHN analyzer

(Exeter Analytical CE440). Inductively coupled plasma mass spectrometryM&;P
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PerkinElImer NexION 350 D) was used to determine the residual phosphorous species in
fresh D after synthés 5 mg of D was weighed, added into a prewashed 10 mL round
bottom flask, mixed with4 mLof HNg 15 M) , and heated and ref|l
without boiling until the sample was digested thoroughly. After the solution cooled down
to room temperaturdat was transferred to a 10 mL volumetric flask. Additional HNO
solution (1 M) was used to wash the round bottom flask, and it was also transferred to the
volumetric flask until the combined solution volume reach€dmL. Caution! HNG@

should be trace n&@ grade with a phosphorous content less than 10 ppb. Highly
concentrated HN@is corrosive and toxic. All the operations should be conducted inside a
fume hood. The phosphorous concentration of the digested sample D was below the
detection limif and this the approximated phosphorous content in sample D was less than
0.06 wt %, indicating the successful removal of phosphorous species in D synthesis and no
interference of the phosphorus species to further experiments.

The optical absorption spectra ofdhesamples D and M2 were recorded by a Thermo
Scientific Evolution 300 UWis spectrophotometer with a Praying Mantis diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) accessory. The absorbance
of the samples irradiated by light over awglength scan from 190 to 1200 nm was
measured, with a scan rate of 300 nm tifihe photoluminescence (PL) spectra were
obtained from a hommade apparatus based on a Thermo Nicolet Nexus 670 rapid scan
Fourier transform infrared spectrometer (FTIR) cdpmmeter. The PL spectra of the
samples were obtained using a 354 nm diode pumped solid state laser from Teem Photonics
as excitation source. The intensity on the s

in diameter. The emitted fluorescence was $ecl to a 300 mm path length
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monochromator and collected by a thermoelectrically cooled cliang@ed device
(CCD) camera, both from Princeton Instruments. Photoluminescence emission spectra
were collected from 358 nm to 638 nm. Here the Kub&lkimk equaibn and the Tauc
relation were used for band gap calculafitff,

2 u oY P

Y c¢Y

where0 refers to the absorption coefficieftrefers to the specular reflectanéeis
the diffuse reflectance, arf{R) is the KubelkaMunk function. Assuming the scattering
coefficient remains constant in relation to photon wavelerigfR) is proportional @ the
absorption coefficient and thus the Tauc relation can be written as:

®w OYD o®» O &

wher e i s the PI%JInskdis the pho®r feequencyy iSthes 31T 1 0
proportionality constant, angl is taken as %2 due to amdirect band gap of-@3Na. By
plottingwv e r gguhe band gap of samples D and M2 was determined by extrapolating
the linear portion ofoat w=0.

The oxidation states and bonding environment of C, N, and O were characterized by
X-ray photoelectrorspectroscopy (XPS), by using a PHI 5600 system witivig K U
source (1253.6 eV) and under ultrahigh vacuum conditions (pressufdefi). Escaped
photoelectrons were captured and analyzed by a hemispherical energy analyzer operating
at a constant passergy of 58.7 eV. Peak positions were referenced to C1s, 284.5 eV, and
analyzed in CasaxPS.

Ozone absorbs radiation in bdtie ultraviolet region (200 to 350 nm, the Hartley
Huggins band) anthevisible region (400 to 650 nm, the Chappuis b&Rdhe Chappuis

absorption is much lower with a maximum quantum yield of 2, while the minimum
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guantum yield at 254 nm is as high as 16. In addition, the ozoned@satoiation product
of Chappuis absorption cannot remain in excited states. Therefore, LED 395, 455, and 525
nm could not induce significant ozone photolysis.

2.2.3 Ozonation, photocatalytic ozonation, peroxonaztion, and photocatalytic
peroxonation of gCsN4 nanosheets

g-C3Ns4 nanosheets were treated and aged by ozonatieroiiy), photocatalytic
ozonation (@ and light irradiation), peroxonation §8, and Q), and photocatalytic
peroxonation (KHO2, Oz, and light irradiation). 180 mg of D or M2 wasspended in 180
mL ultrapure water ( 18suspensioMgas tamsferredtotadath t h e
borosilicate glass beaker (250 mL) and continuously sparged withiddigh a gas diffusor
in the dark or under light emitting diode (LED) irradiati¢n W) for ozonation or
photocatalytic ozonation, respectivelhe steadystate concentration of dissolved ozone
was gquantified based on itslcmbsadUwisnce at
spectrometef® Industrial oxygen gas with a flow rate of 0.4 L miwas used to produce
Oz in an ozone generator (Absolute Ozone® NANO), with aproduction rate of 4.76 g
h™(99.2 mmol h). The steadytateOs concentration in suspensions remained at 17 mg
L (or 0.354 mM). For the same setup, 30 wt%®kisolution was continuously amended
into (5.05 mL ht) the suspensions together withi®the dark or under LED irradiation (7
W) to enable peroxonation or photocatalytic peroxonation respectively. The feeding rate
of H.02 was 49.5 mmol fhand the molar ratio of fed4®, and fed Qwas kept at 0.5. To
prevent interference from other cotiséints in water, no buffer was used for agin@styls
nanosheets, but suspension pH was continuously monitored. An aluminum foil and a

parafilm sheet were used to covbe beaker opening to reduce gas leaking and water
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evaporation during a loagrm agingstudy. Light irradiation was introduced from the side
of the beaker, and the borosilicate glass showed negligible absorption of photons with a
wavelength of 395, 455, and 525 nm.

Treated g-C3N4 nanosheetsvere collected by ultracentrifugation at 30,000 rpm
(108,860 g, Beckman JXN30), and supernatants were next filtered with 0.2 pm
polyvinylidene difluoride (PVDF) syringe filters for analyzing released ions and soluble
organics. The total organic carbon (TOC) of the filtered supernatants af@sNg
nanoshets aging was analyzed by a TOC analyzer (ShimadzuVWOR). Another 50 mL
of filtered suspensions were free@ed to obtain powders. The powders were re
dissolved in 4 mL of ultrapure water and ready for the-n@gwolution quadrupole Orbitrap
mass spdoometer (Thermo Scientific, USA) analysisll experiments were performed
with at least three independent replicates.

2.24 Hydroxyl radical concentration measurement

4-chlorobenzoic acidtCBA) was used as the probe compound for quantifgiagdy
state AOH c on gsince thareactombetweedC R@HRNnd AOH i s
selective and fast. During ozonation, photocatalytic ozonation, peroxonation, and
photocatalytic peroxonation, 2M of p-CBA was introduced into the suspensiorsew
0-C3N4 nanosheets were aged for 1 h, then the suspensions (0.5 mL) were sampled at
different time intervals aftgp-CBA amendment (every 5 or 10 s) and residual oxidants
were quenched by adding #a03 (200 mM, 40puL) immediately.p-CBA amendment,
sampe collection, and oxidant quenching were repeated wh€sNg nanosheets were
aged for 3, 5, and 7 h, respectively. Centrifugation (13,000 rpm, 16)060filtration

(PVDF syringe filters with a pore size @2 pum) was used to harvest the liquidpe€BA

16



quantification by high-performance liquid chromatography (HPLC) [ 4 Qvak]
calculated by the following equatidh:

. N 6060

o  YtHEEp
Bl ( % = C®
Qe Qe

whereQu refers to experimentally determined psedidst-order reaction rate constant

of p-CBA,"Q i isthe seconarder reaction rate constant betwge@BAa nd A OH

vg pmO i , and p-CBAlo, [p-CBAl;, and t represents initial p-CBA
concentrationp-CBA concentration at timg and sampling time, respectively. The average
[ A Qdwhs reported from the values calculated at 1, 3, 5, and 7 h of the reaction. Detailed
parameters in HPLC analysis can be foun@able 2.1 The lifetime ofA O Hketime is the
reciprocal ofA O Ebnsumption rate z 0.8 WhenQ n 660L BQ “Yis
valid,

‘ p p
© %" QO fifoaq [ OO0 Q¢ QO]
p
BQ [ WL Q& "QQI
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Thus, in both ozonation and peroxonation systéms, T E— ™ P i

Also, in photocatalytic ozonation and photocatalytic peroxonadion, ™ ¢ iAll
experimentsvere performed with at least three independent replicates.

Since there was no buffer in our systems, pH of reaction suspensions dropped to ~3
during the reaction. Particularly, in photocatalytic ozonation under the irradiation of the
395 nm LED lamp, pHfdhe suspensions containing D and M2 immediately dropped from
7.8 t0 4.4 and 3.9 in 10 min, respectively, and it gradually leveled off (pH of D suspension

was 4.2 and 3.4 after 1 and 8 h treatment, respectively; and pH of M2 suspension was 3.4
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and28akr 1 and 8 h treat ment, resspwacnot vel y) .
expected to be influencéd,* because pH remained almost the same after 1 h of reaction,
when the first mwasucementtiedr | AQHRd, the

at 1, 3, 5, and 7 h in photocatalytic ozonation, as well as ozonation, wascsiatisti

insignificant Eigure 2.1).
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Figure 2.1 The steadystate concentration of hydroxyl radical during ozonation,

photocatalytic ozonation (a), peroxonation, and photocatalytic peroxoiafionD.

p-CBA could adsorb on the surface e€gN4 nanosheets by its carboxyl group, similar
to its adsorpon to many other carbeimased materials, and thus quantifies both-near
surface and bulp h a s e33"&AaHddition, ozonation and photocatalytic ozonation on
g-CsN4 mainly produces bulphase but notnearur f ace AOH as the domi
species, likely due to rapid desorption and diffasioo f A OH -G3Ns sunfacel*h e g
Thereforep-CBAcanaccuratelyuant i fy AOH production in our

of g-C3N4 nanosheets.
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2.2.5Photocatalytic contaminant degradation tests

To evaluate the photocatalytic performance of fresh and agabN.gnanosheets, four
organic contaminants, namelghenol (PHE, an important industrial intermediate),
sulfamethoxazole (SMX, an antibiotic), atrazine (ATZ, an herbicide), and carbamazepine
(CBZ, an anticonvulsant drugyvere chosen for the contaminant degteatatests in a
jacketed beaker under the irradiation of a 1000 W xenon |3im@.xenon lamp was
equipped with an AM 1.5 G optical filter to simulate the yearly average solar irradiation
across 48 contiguous U.S. states and a water optical filter to ranfowesd light. The
volume of reaction suspension was 15 mL, with an initial contaminant concentration of 50
g M, -Cslu nanosheets loading of 0.2 g'Land 1 mM phosphate buffer (pH 7). To
understand the influence of contaminant adsorption on photaoaiigsN4 nanosheets,
0.4 mL of suspension was withdrawn after the contaminant was mixed with the nanosheets
at 450 rpm in the dark for 20 min, and contaminant concentration was quantified. Next the
xenon lamp was turned on, and suspension (0.4 mL eash)vithdrawn at different time
intervals. Suspension was centrifuged and filtrated by 0.2 um polyvinylidene difluoride
(PVDF) syringe filters, and the filtrate was analyzed by HPLC for contaminant
concentrations. Details of mobile phase composition and flate, sample injection
volume, and detection wavelength are listedable 2.1 Light spectra were recorded by
a StarLine Versatile Fibayptic Spectrometer (AvaSp&#l S2048L). The spectrum of

environmental light inside the lab was set as a referenkecdatrol.
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Table 2.1.Parameters used in higierformance liquid chromatography.

Detection Flow rate of

Analyte Mobile phase and volume ratio wavelength mobile phase
(nm) (mL min?)
PHE 1 mM sodium acetate aqueo 254 0.400

solution /acetonitrile=65/35 (pH 3)

ATZ Ultrapure water / acetonitrile=50/50 223 0.500
CBz Ultrapure water / acetonitrile=55/45 213 0.500
SMX 5 mM KH2PQs aqueous solution (pt 268 0.500

5) / methanol=70/30

p-CBA Acetonitrile / 40 mM phosphatauffer 230 0.500

(pH 7) =14/86

NB Ultrapure water / methanol=60/40 266 0.400

BA 7.5 mM sodium acetate aqueo 234 0.500

solution (pH 4.4) / methanol=82/18

DMOB Ultrapure water / methanol=55/45 227 0.400

FFA Ultrapure water /methanol=85/15 218 0.400

acidified with 0.1% phosphoric acid
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2.26 Computational simulation
In the computational study for understandingl®onding breakinghebulk-phase g
Cs3Ng4 is represented by a 6 x 6 supercell of heptazine units connected by tertiary amines
(Figure 1.1), whereas the edge moieties 6Cg\4 are terminated by either primary or
secondary amines. Unless otherwise specified, all of our simulations were perfsimged u
CP2K/® an opersource software, with GoedecKeeterHutter (GTH) pseudopotenti,
Heyd ScuserigErnzerhof hybrid (HSE06) exchangerrelation functiorf® polarized
valencedoublezeta (PVDZ) basis sét,and wavelebased Poisson solvétIt has been
found that the chemical bond formed between the tertiary nitrogen atom and the corner
carbon atom of heptazine units has a dissociat@ngy of ~90 kcal md| which is at least
20 kcal mott lower than any other chemical bond #CgNa. Therefore, our discussion on
C-N bond breaking focuses on the bond between the tertiary nitrogen atom and the corner
carbon atom of the heptazine units.
According to Kr ame r%itte rateofachemidalireactiofs t at e t
is given by

Q.0 &
S C

e

whereQ is the Boltzmann constant (1.38 x2Q) K%), is the temperature,nis the
transmission coefficient arising from the friction against the climbing of the activation
energy barrierggsa. Since the breaking of the-l€ bond in gC3Na4 is primarily driven by

its own vibration, a notably large friction is expected due to tflemgtsolvation effect of

g-CsNa4 in water as revealed by our previous stufitédin the limit of strong friction, ..o

adopts the form of... —, where i§ p the angular frequency of the activation barrier

top, and] ¢ is the angular frequency of the friction force. Numerically, can be
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determined by parabolic curve fitting to the activation barrier top, whiban be evaluated
by tracking the force autocorrelation functiod@)'@)Q in a molecular dynamic

trajectory®?

1 - CH

where &

is the twebody reduced mass of carbon and nitrogen atoms if the C

N bond length is considered as the reaction coordinate of its breaking. In the same spirit,

(9]

YO & o is defined as the gap between the maximum and the-short
rangeminimum of the energy profile along theNCbond lengthThe calculate@ds, for a
edgesite heptazine unit with a zero net charge (i.e., in the dark witkipus 0.27 eV,

which is 0.13 eV lower than its buffhase counter part. This remarkably lower activation
barrier greatly helps initiate the aging process gf@Ns nanosheet primarily from its

edge in the absence of light irradiation. It is welbwn tha g-CsN4 is a ntype
semiconductof® making its heptazine units natural hosts of &opolarons upon
photoinduced charge separatfdriThe construction of hole polaron in our simulation
follows the protocol of constrained density functional theory (CERfat adds a positien
dependent Hartree potenti al to the systembs
constraint of +1 onto the heptazine unit of interest (i.e., assuming one photoinduced hole
is present). InterestinglygsGa is lowered by ~0.Q eV for bulkphase and edgste
heptazine units both with +1 net charge that can be ascribed to the wealeamgdgation

across €N bonds due to less avaiable valence electrons. Finally, in conjunction with our
fitted] b and evaluated » (Table 2.2), equation 5 was employed to calculai®and its

corresonding timesralket Was fetndedhas U val
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magnitude fromo® X p 1T tox8t w p T S, suggesting distinctive aging mechanisms
for g-CsNa in the darkversus under light irradiation as will be discussed in depth below.

Table 2.2. Key parameters for evaluating-KC bond breaking rates by molecular

simulation.

ToEHe T116HY aGa(eV)t YUsHT U ¢s)
bulk-phaseQ=02 8.21x13® 3.41x13* 0.40 2.80x10 3.57x10°
bulk-phaseQ=+1° 8.06x13° 3.39x13* 0.30 1.34x10  7.46x10°
edgesite,Q=02 7.94x13° 3.38x13* 0.27 4.20x10 2.38x1C°
edgesite,Q=+1°  8.17x13°® 3.37x16* 0.18 1.41x10  7.09x10%°

2Q=0 represents the absence phatoinduced hole on a@N4 nanosheet in the dark
condition (no charge);

b Q=+1 represents the presence of one photoinduced hole-@3Nyganosheet under
light irradiation (one positive charge);

“1 pis the angular frequency of the activation bartog;

4 ¢is the angular frequency of the friction force;

€ &5, is the activation energy of-8 bond breaking;

"kis the firstorder reaction rate @-N bond breaking;

90 is corr esoCNbondbreakinmescal e of

For a g-CsN4 nanosheet consisting of heptazine units with a numbé, afs total
surface area i8 'Y, where 1=4.45x10'° n? is the surface area of a single heptazine
unit. If the steadystate concentration of hydroxyl radical[isA Qdthe total number of
A O Bbove th@-CsNssheetish Y B/ ( 0, wherel is the thickness of a water

layer. As calculated abovA, O Have a finite lifetime,1.8x10” s in water for peroxonation
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and photocatalytic peroxonation systems, making their longest traveled distance as
@00 according to the StokeSinstein equatidft where, =2.3x10° m?s? is the

diffusion coefficient ot h e ®&ThHe.r ef or e, the t ot ahatmayumber o

have a chance to reach tlgeCsNs nanosheet through diffusion turns out to be

Y B/ ( @00 . On average, each activie O l¥pendsid o}

-0 on diffusion. If one also considers the randomness of

the six possible diffusion directions, namely, -x, +y, -y, +z, and-z, the effective averag

diffusion time should be elongated ¢o -0 co as only one diffusion

direction will afford theA OH a t t-GsN4.kAs aresultgthe attack frequency of a single

AOH is @i veA—iy—. For a AOH that €&s alread

nanosheet from an original distance(afonits remaining time for chemical reaction,

0 0 £ must b e tolersurggasuccesfiBbond breaking,

i.e, Og @O 0 Z . In other words, the probability to break aNCbond for

eachA O Hipreaking Can be approximated as

; AQ® t &
Tt h"Q® T
Please note that the valuelafeakingdepends on whether the attacked heptazine unit is
in the bulk or at the edge of th&l3gN4 nanosheetf the nanosheet is uadlight irradiation,
the attacked heptazine is photoactivated and thus carry +1 net dhasgeis designated

asy —_—, w h Rier567 nois the experimental lifetiffeof the photoinduced

24



holes in gCsN4. Taken all together, we have designed a Monte Carlo protocol to model
the aging of-C3N4 sheet as shown below:

Step 1:Construct a two dimensiongtCsN4 nanosheet with @ wdots, each of
which represents a heptagionit that is connected to its nearest neighbours. According to
their number of nereast nei ghbour s, an init
connector# OHQ phy . G are 1, 2 and 3 for corner, edge, and bulk units,

respectively. Setgang time, t=0.

Step 2:Increase t byatack i.€.,0 0 Z

Step 3:Generate a random numbai, betweerl andN to select the heptazine unit to
be attached by a AOH. I f the r anpdhoamsliey (s el e
otherwise use edgei t e U.

Step 4:1f the g-CaN4 nanosheet is under light irradiation, generate a random number,

02 betweeandl. If0 0  ,thentheunitisphota c t i v a foet+d neachadge U
will be used.
Step 5: Generate a random numbér, between0 and1. If 0 0 , then

decrease by 1,i.e.,06 O p.If0 T then the selected heptazine unit is removed
from theg-CsN4 nanosheet, i.e., . p, and we label all of its nearesble neighbors as
edgesite units.
Step 6:Goto Step 2 until 7T .
To ensure statistical reliability, each curve was averaged over 100 Monte Carlo

trajectories, diminishing the standard deviation of our simulated agfieg to +0.001%
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2.3 Resultsand discussiors

2.3.1Synthesis and characterization of fresh {C3N4 nanosheets

Two types of fewlayered gCsNs4 nanosheets were synthesized to explore their
decomposition, which represent typicaCgN4 nanomaterials for a broad range of future
applications. Specifically, sample OFigure 2.28 was fabricated by a botteop
approach, i.e., thermal polycondensatiddmrmelaminecyanuric acid supramolecules after
ethanol and glycerol intercalati6h.Sample M2 Figure 2.2b left) was thermally
exfoliated from bulk gCsNa powders using a tedown strategy® D had a more well
defined structure than M2, but their lateral sizes were similar, i.e., ~several hundreds of
nanometers to a coupddé micrometers. The thickness of D and M2 wes @&d 510 nm,
respectively, as characterized by AFMdures 2.3a and2.3b). Notably nanosheets with
an average height of 2.2 A were observed by STM for characterizing M2, and the height
was consistent with the thickness of sinddgrer gCsNa4 (Figure 2.3¢).8° To confirm the
nanosheets were@Ns instead of the Au substrate used in sample characterization, the
conductivity was measured. The nonline&tdurve urderscored the semiconductor nature
of g-C3N4 (Figure 2.3d), in contrast to Au showing a lineaVl curve. STM indicated
singlelayer gCsN4 nanosheets did exist in our samples.

As shown inFigure 2.4, the specific surface area of D and M2 was determie&tl &
+ 3.4 and 168 + 1 Ay?, respectively, and thus M2 had more active sites in photocatalysis.
Indeed, the photocatalytic activity of M2 for phenol degradation was-273Btimes
higher than DEigure 2.5). Type IV nitrogen adsorption isotherms sugfge the existence
of pores in both @3N4 nanosheet samples, which was consistent with the TEM

characterization. Moreover, M2 had a much higher PL intensity th&nagoré 2.6), and
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the result indicated M2 had more defects to promote radiegm@mbination of charge

carriers. XRD patterng-(gure 2.7) suggested that both D and M2 were crystalline, and
theyweregCaNs. The main peak at 2d = 27.9A referr.
graphitic structure with a-dpacing of 0.326 nm whild¢ weaker peak at 13.0° stemmed

from the intralayer packing of the (100) plane with-spacing of 0.680 niff,which was

consistent with the highesolution TEM of M2 Figure 2.2b right). Bulk canposition

analysis also confirmed that both samples we@Ny (carbon to nitrogen weight ratio of

0.574 and 0.582 for D and M2, respectively).

a b

Figure 2.2Morphological characterization of freshQ3N4 nanosheets. TEM image of D

(a), TEM (b left) and igh-resolution TEM (b right) of M2.
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Figure 2.3 Atomic force microscopy of D (a) and M2 (b). (c) Scanning tunneling
microscopy (STM) shows singlayer gCsN4 nanosheet islands (M2) on Au (111)
surface (1=0.2 nA, blas=0.7 V), and 4V curve on a ¢CsN4 island (d) asserts its

semiconductor property=0.2 nA, Wias1 V).
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Figure 2.4Nitrogen adsorption/desorption isotherms of D and M2
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Figure 2.5Photoreactivity of D and M2 for phenol degradation and correlation with UV
vis absorption spectra of the materials. The insets show the band gapsasfalysind

M2, respectively.
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Figure 2.6 Photoluminescence emission spectra of D and M2

In summary, these morphological, physical, chemical, and optical characterizations all
suggested that M2 had more pores, defects, and edges and wahatoreactive than D,
highlighting that M2 could be more susceptible to oxidation.
2.3.20-CsNananosheet decomposition witth the syne
AOH is wubiquitous in natur al environments
critical role indetermining the stability, transformation, fate, and environmental and health
impacts of ENMs./:30:31.3538 A previousstudy demonstrated the excellent stability of g
C3N4 even under the attack of high concentrations efaCn d 27, AuD the material
decomposed i n t3he ugedacontimiauefeed of O &rdtd a steady
state concentrati oM o(f[ AEBes ataantXi7ie), whichd er 10
was in the similar range of many advanced oxidation proc&s8€s:°0%92 After
continuous oxidation by AOH, D and M2 were
nitrite was observed in the aqueous phase after oxidizldgNgnanosheets, andlsble
organic fragments including cyameluric acid were also releaBeguré 2.8). The

byproducts, i.e., nitrate and cyameluric acid, were also confirmed in a previous®study.

30



Q
o
<))
(on

§230 —=

{344

a
©
&
N

*98.5 {100
¥72.3 e

©

41100
§56.2

o
~
T
w
3

)
s (1075 M)
(1072 M)

{281 }3.18

['OH]
N
@

>

Nitrogen Release Rate
mg of N- (g of C;N,)"-h!
o
()

[OH],

§6.91 §7.12

Nitrogen Release Rate
mg of N-(g of C;N,)"-h"!

0.311

oo
ISESES

0 0;557 0.0491

0.0

o

0, Oy/L1 OyL2 O3  H,0,/0, Hzoz/oan_fM 0, Oyl H,0,/0, H202/03/L11
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Figure 2.8 The mass spectrum of the supernatant after photocatalytic ozonagibh)(O

of M2. Cyameluricacid was observed, and its structure is shown in the inset.

To elucidate the mechanism and identify the role of photocatalysi€iNgnanosheet

decomposition, we used LED lamps that irradiated photons at 395 nm (L1), 455 nm (L2),
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and 525 nm (L3) to eite the gCsN4 nanosheets. In these experimentgl(@, Os/L2, and

03/L3), Os was unable to be excited because of negligible light absorption at these
wavelengths. hof gCsNsal so di d not have sufficient ene
because of the less positive valence band@fidy compared to the reduction potential of

A O HAOFP8! Instead, @ molecules captured photoinduced electr@a efficiently to

enhance AOH g e n eeleation reductian pathway goh As® otade VY

AOHY .

a

Figure 2.9TEM images of D (a)red M2 (b) after photocatalytic ozonationz(1).

I'n compari son tioOsthZzwassignificantly enhdnde®ty3.18 and
6.12 times for D and M2, respectively. M2 en
photoreactivityMo r e o v e &in phptdc@atyiic ozonation of D increased under the
irradiation of L3 to L2 to L1, which was in line with the light absorbance and
photoreactivity of D Figure 2.4 . Enhanced photoreactivity
production via the reductioof Os.°° No apparent morphological change for bot@x\4
nanosheet samples was observed even after 24 h/bi QFigures 2.9aand 2.9b).
However, both samples showed an increased surface oxygen content and surface charge
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negativity based on XPS and zeta potential analysis, respectively, indicating that oxidation
occurred and functional groups such-@d4 or -COOH might be introduced onto the
suface. For example, surface oxygen content by atomic percentage (at%) increased from
3.60 to 6.80% for D and from 1.00 to 7.80 % for M2 after 24 h gE1) respectively
(Figure 2.10andTable 2.3); while the zeta potential decreased fraB.7 to-62.5 mVfor

D and from-32.0 to-45.8 mV for M2 under the same treatment condition, respectively.

C(1s) || N(1s) || O(1s)
/A>_<\ :A_C\_ D
ANITVAN D-O,
7 o | EANE D-O4/L1
N L | M2-O,4/L1

295 290 285 405 400 395 540 535 530

Binding Energy (eV)

Figure 2.10X-ray photoelectron spectroscopy of fresh nanosheets (D and M2) and aged

nanosheets by ozonation and photocatalytic ozonatigDs(D-Oz/L1, andM2-Os/L1).

In contrast, ozonation did not increase surface oxygen content (3.60 versus 3.40 at%
for D before and after ozonation) and only moderately decreased the zeta pothiial (
versus-48.3 mV for D before and after ozonation). Compareakztmnation, photocatalytic
ozonation of both 3N4 nanosheets generally produced more nitrate and more soluble

organic fragments including cyameluric acid as the oxidation byproducts. For example,
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comparing QL1 with ozonation, D released 3.96 and 11Ine$ more total organic carbon

and cyameluric acid, respectiveligure2.1) . Si mi | ar t o AOH product
released nitrate and organic byproducts was also positively correlated with the
photoreactivity of gCsN4 nanosheets. DuringaL1, M2 released 7.67 times more nitrate

and 1.26 times more cyameluric acid compared td-iQufes 27a and 2.7b), which

suggests that M2 with more pores, defects, and edges and higher photoreactivity was prone

to degradation. Cyameluric acid production in phatalgéic ozonation of D also increased

under the irradiation of L3 to L2 to L1. We used nitrogen release rate (NRR), i.e.-nitrate

nitrogen released per mass e€g\4 nanosheets per unit of time, as a decomposition rate

indicator, which was also confirmex a valid parameter to characteriz€afjls aging in

ozonation and photocatalytic ozonation based on a previous 3tGdyprisingly, NRR
enhancement was di spr opo kintcreaseant phdtogatalptar ger t
ozonation versus ozonation. Comparing @ 1 wi t h o0z onatnd IRR o f D,
increased by 3.18&nd 12.4fold, respectively. NRR was also dramatically promoted by
57.3fold for treating M2 with @ L1 when compared tosOzonat.i
increased by merely 6.1®ld (Figures 27aand2.7b). In addition, M2 released 7.67 times

more nitrate than D in 4 L 1 , despite odhghtly naeased by B9%6% [ AOH]
(Figure 2.7b). Moreover, control experiments indicated that NRR of Imathosheets was

negligible in the dark, either without:©r only with BO> treatment, while photocatalysis

alone decomposed the nanosheets and produced a remarkable amount of nitrate. All these
results highlighted ot her minek theodecomplosetign f act or
of g-C3Ns4 nanosheets, and they could be associated with the photoreactivity of the

nanomaterial.
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Table 23. X-ray photoelectron spectroscopy analysis of fresh and agésNg

nanosheets, regarding carbon, nitrogen, and oxygen pageen

Sample Treatment

Atomic percentages (at%)

C1ls N 1s O 1s
D None 524 44.0 3.60
D Os 49.0 47.6 3.40
D O/l 51.6 41.7 6.80
M2 None 42.5 56.6 1.00
M2 Os/L1 50.7 41.5 7.80

& None represents freghCsN4 nanosheets without any treatment. Others afaNy

nanosheets treated under the following conditions: ststdgozone concentration of 17.0

mg L (0.354 mM), nanosheet loading of 1 g,land the treatment duration of 24L1.

representghe irradiaion under LED 395 nm.

Peroxonation, the treatment couplingQd with Os, was commonly used for water

purification
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Figure 2.11Total organic carbon (TOC) in the supernatant of ozonation and

photocatalytic ozonation treated D.

The AOH generation efficiency »Bitoglsly depe
becausexcessive @and HO,c an al so quench AD4hand”5®™® ugh Rea
% Since HO2 and byproducts dR2.4 and R.5 (e.g., @, H/ A) do not oxidize and degrade
g-CsN4,2%introducing HO2 together with @can generate a clean system fa&@4)\. aging,
and it can easCompani hgrpf AOKD n astdéceasedwi t h o0z
by 96.1% and 87.7% for treating D and M2, respety, likely due to the presence of
excessive oxidants for scavenging AOH. Howe
11.8% for treating D and M2, respectivelyiures 27a and 2.7b). Therefore, a high
[ A Qdddes not necessarily translate into a prapoaily increased decomposition rate
of the gCsN4 nanosheets, because only a limited number@iidy sites might be attacked
and oxidized by AOH. By comparing peroxona
(H20:/0s/ L1) of D, e xveassintldy MRRagrder [ight @gdsure was 3-37
times higher than that in the dark. M2 also released@183% more nitrate in $#D./Os/L1
t han per ox on asinbothireatmiers procdsskOnag statistically the same. The
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results clearly demonstrated that the photoreactivity@fNu nanosheetplayed a critical

role in nanomaterial decomposition.

1 —@—Bulk, no hole 24x103
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Figure 2.12Molecular simulation of 23N nanosheet aging. Qptized gCsN+/ A OH
adduct solvated in water before (a) and (d) afté\ Bond breaking. For visual clearance,
onlythe HOf or mi ng a hydrogen bond with the AOH
molecules are intentionally blurred. (c) Calculated energfji@rs a function of the -Gl
bond length for a butphase or edgsite heptazine unit, treated in the dark condition
with no i and light exposure with on€,hrespectively. (d) Simulated number of
remaining heptazine units as a function of aging tim@&fduring peroxonation and
photocatalytic peroxonation. B./0Oz and HO2/Os/L1). White, red, cyan, and blue balls

in the structures refer to hydrogen, oxygen, carbon, and nitrogen atoms, respectively.
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2.3.3 Mechanism of ¢C3N4 nanosheet decomposition

We hypothesized that promotedgCsNananos heet decomposition u
and Monte Carlo simulations were carried out using parameters derived from the transition
state theory for testing the hypothesis. Thél ®ond between heptazine units has the
| owest bond dissociation energy and +s thus
deficient AOH can |l aunch an electrophilic at
of a triangular heptazine unit to form a@sinde bond Figure 2.123. Since oxygen is
even more electronegative than nitrogen, th¢ §ingle bond between the attacked corner
carbon atom and the tertiary nitrogen atom is expected to be weakened through electron
transfer, eventually leading to bond &keng and nanosheet decompositibig(re 2.12b).
Without light irradiation, the calculatesGa for C-N bond breaking undek OH adft a c k
edgesite and buliphase heptazine was 0.27 and 0.40 eV, respectit/aiyre 2.129.
This remarkable difference B85, made the edge sites giCsN4 nanosheets much more
suspeptible tofh OH  aih the dak, and the limited number of edge sites led to the
negligible difference of NRR in ozonation and peroxonation. Importantly, the presence of
h* decreaseddsa from 0.40to 0.30 eV for the buliphase @ bond breaking and from
0.27 to 0.18 eV for the edgite GN bond breaking Kigure 2.129, speeding up the
reaction rate from Jus? to 10 ns' (Table 2.2). Meanwhile, theh® drastically increased
&G, for C-N bond reformation, further acceleratiggCsN4 decomposition.Since the
typical lifetime of photoexcited -@3N4 is on the nanosecond timeséalthat is much
shorter than our calculated time forNCbond breaking, our proposed mechanism-of g
CsN4 decomposition is in sharp contrast to that of photoinduced water oxidation wherein

its subnanosecond reaction primarily proceeds on the exsit® ptential energy
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surface’®"Mor eover, in | ight ofsOf éndlor HO,inlourpr esenc
aqueous solutions, the heptazinyl radicals reported in studies of water oXftfitae
unlikely to materialize forg-C3N4 decomposition, making the*fnduced GN bond
breaking a moréeasible reaction pathway.
In our Monte Carlo protocol, the identity of each heptazine unit was recorded once it
was removed so that the whole decomposition prasasgracked over time to the finest
resolution. Aiming to examine the effect of light expies on g-CsNs nanosheet
decomposition, we investigat@eroxonatiorandH>O./Oz/L1 treatmenbdf D (Table 2.4,
for their similar] A Qdyét distinct NRR. The initial size of each sample was 600 x 600
heptazine units that was equivalent to 430 nm x 430antypical lateral size of D. To
ensure statistical reliability, each curveifure 2.12dwas averaged over 100 Monte
Carlo trajectories, diminishing the standard deviation of our simulated aging rates to
+0.001 &' Although our fabricated-CsN4 nanosleets are intrinsicially defective with a
large number of pores, the simulations on the intially ddfeet samples are still
informative by showing qualitatively sensible trends efl®@ond breaking. As shown in
Figure 2.13 D decomposition duringd202/Os/L1 was substantially faster compared to
peroxonationand the highest decomposition ratelp®./Oz/L1 was 3.5etimes larger than
that in peroxonation(0.0420 versus 0.0120%s More interestingly, the presence lof
changes the pathway of@Ns nanosheet decompositiofrigure 2.13. Nanosheet
degradation takes place mainly at edge sites under the attack oBR@l ( peri pher a
etching). | n cont r a’ldads totndneshestylegmdatipy from bothA OH a n

edges and the bulk (fragmentatiofhe simulation result is also supported by the fact that
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a significant amount of oxygen was introduce@GsN4 nanosheets only aft€s/L1 but

not ozonationKigure 2.10andTable 2.3.

*OH-driven decomposition in the dark

10% 50% 90%

*OH-driven decomposition with a photoinduced hole

(0)
10% 50% 90%
Figure 2.13Visualization of gCsN4 nanosheet decomposition during peroxonation and

photocatalytic peroxonation. 10, 50, 90% degradation indicated the number of

decomposed heptazine units to the number of total heptazine units in the nanosheets.
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Table 2.4.Comparison of experimental and simulation results-@kNs nanosheet

decomposition in peroxonation and photocatalytic peroxonation.

E_xperimental Calculated g
[ AQH] nitrogen CaNa

Sample Treatment (M) release rate ... hanosheets
mg (9 0f GCsN4)™" N jecgnposition

Avg.P Std.c Avg.P Std.¢ rates (s1)
D H202/03 2.81x10% 3.95x10 0.0195 0.00510 0.0120
14
D H,02/O3/L1 3.18x10%° 4.0%10 0.0657 0.0181 0.0420
14

2 Peroxonation and photocatalytic peroxonation

b Avg. refers to an averageteadystate hydroxyl radical concentration or an average
nitrogen release rate

¢ Std. refers to the standard deviationstdadystate hydroxyl radical concentrations or

nitrogen release rates

2.3.4 Photocatalytic performanceof fresh and aged gCsN4 nanosheets

We are interested in knowing how thghotocatalytic performancef g-CsNs
nanosheets changes after aging, because the research outcomes cannot only highlight
nanomaterial robustness in engineering systems butsalsd light on the lontgerm
ecological impacts of the nanomaterials once they are released into the environment. Four
organic contaminantsPHE, SMX, ATZ, and CBZ, were used for evaluating the
photocatalytic performance of both fresh and ag&€dNu nanoskeets. These contaminants
were selected because of their diverse chemical structures and properties, broad industrial,
agricultural, and biomedical applications, and persistence in the envirotfihidht.
Photocatalytic activity of ¢CsNsnanosheets for degrading the orgax@ntaminants varied

along with nanomaterial agind-igure 2.14). In general, compared to freshCgN4
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nanosheets, ozonation treated samples showed comparable or better photocatalytic activity
for degrading all selected contaminants, except for using M&BKbX degradation. In
contrast, almost all -@3N4 nanosheets treated after photocatalytic ozonatiafiL{p
showed reduced photoreactivity for contaminant degradation. Gentle oxidation by
ozonation could improve the photoreactivity ofCgNs nanosheets buextensive
nanomaterial degradation and disintegration after photocatalytic ozonation could impair
their reactivity. Our study provides a first insight intaCgN4 nanosheet aging and its
impact on photoreactivity, and holistic future work is needed taiat@the production of
reactive oxygen species, contaminphbtocatalyst interactions, and the structacgvity
relationship of contaminants in photocatalysis for both fresh and aged photoreactive

nanomaterials
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Figure 2.14Photocatalytic performance of fresh and ag€tilg4 nanosheets for
contaminant degradation. PHE, SMX, ATZ, and CBZ refer to phenol, sulfamethoxazole,

atrazine, and carbamazepine, respectively.
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2.4 Environmental Implication

Since the coexic‘igtaqitecanmanfin pAo@thtalpssHP? otr
research first highlights the need for developing robust photoreawivematerialgor
catalytic applications. As a visiblgght-responsive photocatalyst;@N4 holds promise
for water purification and disinfection, renewable energy production, and aalded
chemical synthesit&®°with the prerequisite that the material maintains its performance in
long-term reactions. However, the photoreactivity €€4N4 nanosheets varied along with
the nanomaterial aging, which calls for an urgent need for fabricating uimtsteactive
nanonaterials In addition, M2, the one showing a better photocatalytic activity than D
even after aging, decomposed faster and released more undesired byproducts that may
induce secondary pollution during applications. The intrinsic high photoreactivity of g
Cs3N4 nanosheets could significantly harm the integrity and -kemgn activity of this
photoreactivenanomaterialwhich creates a dilemma. By elucidating the importancé of h
in g-C3N4 decomposition, several strategies are recommended to enhance thetyarfgevi
g-CsN4. For example, we can construct esgheme structure of-@zNs with another
semiconductor, and the on gC3N4 can be neutralized by thee of that semiconductor.
By doing this, we not only improve photocatalytic performance but also extefitetme
of g-CaN4. This strategy can also be used to protect a broad spectrum of other photoreactive
nanomaterialsvith lower stability in a mulicomponent photocatalytic system. In addition,
g-C3N4 photostability could be improved via physical segaratn o f  AdQridg teen d  h
reaction. MostgCsNas amp |l es ar e not abdxidation of wgier,dué uc e AOF
to a lower energy level of the valence band-@:il4s compared to the reduction potential

of AOM?¥AHowever, gCsNscan produce AOH via sequent
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protonation of @by photoinduced electrons on the conduction band@iNy and protons
near the material. Building a photoelectrocatalytic system withNy as the photoanode
could physically avoidtheee x i st e nc e *anfneadgCiMNy, i.a.ffch nld AOH ar e
generated on the anode and cathode, respectively, which increases the longe®ify0f g
Prior to engineering applications,tleorough study of photocatalytic pemisance and
n an o ma tstability ia lecordmended.

Our research also highlights how greater attention should be paid to the unique
environmental transformation and fate of photoreaaivgineered nanomateriaighich
is distinct from norphotoreactive nanomaterials AOH i s ubi quitous
environments, and can be produced by the photolysis of nitrite, nitrate, and dissolved
organic matter as well as phefenton reactions in an aquatic environnfénthe
photocheni ¢ a | formation rate of AOH in sunlit fr
107 and 1 M h'l, with a steadystate concentration of #0 and 10 M,
respectively?®104195|n addition, microbial activities and overturmduced aeration of
anoxic bottom water canepamdunt ADHgénet hted
be comparable with that of photochemical processes in some waterfdigsen though
the amount of AOH produced in natural envir
aging systems (tbMh') , t he cumul ati ve effect eof AOH c
term decomposition of -@3N4. Due to the excellenproperties of ¢CsNs4, the mass
production and broad application of the nanomaterial is expected in the foreseeable future,
and its release into natural aquatic environments is inevitable. Once rele@sbid,ngay
undergo photeaccelerated fragmentation dar light exposure (e.g., daytime in shallow

water) but slow oxidation in the dark (e.g., nighttime, deep water, or in the sediments), both
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att ac k e d-CsNspnandsieets mogphology and properties may also be different after
aging with and without lighexposure, which could determine distinct adverse impacts of

the nanomaterial on ecological systems and human health. In addition, the nitrate and
soluble organic fragments released during aging may also pose adverse impacts on humans

and other organisms.
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Chapter 3: Transformation of Graphitic Carbon Nitride by Reactive Chlorine

Species: fAWeakodo oxida&nts are the mai

3.1lIntroduction

Reactive chlorine species (9 , | i ke chlorine atoms (CIlA),
(Cl1 OA) dichlaimedadical anionéCIZA), have attracted great attention for AOPs in
recent year$?°3100198 gnd they can be produced through ultraviolet light (debvated
photolysis of free chlorine and monochloramtfé’? 11 Moreover, emerging technologies
such as photocatalysis, electrocatislyand photoelectrocatalysis have been discovered to
produce a high concentration of RCS for effective pollutant cof®tféft®11e Similar to
AOH, RCS are also ubiquitous in natur al agu
and seawater, and they are generated throug
oxygen {O,), and photoexcited DO¥P32 RCS are more selective t
oxidati on p d4.85tv$ SHE, stantard®ydloget dectrode) is comparable
to AOH and it shows quite chntamihants (especitlly vi ty t
substituted aromatics) with reaction rate constants ranging fréno 1@° Mt gt114.115
Cl* is less reactive but more selective, prefer to attack olefins and aromatics

containing hydroxyl or amino groups with the reaction rate constants ranging ffdm 10

2 Adaptedfrom Li, M.; Durkin, D. P.; Waller, G.; Yu, Y.; Men, Y.; Ye, T.; Chen, H.;

Shuai, DTr ansf ormati on of graphitic carbon nitri
oxidants are the main playe(einderreview) The computational simulation was carried

out by Dr.Hanning Chen.
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10°M1st11718c | O A=1.6-1E8 V vs SHE) reacts rapidly with phenolates and aromatics
possessing methoxy groups with tieaction rate constants ranging fronf i1 M1 s
1107.119A major concern associated with RCS is the possibility of producing halogenated
byproducts which may pose adverse impacts on human beings and eco$y&téins.

As apromising photoreactive engineered nanomaterial with interconngttiedines
or heptazines unitgrCsN4 hasfound broad applications in catalysis, pollution control,
membrane separation, chemical sensing, and beyi#%? For example, €CsN4 has
been used to activate free chlorine and gen
organic micropollutants in photocataly$?$ However, recent studies have discovered one
significant limitation of gC3sNa for engineering applications:-@sN4 can decompose
rapidly in an oxidative environment and loses its structural and chemical integrity. Though
g-C3N4 was stable under the attack of, ®:0,, and QA, AOH coul d tear hep
apart from the g-3sN4 framework to release cyameluric a@dd nitrate in an aqueous
environment® and the assistance of photoinduced holé} ifh photocatalysis further
exacerbate the decomposition e€gN4 nanosheet®* Fast seHdecomposition of ¢C3Na
was also discovered in an inert gaseous environment with the presence af &Cn
photocatalysis, and the chemical instability e€gN4 was attributed to the synergy of
adsorbed hydroxyl groups and photoinduced chafeereover, considering the global
commercialization and extensive application of engineered rateoias like gCsN4
nanosheets, incidental release and inappropriate disposal of these nanomaterials into nature
are inevitable, which may pose serious and increasing environmentafi€k€®The
transformation of nanomaterials in nature alsterminegheir adverse impacts on human

health and threats to ecosystems. RCS are important and abundant radicals in both
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engineering and natural systeniut their critical role in degrading and aging engineered
nanomaterials like-@€3N4 nanosheets is unknown to date.

In this study, we investigated the transformation @sls nanosheets under RCS
attack by integrating reaction kinetic evaluations, aded spectroscopic and microscopic
characterizations, and molecular simulations. We prepared 4@sNgnanosheets, one
with more defects, edges, and pores compared to the other, and evaluated their degradation
kinetics with the presence of free chlorimedaRCS (i.e., chlorination and photocatalytic
chlorination). Next, molecular simulations were conducted to understand the reaction
mechanism of how free chlorine and RCS atta€klgs nanosheets. Surprisingly, it was
di scovered t had tapidg HegrddedagbuNd hamoshe&d, though they are
generally considered weak oxidants. This observation could be attributed to the feasible
electrophilic attack of Hbhue mart o sChl ede. t sMobrye oG
photoreactivity of freechlorine and RCS aged@N4 nanosheets was characterized and
free chlorine oxidation possibly removed nanosheet defects and improved the
photocatalytic activity for degrading persistent organic micropollutants. Our work is novel
because it provides thadt insights into the fate, transformation, and reactivity-G&iy4
nanosheets under RCS attack to understand their behavior in engineering and natural
environments. Research outcomes provide guidelines for designing advanced engineered
nanomaterials wittmproved robustness and reduced adverse environmental impacts for

practice.
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3.2 Materials and methods

3.2.1 g-C3N4 nanosheet transformation induced by free chlorine and reactive
chlorine species

120 mg of D or M2 was suspended in 120 mL of a 100 mMpdtede buffer (pH 7.5)
in a 125 mL polytetrafluoroethylene/silicone lined glass septa jar. An appropriate amount
(0.181.1 mL) of sodium hypochlorite solution (136 ¢ bf free chlorine) was added to
the jar to reach a free chlorine concentration of 200, &nd 1200 mg'L A much higher
concentration of free chlorine than that for disinfection was used becaGsHsg
nanosheets were relatively resistant to free chlorine oxidation and the photocatalytic
chlorination treatment consumed free chlorine rgp(details inSection 3.3.1 The jar
was kept in the dark or irradiated with a ligdmhitting diode (LED, 7 W, 395 nm) for
chlorination and photocatalytic chlorination, respectively, and treatment systems are
denoted as @{200/500/1200 and Photol>-200500/1200.The jar showed negligible
absorption of the 395 nm photons generated by the LED light source. Under LED
irradiation, gCsN4 nanosheets were excited to producanel i, and the eand H reacted
with free chlorine to produce RCS and then degtap@€sN4 nanosheets (details 8ection
3.3.2. The concentration of free chlorine was determined with a drop count titketsmd
commercial test kit (HACH, model GB5, 1-20 mg LY). All experiments were performed
with at least three independent replicates.

After treatmentgxcessivesodium thiosulfate was added to quench residual oxidants,
and aged ¢sN4 nanosheets were harvested by ultracentrifugation at 30,000 rpm (108,860

g, Beckman JXN30).
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Details aboutJV-vis diffuse reflectance spectroscopy can be founBlection 2.2.2
The bulk carbon, hydrogen, and nitrogen contents in samples were quantified with a CHN
analyzer (Exeter Analytical CE440). The mass percentage of chisasaneasured via
the Schoniger oxidation method and a Thermo Scielfifirion™ lon Selective electrode
with the Chlorine Combination Probe. Specifically, the powder samples were weighed out
into a paper flag and fit into a platinum holder that is attddb the stopper of a Schoéniger
oxidation combustion flask. After lighting, the paper flag with the stopper was placed into
the oxygerfilled flask, and the flask was sealed tightly to allow the flag and compound
burnt thoroughly. Simultaneously, the fusneere absorbed by the absorption solution in
the flask. The solution was then analyzed by the chlorine combination probe and the results
wereconverted to the weigigercentage of chlorine.

The surface elemental composition and oxidation state of C,,Nan@® Cl were
characterized by XPS (PHI 5000 Vedagsourdel ) wi t h
(1486.6 eV). All tests were conducted under an ultrahigh vacuum condition (pressure of
2x108 Pa). A hemispherical energy analyzer was operated with sacomstss energy of
23.5 eV to capture and analyze the escaped photoelectrons. The analysis area of each test
was 200 um x 1 mm, and it provided information down to 10 nm below the surface. The
Cls peak at 284.5 eV was set as the baseline and used toin@wtier peaks. CasaXPS
was used to analyze the data.

3.2.2 Determination of aging products after gCsN4 nanosheetstransformation
induced by free chlorine and reactive chlorine species

The supernatant of -GsNs4 nanosheets after (photocatalytic) chlorination and

ultracentrifugation was filtered with a Omn polyvinylidene difluoride syringe filter for
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further analysis. The concentration of anions in the filtered supernatant was determined by
ion chromatographylC, Dionex ICS1100; Dionex lonPdé AS18 column) using 10 mM
NaOH as the eluent and 0.25 mL nhias the flow rate. The concentration of released
organic compounds was analyzed by a TOC analffemL of supernatants were then
freezedried to obtain wh& powder. The powder was a mixture of salts and released
organic compounds from-@sN4 nanosheets. After redissolving the powder in 4 mL of
ultrapure water, ultrperformance liquid chromatography coupled with a Hriggolution
tandem mass spectrometer (IPRHRMS/MS, Q Exactive, Thermo Fisher Scientific) was
used to analyze the solution. Specifically, a 10 pL sample was loaded onto an Xbridge
BEH C18 column (particle size 3.5 um, 2.1x50 mm, Waters) and eluted withpoaeo
water (amended with 0.1% formicid, mobile phase A) and methanol (amended with
0.1% formic acid, mobile phase B) at a flow rate of 350 pLwith the gradient as
follows: 5% B for 01 min, 5%95% B for £16 min, 95% B for 1&1 min, and 5% B for
21-26 min. The detection was conductadh full scan negative ionization mode on high
resolution mass spectrometry at a resolution of 70,000 at m/z 200 and a scan rate of m/z
50-750. The data were analyzed with Xcalibur 4.0 (Thermo Fisher Scientific), and
cyameluric acid (eHsO3N7) was confimed to be released as a dissolved organic
compound during the photocatalytic chlorination of D and M2 with electrochemically
produced free chlorine.

A gas chromatographmass spectrometer (G@S-QP2010 SE, Shimadzu) equipped
with an auteinjector (AOG20i) and a 30 m length x 0.25 mm ID x 1 um phase thickness
SH-Rxi™-5Sil MS capillary column was utilized to detect chlorinated organic compounds

in supernatants. For the analysis of trihalometiah®? an Oasis HLB soligphase
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extraction (SPE) cartridge (60 mg senb per cartridge, particle size of 30 um, Wat¥ys
wassequentiallyprecleaned with 5 mL of methanol and 10 mL of ultrapure watezn,
50 mL of syringefilter purified supernatants were loaded onto the SPE cartridge at a flow
rate of 5 mL mirt. Another 5 mL of ultrapure water next passed through the SPE cartridge
to remove contaminants, and finally 1 mL of MTBE was used to elute retained organic
compounds at a flow rate of 2 mL rinl pL of samples was injected into the &S
with the splittessnode and the injection temperature wa
was maintained at 1 mL mirin the GC column. The column temperature was kept at 30

for 8 min then increasandd ttoel4dd at a40 a rfadre
min.Nextt he col umn temperature was pr dutilammed a-
it reached 240 , and then the temperature
was set at 200 while the transfer | ine fr.
operatedn the electron ionization (EI) mode and the analysis was performed in the selected
ion monitoring mode.

For the analysis of halogenated acetic acids (HAA: monochloroacetic acid,
dichloroacetic acid, and trichloroacetic acit)*? 2,3-dibromopropionic acid and 1,2,3
trichloropropane were used as a surrogéaedard and an internal standard, respectively.
Specifically, 20 pL of the 2;8libromopropionic acid surrogate standard (0.5 mg)wias
first added to the supernatants and the pH was adjusted to <2 with sulfuric acid. The Oasis
HLB cartridge was then vgaed with 5 mL of methanol and conditioned with 10 mL of
acidified water (10% b5OQw v:v). 50 mL of the acidified supernatants next percolated
through the cartridge at 5 mL mimnd 5 mL of acidified water (109,80, v:v) was used

to rinse the cartridge trward. The cartridge was left to dry for 10 min at room
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temperature. 5 mL of acidified methanol (10%Siy v:v) and 4 mL of MTBE were used

to elute retained HAAs from the cartridge and the eluted solution was subsequently
collected in a 20 mL conical arabglass tube. A polytetrafluoroethylene (PTFE) lined
solid cap was used to seal the tube and the
HAAs to their methyl esters. After cooling
sodium sulfate solutin (150 g ) was added. Next, the glass tube was vortexed for 5 min

and left to settle for an additional 20 min. The aqueous layer in the glass tube was discarded
before 1 mL of sodium bicarbonate solution (89%) was added to neutralize the organic

phase. The glass tube was then vortexed for another 5 min and left to settle for 20 min. 0.5

mL of the MTBE extract was transferred into a-®IS autosampler amber glass with 5

mL of 1,2dibromopropionic acid (0.5 mg mf) as the internal standard. FinallypuL of

the MTBE extract with the internal standard was analyzed bySGan the splitless mode

with an injection temperature of 250 . The
mintin the GC column. The col umn tHerimmasedat ur e w
to 110 at atamat dedfd @&t 1rmiOn for another

temperature was programmedluwnittihl ai tr arnepai cnhge dr ¢
and then the temperature was held for 2 min. The source temperatise ws et at 180
while the transfer Iine from GC to MS was sc¢
mode and the analysis was performed in the selected ion monitoring mode.

The organic compounds were identified by comparing the EI spectrum and the
chromatographic retention time with those of standard solutions. The detection limit of
trichloromethane was 0.08 mg*lwhile the detection limit of monochloroacetic acid,

dichloroacetic acid, and trichloroacetic acid was 0.1 rmg L
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3.23 RCS semiquantification and presence/absence analysis

To quantify the generated rz%)mphbtbcataalyti(species

chlorination, nitrobenzene (NB), benzoic acid (BA),-dlithethoxybenzene (DMOB), and

CBZ were used as probe compourtfs’**3Br i ef l y, NB only reacts
reacts with AOH and Cl A, DMOBdJOGBZlegctswithact s
all radicals Table 3.1). NB, BA, DMOB, and CBZ were resistant to direct photolysis, i.e.,
photolysis in a 10 mM phosphate buffer (pH 7.5) under LED irradiation (7 W, 395 nm)
without ¢CsN4 nanosheets and free chlorine. However, both DMK3RBos,photg and CBZ
(kcBz,Phot9 Were abated through direct photocatalyatbout free chloringTable 3.2, i.e.,
photocatalysis with @3N4 nanosheets in a 10 mM phosphate buffer (pH 7.5) under LED
irradiation (7 W, 395 nm). Therefore, the degradatmetics of NB, BA, DMOB, and

CBZ in photocatalytic chlorination was expressed as equatiora . After integration,

the relationships between radical concentrations andofidgtr degradation kinetics of

probes were established as equations3385
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The initial concetration of NB, BA, DMOB, and CBZ was 2, 2, 20, and 20 uM,
respectively. As shown imable 3.1, NB only reacts with AOH; BA
and ClA; DMOB can be oxidized by AOH, cCI A,
the attack of these four radls. A probe was spiked into@Ns suspensions at the
beginning of each reaction (~10 min) and samples were collected continuously for up to 1
min. HPLC was used to determine probe concentrations and degradation kifetis (

2.1). The radicalconcentrations were calculated for the initial stage of each treatment.
Specifically, probes were added independently for quantifying radical concentrations
(Table 3.2. Control experiments of probe photocatalytic degradation were conducted in a

100 mM phaphate buffer (pH 7.5) with the presence €Z#\4 nanosheets. DMOB and
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CBZ were susceptible to photocatalytic degradation while the removal of NB and BA was
negligible {Table 3.2 . Therefore, negl i gi-GMNsbaseh OH wa's
photocatalysis wheftee chlorine was absent, and the contribution of direct photocatalysis
should be deducted from the degradation kinetics of DMOB and CBZ when determining
the concentr a tzAiincptnntoaathlyti@dhl(i)iﬁatimT(atﬂe 33

When the initial conentration of free chlorine in photocatalytic chlorination increased
beyond 100 mg t, direct free chlorine oxidation of DMOB and CBZ could not be ignored
anymore Table 3.2, and accurately quantifying reactive species became challenging.
Fortunately, wavere still able to use probe tests to validateaihsenceand presence of
AOH and RCS, by ¢ o mp aorder nrgpction rage ofmmabesur ed  f i
photocatalytic chlorination with that in direct photocatalysis and direct free chlorine
oxidation. Whenthe initial free chlorine concentration was 1200 ni§ ho obvious
degradation of BA was observed, Tabed88.i ng t hat
Meanwhile, the measured firstder degradation rate of DMOB and CBZ in photocatalytic
chlorination Column 1 inTable 3.3 was much larger than the sum of the degradation rate
constants in direct photocatalysis and direct free chlorine oxidation (Colummablie

33, further proving trhirephgiocataytie chionationf Cl1 OA an ¢
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Table 3.1. Secondorder reaction rate constants of probes used for detecting the

concentrations of AOH and RCS.

Probe  pKa of the probe Radical Secondorder reaction rat¢ Reference

constant (M s1)?

NB -8.6 FOH 3.9x10 53119
BA 4.2 FOH 5.9x10 53,119,133

CIA 1.8x10°

Cl OA <3x10
Cl 2x1(0P
DMOB -4.5 fOH 7.0x10 °

CIA 1.8x10°
Cl OA 2.1x10
CBZ 15.96 AOH 8.8x10 o
CIA 3.3x10°
Cl OA 1.97x1G
Cl* 4.3x10
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Table 3.2. Probe degradation kinetics under direct photocatalysis and direct free

chlorine oxidation.

Probe Probe initial Reaction rate constant « Reaction rate constant «
concentration direct photocatalysis direct  free chlorine
(LM) (Kexp,phota SY)? oxidation (Kexp.ciz S)P

NB 2 Negligible Negligible

BA 2 Negligible Negligible

DMOB 20 (1.93 + 0.40) x10 (2.54+ 0.24) x10*

CBZ 20 (3.62 + 0.92) x10 (1.98+ 0.39) x10*

2D loading of 100 mg &, phosphate buffer (10 mM, pH 7.5), no free chlorine, and
LED light irradiation (7 W, 395 nm)
® Free chlorine concentration of 100 mg, [phosphate buffer (10 mM, pH 7.5), and in

the dark.
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Table 3.3. Presence and absence of radicals in photocatalytic chlorination.

Column 1 2 3 4 5
Probe Reaction rate constant ' Reaction rate constant « Reaction rate constant  Kexpphotot Radical presenc:
photocatalytic chlorination direct photocatalysis direct free chlorine  Kexp,ci21200 and absence
(Kexp,Photeciz-1200, S )2 (Kexp,Phote S2)P oxidation
(Kexp,ci21206 S1)°
BA Negligible Negligible Negligible Negligible No AOH
was present
DMOB (2.44 + 0.47) x18 (1.64 +0.13) x10 (5.42 + 0.54) x18 (5.59 + 0.55) C| OA wa ¢
x103
CBZ  (1.14+0.39) x18 (4.27 + 0.08) x10 (3.74% 0.31) x1C° (417 £ 0.32) C| OA a nA
x103 were present

2D loading of 1 g X, phosphate buffer (100 mM, pH 7.5), figidorine concentration of 1200 mgtLand LED light irradiation (7
W, 395 nm).
b D loading of 1 g t2, phosphate buffer (100 mM, pH 7.5), and LED light irradiation (7 W, 395 nm).

°D loading of 1 g %, phosphate buffer (100 mM, pH 7.fge chlorine concentration of 1200 mg,land in the dark
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3.24 Computational simulation

As shown irFigure 1.1, g-CaN4 nanosheets were modeled &8 & heptazine supercell,
which was connected by tertiary amine groups and terminated by primary and secondary
amine groups. A thregimensional simulation box as large as 120 200A 3 120A with
U=90A, b=60A, and 9=90A wa sto peribdiphoendaryt o di mi
conditions. Unless otherwise specified, all simulations were carried out by theayree
CP2K packag@ with the GTH pseudopotentiél, PerdewBurke-Ernzehof (PBE)
exchangecorrelation functiort?* implicit solvation effect®® with a dielectric constant of
78.4, and PVDZ basis sé&tToreveat he el ectrophilic attack eff
Cl*, and OClon gCsN4 nanosheets, the interaction geometries between reactive species
and the nanosheets were optimized in the inifg) {ransition &), and final &) states
before calculating the associated enthalpy changé® ( ®'Y @®"Y ) and
activation enengs (YO WY Y ). Specifically, the Broydefrlectcher
GoldfarbShanno (BFGS) algoritht¥f was employed to locat® and S= by minimizing
their energies to local minima, whereas the climbing imagged elastic band (INEB)
approack®’ was utilized to ascertair with 8 images sequentially connected by springs
featuring a harmonic force constant of 0.5 Hartree Bohr

3.3Resultsand discussions

3.3.1Chlorination of g-CsN4 nanosheets

Two different gCsN4 nanosheets, i.e., D and M2, were synthesized, and they have
comparable lateral sizé¥ However, M2 has more pores, edges, defects, and higher
photoreactivity, as demonstratedSaction 23.1124To effectively age €CsN4 nanosheets,

a high initial concentration of free chlorine (HOCIl/Q@®@Vas used (200, 500, and 1200 mg
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LY for chlorination in the dark, amdtrogen release was monitored to reflect the extent of
g-C3N4 decomposition. Nitrate but not nitrite was detected by IC. Although only a small
portion of free chlorine was consumeigure 3.1), D was continuously degraded to
release nitrate for up to 8(Rigure 3.2a). When the free chlorine concentration increased
from 200 to 1200 mg t (Cl>-200 versus G+1200), the average NRR throughout the 8h
treatment disproportionally increased from 0.035 £ 0.007 to 0.081 + 0.011 mg of N (g of
g-CsN4 nanosheetd) hl, We speculate that free chlorine only attacked the defects of g
CiNsnanosheets on edges. Similar to AOH oxida
resulted in the slow decomposition 6f0gN4 nanosheet¥?* In addition, M2 released 4.5
times more nitrate than D when it was treated with 1200 thgflfree chlorine Figure

3.2a), further proving that M2 with more pores, edges, and defects was prone to

degradation.
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Figure 3.1 The free chlorine concentratialuring the aging processes of D and.\@&-
200/500/1200 and Photol>-200/500/1200epresent chlorination and photocatalytic
chlorination of gC3N4 nanosheets with an initial spiked free chlorine concentration of

200, 5000r 1200 mg ttin 100 mM phosphate buffer (pH 7.3)he error bars represent

average = standard deviation.
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Figure 3.3 Initial distributionof reactive species photocatalytic chlorination with low

free chlorine dosages.
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332Producti on of2iCthephotoeatalgtic chlorinafion of g-CaNa
nanosheets
HOCI and OCI (pKs=7.5) could absorb UV light (<340 nm) and produce radical
species efficiently>4’Since the LED light source usatthis study had a central emission
wavelength of 395 nm (ranging 38@0 nm), the direct photolysis of free chlorine for
producing radicals was negligible-G3N4 nanosheets, by contrast, can be activated and
produce ch (R3.2) effectively.“3'4402As ubsequently reacts with HO
and GpP)And(siRultaneously Cl@an be activated by ® generate 6(R3.3) which
is next protoffEAeOH wobl fobe AOH&NEICI/ACt avenged

to form €&l ON,AAFaied.2)C |

0 QOGER Q pdo pmO i Yo
00 6 abfF OGO 6a Oh Q x® pmd i Yo
Salb Q 0% 6ah Q x& pmd i Yo

NB, BA, DMOB, and CBZ were used as?probes
concentrations>!17:133e first tested radical concentrations at low free chlorine dosages
(420mgl), and AAHwane Gnly present when the f
was 4 and 10 mgt(Figure33) . Wi th the increase of the fre
but more ClI OA was observe d®* Wenexstésted RCBt wi t h
concentrations at high free chlorine dosages beyond 100'mgland AOH and CIl A
negligible Table 3.3). However, direct chlorine oxidation of DMOB and CBZ at high free
chl orine dosages interfer é:ld&(TwhleB.B).V\tefomdquant i f
the measureseudsfirst-order degradation rate constants of DMOB and CBZ in

photocatalytic chlorination were larger than the sum of the degradation rate in direct
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photocatalysis (photocatalytic oxidation of probes B9s:i4 nanosheets) and direct free
chlorine oxidation (probe oxidatin only by free chlorinf), indi
played a key role in probe degradati on. B e
photocatalytic chlorination with a high free chlorine dosage (200, 500, or 1200%)ng L
Cl OA was hencan impatann RASfwihereds -Simsght be present in
photocatalytic chlorination. Il n contrast, n
and free chlorine (HOCI/OQlwas the dominant oxidatt® 142

3.33 RCS-induced gCsN4 nanosheets aging

In contrast to chlorination, free chlorine was rapidly consumedrtoo duce ClI OA and
ClA (Figure 3.1, dash lines) in photocatalytic chlorination, and simultaneously D was
oxidized and degraded to release more nitr&igufe 3.2b) and dissolved organic
compounds Kigure 3.4). When the initial free chlorineoncentration was 200 mglL
(PhoteCl>-200), with the rapid consumption of free chlorine, tin®-hour averaged
nitrogen release rate (NRBJ) D decreased from 0.56 to 0.28, and to 0.16 mg of N (g of g
CsNsnanosheets)h for 0-2, 24, and 46 h treatnent. The twehour average#iRR was
negligible for the photocatalytic chlorination of D ir86h treatment, possibly due to the
depletion of f ree c B Iocreasim@ theainitidl fre@ Icidoline and/ or
concentration to 500 mg-L(PhoteCl>-500), the two-hour averagedNRR of D only
slightly decreased after 6 h treatment. As for the photocatalytic chlorination of D with 1200
mg L initial free chloine concentration (PhotGl,-1200), NRR maintained well for 8 h
treatment, showing the importancé a relatively high free chlorine concentration in
sustaining the pr o/tl Mxhtdi aenoch bigheighth@uAaveaageatl/ or C|

NRR when compared to D: 1.5 £ 0.2 versus 0.61 + 0.01 mg of N (@eflignanosheets)
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! i for PhoteCl>-1200 in8 h treatmentHigures 3.2b). This is because M2 had higher
photoreactivity, enabled morédl§ge ner at i on, and pzﬁ’ pooduotibore d  C| OA
in photocatalytic chlorination. In addition, M2 had more pores, edges, and defects which
rendered higherusceptibility to oxidation.

3.3.4 Aging products of gCsN4 nanosheets

We first evaluated small and soluble compounds that were released f&hu g
nanosheets during all treatments. In addition to nitrate, soluble organic compounds
including cyameluric ad were released from D and M2 after aging. Particularly,
photocatalytic chlorination resulted in an increased release of soluble organic compounds
than chlorination, which agreed withe nitrogen releasesults. The reactions of organic
matter with freechlorine and RCS always raise concerns in producing chlorinated organic
byproducts®!43144 so we also evaluated the production of trichloromethane,
monochloroacetic acid, dichloroacetic acid, and trichloroacetic acieCisNg nanosheet
aging. All byproducts were below the detection limit (i.e., 0.08 rhipk trichloromethane
and 0.1 mg [* for haloacetic acids), indicating thatGgNs nanosheet aging by free
chlorine and RCS was less likely to generate trihalomethanes and haloacetic acids.

We next investigated the morphological, physical, chemical, and optical properties of
0-C3N4 nanosheetsfter aging. Bulk composition analysiSaple 3.4 indicated that ClI
was introduced to both D and M2 after all aging treatments. XPS analgsonfirmed
the introduction of chlorine onto the@N4 nanosheet surfaand indicated an increase
of surfaceoxygen content Table 3.5 and 3.6). More importantly, G&Cl bonds were
observed on the surface of the treatggklys nanosheetsl@bles 3.5and3.6, Figure 3.5).

The atomic percentage of covalently bonded CI at the surface ranged 2&6 3. at%
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(i.e., ca.71-78 % of the XPS measured chlorine, with remaining chlorine existing)as Cl
for treated g€CsNs nanosheet s. Surprisi nﬁln(wced raucht hough
faster decomposition of-GsN4 nanosheets than free chlorine, photocatalyticratdtion

did not introduce more <€l or CI" than chlorination. No significant differende ClI
contents was found between D and M2 after the treatrifabtds 3.43.6). These results

were in contrast with ozonation and photocatalytic ozonation-@iNg nanosheetsin

which the synergistic attack of holes and hydroxyl radicals not only lead to faster
degradation of ¢C3sN4 nanosheets but also introduced much more oxggetaining
groups compared with the attack launched by hydroxyl radicals'8tiye speculate that

Cl OA a QAdp’ertmn”n a& tatalystso transfer electronsn decomposing @3Na
nanosheets, and they were less likely to be incorporated into the bulk framework. It might
also indicate only limited sites or@Ns nanosheets were amenable to RCS attack, but
further studies are needed. Moreovanr,ircrease in the atomic percentagesofface
oxygen was observed in agedCgN4 nanosheets based on XPS (from 3.6% before aging
to 4.6% after aging,Table 3.5, but the result also did not bias between treatment
conditions (chlorinatiorversusphotocatalytic chlorination). The band gap oabd M2

was marginally changed after photochlorination dfiduyre 3.6) but the introduction of

Cl atoms and the increase of surface oxygen conteti¢s 3.5and3.6) could tailor the

electronic properties of-§zNs nanosheets and consequent photoreaytivi
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Figure 35 X-ray photoelectron spectroscopy oflRer chlorination and photocatalytic

chlorination
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Table 34. Bulk elemental composition ofG3N4 nanosheets after treatment

Samplée? C (Theoretical N (Theoretical H Cl
39.1%) 60.9%)
D 33.7% 58.7% 1.89% Not
detected
D-ClI>-200 32.5% 56.8% 1.83% 0.89%
D-ClI>-500 32.3% 56.3% 1.80% 0.83%
D-CI>-1200 32.7% 57.4% 1.76% 1.68%
D-PhotoCl»-200 32.9% 57.4% 1.87% 0.59%
D-PhotoCl»-500 32.6% 57.0% 1.89% 0.85%
D-PhoteCl>-1200 31.9% 55.7% 1.78% 1.51%
M2 34.2% 58.8% 1.54% Not
detected
M2-Cl>-1200 33.1% 56.9% 1.39% 1.63%
M2-PhoteCl>-1200 33.0% 56.6% 1.34% 0.95%

@ Sample D or M2 loading of 1 g, phosphate buffer (100 mM, pH 7.5), in the dark
or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial free chlorine

concentration of 200, 500, or 1200 mg (denoted as @200, Cb-500, or C4-1200.
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Table 3.5.X-ray photoelectron spectroscopy of fresh and ag€dNy nanosheets,

regarding the carbon, nitrogen, oxygen, and chlorine elemental composition (at%).

Samplé? Atomic percentage (at%)

Cls N 1s O 1s Cl2p
D 52.4 44.0 3.6 Not detected
D-Cl>-1200 40.3 534 4.6 0.7
D-PhotaCl>-1200 40.8 54.3 4.3 0.4

2 Sample D or M2 loading of 1 g1, phosphate buffer (100 mM, pH 7.5), in the dark
or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial spiked free

chlorine concentration of 1200 mgtl(denoted as @{1200).

Table 3.6. X-ray photoelectron spectroscopy analysis of ag&bNy nanosheets,

regarding the relative percent chlorine with different bonding environments.

Samplé? Relative atomic percentader chlorine %
CI C-Cl

D-Cl>-1200 21.9 78.1

D-PhotoCl2-1200 29.4 70.6

2 Sample D or M2 loading of 1 g1, phosphate buffer (100 mM, pH 7.5), in the dark
or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial spiked free

chlorine concentration of 1200 mgtl(denoted as @{1200)
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Figure 3.6 UV-vis absorption spectra of (a) D and (b) M2. The insets show the band gap

analysis of fresh and agedd3N4 nanosheets.

3.35 Molecular simulations for the electrophilic attack of gCsN4 nanosheets by
radicals and free chlorine
We first simulated the electrophilic attack of radicals and free chlorine-@sNg
nanosheets by assuming the nanosheets efectrically neutral. Free chlorine was
abundant in all treatments. Basedonourerperin t al anal ysi s, 2RCS 1i ke
were produced in photocatalytic chlorination whei@sljls nanosheets were photoexcited
to produce #h" and possess localized charges. However, a localized & heptazine unit
of g-C3N4 nanosheets only has a lifetime of nanoseconds much shorter than the lifetime of
a radical, so most heptazine units are not photoexcited or charged under light irr§6iation.
In addition, radica produced on-@3Ns4 nanosheets in photocatalytic chlorination can
diffuse and react with heptazine units far away from where the radicals are originally
generated. Therefore, it is reasonable to investigate the interbetirenradicals and
neutral gCsN4 nanosheets. To reveal the efficacytlod electrophilic attack on -€sN4
nanosheets by free chlorine (represented®¢| andOCl) , A OH, CI A theCl OA, a
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geometries off, Sr, andSs states of the reactive species interacting with the nanosheets
were optimized. Then the associated enthalpy changes and activation energies were
evaluated a¥® ®Y ®"°Y andYO ®Y ®Y. Even though AOH
Cl A wer e n oexpefinnental detup, they evere considered for simulations to
compare the degradation mechanism-@kb4 nanosheets by diverse oxidants.

All electrophiles preferred attacking edgige instead of bulphase heptazines. As
shown inFigure 37a, t h atack @Hg-CsN4 nanosheeled to a short & bond of
141A,t herefore aff or diwda -3la4 kcabnoh(able e Goat i ve @
such an exother mic el &gaft.kpahmotidnot suapdsihg.t i on, i
For OCI (Figure 3.7b),the GC b ond remai ned aHxmd-64Kalj for a
mol? while qEactsoared to 13.8cal mof* for the additional energy to break theHbond
in the initial statewhen t he | ess oakattacket &-Csbls n&hbstekt r adi
(Figure 3.8a) , Hxdplunged to4.0 kcal mot for a weaker GC bond with a longer length
of 1.43 . As e X pEex@lsoeintreased toetlcal mai'aeeitathee d o
stabilized reactant i1 OA Dby r e s o rBy contrasttisetattackdaunchee fsy .
HOCI (Figure 3.7¢ Table 3.7) was thermodynamically unfavorable. Surprisingdy;*
(Figure 38b) ex hi bi t ed a E.adf @l kcaymohthagcbuidde asdrieed o
to the formation of a long and stableG#CI-N chain connecting two edgste heptazines
(the right panel oFigure 3.8b). Interestingly, a threatom chain such as-8I-N was not
sufficiently long, excluding the possibility dbrming an extra bridge between two
heptazine units with a ClIA. ClIidure@gaydral al t er n
nitrogen Figure 3.9b) atom on theg-CsN4 nanosheetNevertheless, both attacking

schemes r es ulHike(de., gHa = p.oksal moi'foeClgd attack on ca
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andgqHmn = 8.1kcal mot*for C| A at t a c)kmaking the additomd e A g-o t
Cs3N4 nanosheethermodynamically unfavorable.

Table 3.7. Calculated enthalpy changes and activation energies for the electrophilic
attack of A@HCIand HOClon@C:NhanosBeets with and without the

presence of a photoinduckdle

Reactive species Enthalpy changepHn  Activation energyop ket
AOH -31.4 1.2
Cl OA -4.0 4.9
OCr -6.4 13.8
HOCI 40.6 N/A
Cl? -10.1 0.1
ClA (attack 64 N/A
ClA (attack 81 N/A
AOHY ( h -8.9 3.1
Cl OA (h 12.2 N/A
Cl (h") -16.1 0.6
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AE, .~ 1.2 kcal mol!
O-C bond length: 1.41 A

AE, = 13.8 kcal mol’

c HOCI O-C bond length: 1.43 A

Figure 3.7 Optimized initial §), transition &), and final &) states whea g-C3N4
nanosheet i s a(b)C@cand@HBYYO( a o YA Ob"Y
White, cyan, and blue balls in the structure refer to hydrogen, carbon, and nitrogen atoms,

respectively.
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nanosheet

blue balls in the structure refer to hydrogen, carbon, and nitrogen atoms, respectively.

We next evaluated the attack of RCS and free chlorine on a photoeg«iisidy

nanosheet in photocatalytic chlorination. The constrained density functional'tiemy

employed to impose a net charge of +1 on the -sitgdheptazine thatag being attacked

on

Particul ar | yHus weee

el ectrophil e.

an

by

negat i Esgswaraldwerghan 5.0 kcal mbfor a discernable reaction rate in the

AOH

-launcheal Gttackfigure B8.10a), he ©C Horde

of l i ght

absence

increased to 1.4A from 1.41 A inS: with the presence of a photoinduced hole, resulting
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in a dr ast iHuxnfrens-81atlkcaltmofdors.9&dal magf. This 22.5 kcal mol

Lincrease stemmed from the reduced electrophilicity of the ionized heptazine, which also

i ncr eBsf®d 1.2p0 3.1 kcal mdl. In fact, the reduced electrophilicity further
flipped tHhm&€rsesmgneght ipve tTablep.9 makngitsatack or C| O
on theg-CsN4 nanosheehonspontaneous as shownHigure 3.10b. On the other hand,

the positively charged heptazine unit rendered a stronger electrostatic attraction to the
anionicCl* (Figure 3.10c), af f or di ng & ofalb.h kcal mof,evgilat i ve o
still ma i n tEadatr0i6 kcgl mat. Takemall tégettpr, the electrophilic attack

efficacy of the explored oxidants is orderedc#* > A OH > Cb O&IHACLOCI

Cl*and @hioDdre conventionally believed as weak oxidants when compate®td

a n d , eghibifa powerful potential in decomposigsN4 nanosheets.
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a Cl* on carbon

b Cls on nitrogen

Figure 3.9 Optimized initial §), transition &r), and final &) states when aGsN4

car bo

C | Whitepcyan, (@rad pluea

attacked by

S

nanosheet

balls in the structure refer to hydrogen, carbon, and nitrogen atoms, respectively.
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3.4 Environmental Implication

Free chlorine is one of the most widely usksinfectants for water and wastewater
disinfection, and it has attracted broad attention for AOPs in recent years because it can be
excited under UV irradiation and through catalysis to produce highly reactive RCS for
effective contaminant removal!12123133146g 5 promising photoreactive neaial, ¢
Cs3N4 has been intensively investigated for photocatalytic oxidation and environmental
remediation'?14"148Some pioneering studies have validated stoekent performance of
g-CsN4for RCS production and contaminant degradattf>Therefore, it is likely that
in the near future-@€sN4 will be used in engineering systems for water purification, and it
can ceexist with free chlorine and RCS. Our study revealed tha¢Ny nanosheets were
mildly oxidized in free chlorine, but they lost structural integrity and decomposed rapidly
undertte attack of /* ohicAalsafor dirgemtr atte@@tibn to the material
stability and robustness for lostgrm engineering applications. Our aging tests {0&y4
nanosheets were conducted with a higth free <c
Photocatalysis in a low dosage of free chlorine (<10 my hetter simulated the
engineering practice in water and wastewate
addition to RCS, further exacerbatingCgNs nanosheets decompositi&it.In addition,
treating gCsN4 with free chlorine can remove defecisfroduce covalently bonded
chlorine atoms, and alter the physiochemical propertidsich could find broad
applications for improwvig material photoreactivity.

RCS are also abundant in natural aquatic environments, especially saline water, and
they play a critical role in the chemical transformation of (hano)materials. Incidentally

released and inappropriately disposed-Giys canundergo RC8nduced transformation
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in natural aquatic environments and release byproducts like nitrate and cyameluric acid.
Though gCsN4aging was not found to release small chlorinated organic molecules in our
study, a thorough study should be conductsd leveraging higtresolution mass
spectrometry to understand the formation of halogenated byproducts. Covalently bonded
Cl was introduced to the-@sN4 framework after chlorination and photocatalytic
chlorination in our study, and thus@Nas oxidation byfree chlorine and/or RCS could
tailor the cytotoxicity, genotoxicity, and developmental toxicity of the material because of
organic halogen formatiott? 1! Future studies should focus on a thorough and systematic
toxicity evaluation of transformed-@sNs, including toxicity to humans and ecosystems
based on which the rational design and synthesis of nanomaterials with higher safety
standards may be realize@n the other hand, interdisciplinary collaborations are highly
needed to provide reliable and realistic risk assessmenrCgflgand other photoreactive
nanomaterials in aquatic environments. For example, advanced analytic methods along
with standardizé sample pretreatment protocols should be developed to quantify the
environmental concentrations of nhanomaterials. Systematic expetimented studies
regarding the environmental transformation, behavior, and toxicity of photoreactive
nanomaterials cabe conducted to collect sufficient quatdgsured data while robust
statistical algorithms should be developed to create predictive models for the evaluation of

upcoming nanomaterials.
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Chapter 4: Toxicity Evaluation of Fresh and Aged GraphiticCarbon Nitride:

Transformation Processes Make a difference

4.1 Introduction

Over the past decades, photocatalysts in nanoscales have been produced and utilized
on a large scale with a global market of $3.1 billion in 262% As a result, the incidental
release and inappropriate disposal of photoreactive nanomaterials become inevitable,
which raised concerns about their environmental imga¢ts® In addition, the commonly
used water treatment technologies in wastewater treatment plants are not effective in
removing nanoscale particles from contaminated wétér81° Incidentaly released and
inappropriatly disposed photoreactive nanomaterials may epdin natural water
reservoirs, water reuse systems, and even drinking water distribution systieens
nanosized photocatalystsindergo complex physical, chemical, and biological
transformationsThe environmental transformat®eould alter the structure and properties
of photoreactive nanomaterials and further resultsignificant changes intheir
toxicities®¥162 For example, fter developing a lalscale wastewater trement plant to
simulate the biological aging of Ag and Ti@anoparticles for -3 weeks, Anastasis
Georgantzopoulou et al. observed an increased ecotoxicoleffieetof the transformed
nanoparticle$®®By contrast, Al essia D6Agata et al
have a significant influence on the toxicity of nanosized,T6Ca marine bivalvéytilus
galloprovincialis'™®Whi | e Dr. Xubd6s group reported that

higher genetic toxicity of transformed ZnO to mammalian cells, Jason M. Unrine and his
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collaborators indicated that the toxicity of ZnO nanoparticles highly depended on the
specifc environmental transformation pathwa{$§1641®> Consequently, various
knowledge gaps and challenges regarding the environmental health and safety of nanosized
photocatalysts remain unaddressed, and there has been an urgent call for systematic risk

assessment of these nanomaterials to ecosystems and human beings.

The toxicity of two-dimensional (2D)nanomaterials highlydepends ontheir
interactions with biological systems, whidre influenced by the physicochemical
properties such as chemical corapion, size, surface functional groupbarge, oxidation
degreestructural defects, coatings, é{¢>°>165170 A5 a typical 2D naomaterial 85 mg L
1 of graphene oxide could remarkably inhibit the growttEotoli cells at a rate of over
90% after 2 h Y¥'Mareowrr draplene ardtgraghéhe oxide nanosheets
could induce degdation ofE. coli cell membranes by penefraj into lipid membranes
and directly extracing large amounts of phospholipideom lipid membrane$’? The
unique 2D structure with adi? carbongesulted in strong dispersion interactions between
graphene and lipids, further leading to the destructive extraction of lipid molé&ses.
an analog to graphene;@Ns is a visible lightresponsive 2D polymeric semiconductor
consisting ofsp? hybridized C and N ams* g-CsN4 has alarge areato-volume ratio,
adjustable morphology, and tunable band structarel has shown theotential for
versatile biomedical applications, including {maging, photodynamic therapy, bio
sensing, drug delivery, eté3175 Particubrly, the photoreactivity enablegtCsN4-based
nanomaterialsto exhibit superior antimicrobial propertighrough thephotocatalytic
generation of ROSthus finding applications inwater disinfection and pathogen

control®*2176Therefore, the past decade witnessed the burgeoning research and market for
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0-C3Ns-based materials, which increases the possibility of their release into nature and the
likelihood of complicated transformations in aquatic environméht&>

Surprisingly,the structureelated toxicity of gCaN4 has never been fully explored
which is dfferent fromits analoggraphene and itderivatives Since gCsNa4 can exist in
sheets of various layers and sizes, with different functional groups including carboxyl,
carbonyl, epoiie groupsand hydroxyl, thee may be significant differences in tiosicity
of various gCsN4 samplesFor exanple, triazinebased ¢CsN4 was found toexhibit a
higher toxicological effecon human lung carcinoma epithelia cells (A549) compared to
heptazinebased ong resulting from their differences in compositions, N/C ratios, and
bonding structure¥.’ Furthermore, considerirthe substantial influence of environmental
transformations on the toxicity of graphene oxiehe?%17%17&he toxicity ofg-CsN4 can
alsobe altered after aging in engineering settings and natural aquatimsyist@revious
chapters, w havedemonstrated thatGsN4 nanosheets were vulnerable to the oxidation
of AOH and R£&ndiCleOA) CIMoreover, th'eousynergi s
accelerate the oxidation and decomposition -@i:ly4, impairing the structural integrity
and photocatalytic reactivity. -SiNnmag AOH i s
undergo slow oxidation at night and phatocelerated fragmentation during the daytime,
both leading to the introduction of oxygeantahning functional groups to the surface. As
for RCSenriched natural environments,GgN4 nanosheets will beapidly decomposed
under the attack of € a n d .CAfted the RCSinduced transformation, covalently
bonded chlorine atoms were incorporated itite carbomitrogen framework, raising
concerns about the production of toxic halogebstituted compound&179183 |n

addition the reactive speciaaduced oxidation and transformatimnpaired thestructural
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integrity of gCsN4 and tailored itphotoreactivity as wellTheimparity of the structure,
the modification 6the surface bondingandthe alterationof the photoreactivity may
change the interaction betweenCgNs and biological system&’@1”® Therefore, a
systematic study into the influence of material aging on the toxicityGN\y is necessary
and urgent.

In this chapter, we aim to systematically study the toxicity of fresh and aged
(oxygenated and chlorinated}@N4 nanosheets to microorganisms and human cells.
Since bacterial communities are the foundation of natural aquatiensy and have high
sensitivity to environmental pollutiof4 18’ aquatic bacteria are good indicators of
contaminant stress on ecosystéffi$®®We first choseE. colias the planktonic bacterium
surrogate and. epidermidisas the bacterial biofilm model to elucidate the influence of
transformations on the toxicity 0f@sN4 nanosieetsThen, a human intestinal Ca2ccell
line was applied to investigate the toxicity of fresh and ag€eNg nanosheets to intestinal
crypt epithelial cellsSince gCsN4 demonstratetiigh biocompatibility and low toxicity in
a concentration range from 3 mgtlto 300 mg L*177"190192 this study usea relatively
high concentratiorf500 mg L* for bacteral toxicity evaluation and 8000 mg L for
cytotoxicity evaluationjo magnify the toxicity difference between fresh and ag€dNy
nanosheetResearch findings will shed light on understanding the possible alteration of
0-C3N4 toxicity after environmental transformations and provide new insights into the
toxicity mechanism of photoreactive nanomaterials. In addition, the environmental fate and
impacts of gCsN4 nanosheets will be better evaluated, and our work will be a gadohgt
point to realize the safe practice of variou€4Ns-based nanomaterials in different

engineering or medical application scenarios.
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4.2 Materials and Methods

4.2.1 Synthesis and characterization of fresh and aged@sN4 hanosheets

Fresh gCsNs nanosheets (D) were synthesized through theindiced
polycondensation and exfoliation of an alcohol moleculésrcalated layered precursor
as indicated in the literatur&g¢ction 2.2.1F" The transformation of ¢CsN4 nanosheets
was performed in a tall borosilicate glass beaker (oxygenati@sy/Il1 in Section 2.2.3
or an electrochemical reactor (chlorination) irradiated with a LED light (7W, 395 nm). For
oxygenation, @was continuously spagg through a gas diffusor to the 1 ¢ uspension
of D in the beaker. Under light irradiation, th€CgN4 nanosheets were activated t@ed
h*. After capturinge Osmo | ecul es were redwfeddt H:AAOH ef f
Y AOH) wi tstae aA GH emaryc ent r atM.o nT haer osuynnde r2g.y3 1 01f0
and H induced the fast oxidation and decomposition ¥3ly4 nanosheet®* After 8 h
treatment, oxygewontaining functional groups were introduced to the surface of D and
the gCsN4 nanosheets were oxygenated@). For the chlorination of D, a thredectrode
glass cell equipped with a Potentiostat (Gamry, Interface1000) was used to continuously
produce free chlorin&pecifically, mixed metal oxide (MMO) coated Ti mesh (Ti/MMO),
Pt wire, and Ag/AgCl (3 M KCI) were used as the working, counter, and reference
electrodes, respectively. A mixture of a 100 mM phosphate buffer (pH 7.5) and 100 mM
NaCl was used as the electrolyte, an@slls nanosheets were suspended in the electrolyte
for the treatment. The potential of the working electrode to the reference déevtas
maintained at 3.5 V throughout the treatme@tl OA a n/dwere reffedive in

decomposing and oxidizing@N4 nanosheets. After 8 h treatment, a trace level of Cl
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(0.48 at%) was introduced to the surface of D to forl@londs and the -§3Na4
nanosheets were thus chlorinatedQD).

The morphology of the-@sN4 nanosheet samples was determined by transmission
electron microscopySection 2.2.2. To prepare the specimens for TEM analysis, the
samples were homogeneously dispersed in ultrapues Watultrasonication for at least 4
h, dropped on a Lacey carbon support film (400 mesh) coated Cu grid, and dried inside a
vacuum desiccator at room temperature. TEM images were collected under the 200 kV
mode. A Zetasizer Nano ZS (Malvern, ZEN 3600)omporated with dynamic light
scattering (DLS) was used to analyze the hydrodynamic size distribution and zeta potential
of the nanosheets in an aqueous environn@&emerally, gCsN4 nanosheets (D, 1@, and
D-CI) were dispersed in ultrapure water by ultrasonication for 12 h first and then vortexed
for 2 min to obtain 2 g £ of homogenous suspensions. 0.1 mL of the suspension was next
mixed with 9.8 mL of ultrapure water and 0.1 mL160 mM phosphate buffer (pH 7) and
sonicated for another 2 h to generate a diluted nanosheet suspension of 20 Thg L
diluted suspension was tested in a folded capillary zeta cell (Malvern Panalytical Inc
DTS1070) immediately to collect hydrodynamiamieter and zeta potential data.

To evaluate the photoreactivity of D@, and DCI, phenol degradation tests were
conducted in a 100 mL beaker. 15 mL of suspensions with an initial phenol concentration
of 50 &M, 1 mM phosph aleleadibgof0f5gitwa¢ipadiatéd. 5) and
under white LED lamps (7 W). The distance between the light source and the suspension
surface was around 2 cm. Samples were collected at different time intervals and filtrated,

and then the phenol concentration wasardified HPLC. Details of mobile phase
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composition and flow rate, sample injection volume, and detection wavelength are listed
in Table 2.1

4.2.2Culturing and enumeration of microorganisms and human cells

A Gramnegative bacteriunk. coli (ATCC 11775),was selected as the planktonic
bacterium surrogatd=. coliis a rodshaped grammegative bacterium, mainly inhabiting
the lower intestinal tract of wartnooded animal$®® SomeE. coli strains could survive
for several months in éhenvironment and are thus commonly used as an indicator of
contaminant stress on ecosystéiffs® In this studyE. coliwas precultured in 30 mL of
Luria-Bertani (LB) medium containing 5 giof NaCl, 5 g ! of yeast extract, and 10 g
L of tryptone. Cultures were then inoculated to a new LB medium (30 mL) in a centrifuge
tube and cultivated with a shaking rate of 8thrpat 37 for 12 h. Afte
E. colicells were harvested by centrifugation at 3000 g for 5 min, washed once with pre
sterile phosphatbuffered saline (PBS 7.4), and resuspended in the PBS to obtain a cell
concentration of ~ fxells mL! (ODsood 1) . -pWsitiGrbactariumS. epidermidis
(ATCC 35984), was selected as the bacterial biofilm model for the toxicity evaluation of
g-CiNasampl es. It was cultured in tryptic soy I
100 rpm overnight and &m harvested by centrifugation at 3000 g. After being washed once
with PBS, theS. epidermidisells were resuspended in the PBS to obtain the bacterial
suspension (O&oa 1. 2 )2.(HTEB3W')pan epithelia cell line of human colorectal
adenocarcinomeells, was chosen as a model to evaluate the toxicityGaNg nanosheets
to the human intestinal epithelial barrier. The Gaarells were kindly provided by Dr.
NihalAtanrBonnet ( Nati onal Il nstitutes of Healt h,

modf i ed Eagl eds medium (DMEM) suppl emented wi
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1% antibiotic antimycotic solution (AAS, 10,000 units tbf penicillin, 10 mg L of
streptomycin,and 25 ugmio f amphotericin) in a humidifiec
COp. The DMEM was referred to as the serfm@e medium (SFM) while the DMEM
supplemented with FBS and AAS was referred to as the complete culture medium (CCM)
for future discussion. The Ca&ocells were routinely subultured with a split ratio of 1:2
every hree days at 80990% confluence treated with 0.25% tryp&DTA. Cells were
used for the toxicity evaluation between passages 5

4.2.3Toxicity assessment of fresh and aged@sN4 nanosheets

All materials used in the experiments were-ghexile.

4.2.3.1 Cultivable viability evaluation ofE. coli cells

An aliquot of theE. colisuspension (Ofd 1) was mi xed wi-th the s
CsN4 nanosheets (2 g1) and PBS to obtain a finahcterial cell concentration of 6 x 10
CFU mL!and afinal nanosheets concentration of 500 rhglhe mixture was thoroughly
mixed with an analog tube rotator at 60 rpm to prevent the settling of bacteria and
nanosheets at room temperature. A PBS battsuspension without any-@Na4
nanosheets was used as the control. The whole system was kept in dark or irradicated under
white LED lamps (7 W). After a certain treatment time, 100 pL of the reaction mixture was
withdrawn and immediately diluted with BBand evenly spread with-dhaped cell
spreaders on LB agar plates. Thecoli colonies were counted after 18 h incubation at 37

The cultivable viability (log scale) was
s N N e N gk T weN Nt U,
ooaoQuQmed(Dd%ea ®
where N is the number of cultivable. colicells before the treatment andi®ithe number

of cultivableE. colicells after exposure to@sN4 nanosheets at time t.
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4.2.3.2 TEM characterization ofE. coli cells before and after treatment

After exposure to §3N4 nanosheets in the dark (24 h) or under white light irradiation
(3 h), a fixative solution containing a mixture of 1% paraformaldehyde and 2.5%
glutaraldehyde in 0.12 M sodium cacodylate buffer {p#) was added to fix the. coli
cel |l s over nikEgdolcellawere 4ollected by derdrifugation at 3000 g for 5
min. The supernatants were discarded while the cell pellets were rinsed by the sodium
cacodylate buffer and postfixed by 1% osmit@tnoxide for 1 h. After rinsing three times
by the sodium cacodylate buffer and once by 0.1 M sodium acetate buffer, the cells were
then stored in 0.1M sodium acetate buffered

The cell pellets were rinsed three tingsthe sodium acetate buffer, next dehydrated
through an ascending series of ethanol solutions (35%, 50%, 70%, 95%, and 100%), and
soaked in three changes of propylene oxide for 15 min. The cell pellets were infiltrated by
a mixture of 2:1 (v/v) propylenexide and EmBed812 epoxy resin (Epon) for 90 min, a
mixture of 1:1 (v/v) propylene oxide and Epon for another 90 min, and then by a mixture
of 1:2 (v/v) propylene and Epon overnight at room temperature on a rocker plate. Finally,
the cells were infiltrateth two changes of pure Epon for 1 h. Following infiltration, the
samples were put into the bottom of Beem capsules and filled with Epon, which were then
pol ymerized at 60 for two days.

The Leica EM UC7 Ultramicrotome was used to prepare ultrathirossot®O0 nm) of
samples, which were next played on TEM grids and stained with 4% uranyl acetate and
0.2% Raynolds lead citrate. After air drying, TEM images were collected under the 80 kV

mode.
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4.2.3.3 Development 08. epidermididiofilms on the surface @ g-C3sNa

0.5 mL of 2 g ! suspension of D was loaded to a polycarbonate membrane while the
suspensions of {® and DCI were loaded to PVDF membranes, and then dried in vacuum
at room temperature. Both the polycarbonate membrane and the PVDF membrane hav
low protein binding and do not allow the attachment and development of biofilms. The
membranes loaded with@N4 samples were placed into a 6 well plate and completely
submerged by 2 mL of tHe. epidermididacterial suspension. The plate was incubated
37 for 24 h in the dark, all owing effecti:
D-O, and DCI. Next, the suspensions were aspirated, and 2 mfafi@®BS diluted TSB
was added to each well for the submergence of the membranes. To groe Inafilms,
the 6 well pl ate was further incubated at 37
rate of 80 rpm. For the inhibition tests, the biofilms developed on the surfac€:dfzg
nanosheet samples were characterized with optical cohemnography (OCT). For the
biofilm eradication tests, the mature biofilm grew on the surface-@fNy nanosheet
samples were exposed to white LED irradiation and then characterized with OCT. The
white LED lamp was maintained 2 cm away from the surfaceeoffold diluted TSB.
The optical power density and the photo flux were 3029.8 puV&amad 37.3 pmol $m=,
respectively.

4.2.3.4 CLSM characterization oft. coli cells andS. epidermidigiofilms

To differentiateE. coli cells with damaged cell membranes from healthy cells and to
visualize biofilms, the Filmtracer LIVE/DEAD Biofilm Viability kit was used as instructed
in the manual. Specifically, the green fluorescent nucleic acid stain, SYTQO9, could label

all bacterial cls, while the red fluorescent dye, propidium iodide, only penetrated bacteria
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with damaged membranes. TRecoli cells were collected through centrifugation at 3000
g for 5 min after exposure to@N4 and washed with PBS twice before staining. As for
the characterization of biofilms, the membranes wi@sls samples and biofilms were
taken out from the culture medium and gently rinsed once with PBS and stained with the
kit for 20 min. To remove unbound dyes, the membranes were gently rinsed three times
with ultrapure water after staining. All fluorescently stained samples were observed and
imaged with a Carl Zeiss 710 Spectral Confocal Microscope equipped with a 63x oil
immersed objective.
4.2.3.5 Viability evaluation of Cace2 cells with the XTT assay

The metabolic viability of Cac@ cells was evaluated by measuring the mitochondrial
activities with Invitrogem¥ CyQUANT™ XTT cell viability assay containing XTT
reagent (2,dis-(2-methoxy4-nitro-5-sulfophenyly2H-tetrazolium5-carboxanilide) and
electon coupling reagent. One bottle of XTT reagent and one vial of the electron coupling
reagent can be thawed and mixed to obtain the working solution. Briefly, the2QCadis
were cultivated in CCM at 37 fonCdls days an
were suspended in CCM and then seeded in a 96 well plate at a density16t ¢@lls
mL™? (100 pL per well). After 2 days of incubation, the CCM was gently removed, and
Caco?2 cells were exposed to 150 pL of SFUspended-@€3N4 nanosheet sameavith
various concentrations. After 24 h, cells were rinsed with PBS twice, and 70 pL of the
freshly prepared working solution was added to each test well (cells after exposure to g
CsN4 nanosheet samples), control well (cells without exposure-@Ng nanosheet
samples), and bl ank wel/l (only conta ns PBS)

the absorbance at 450 nm and 660 nm was measured with a Thermo Scientific Multiskan
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Go Microplate Spectrophotometer. Cell viability was calculated as instructed by the
manuai
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where Absgso nmand Absoo nmrefer to absorbance at 450 nm and 660 nm, respectively.
4.2.3.6Intracellular ROS evaluation of Caco2 cells

The intracellular ROS level was evaluated using the dickddrgdro-fluorescein
diacetate (DCFHDA) method!®"2%! Again, Cace2 cells were seeded at densities df10
10° cells mLt in a % well plate and incubated for 2 d. After removing the CCM, the cells
were exposed to 150 pL of@N4 nanosheet samples with different concentrations in SFM
for 24 h. Then, the media containing samples were sucked out and the PBS buffer solution
containirg 10 uM of DCFHDA and 2.5 pg mt! of Hoechst 33342 was added. After 20
min incubation, Cac@ cells were rinsed twice with PBS. The fluorescence values were
measured using a SpectraMaRaradigrff multi-mode microplate reader with the
excitation/emission avelengths for DCF and Hoechst 33342 at 488/525 nm and 350/460
nm, respectively. Cells without any treatment and cells with 1 h exposure to 100 mM of
H2>O2 were selected as negative and positive controls respectively. The DCF fluorescence
values of differensamples were normalized with the negative control group.

4.2.4Quantification of photoproduced ROS under white light irradiation

Three potential ROS (.60, A QY were@uantified under white LED irradiation
with the presence of D, 0, or D-Cl based on the degradation kinetics of various

molecular probes as indicated $ection 2.2.4 Specifically, nitrobenzene and furfuryl
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al cohol (FFA) wer e and$®,drespeaivelyyThea steadystaeg A OH

concentration ofO, was calculated as:

L+ 000

. 0 I 1 005 70 s
'?‘Q J ’?’Q J
where [O]ss refers to the steaelstate 'O, concentration, Qurra andQ | are

experimentally detected pseufist-order FFA degradation rate constant and second
order reaction rate constant betwé®a and FFA (.2x1¢ M-1s?) 8 and [FFA}, [FFA];,
andt represent initial FFA concentration, FFAno@ntration at tim¢ and reaction time,
respectively. The initial concentration of FFA was 0.2 mM and the FFA concentrations
were measured by HPLCable 2.7). XTT could selectively react with®and the product
XTTA has a maximum absorption at 470 nm ¢\M¥ spectrophotometer, Hach DR 6000).
The concentration of XTTwas calculated by dividing the absorbance at 470 nm by the
molar adsorption coefficient (21.6 mMem?) and the optical path length in cm. In all ROS
guantification tests, the-GsN4 nanosheet samples were homogenously suspended in PBS
and irradiated with white LED. The distance between the light source and the suspension
surface was maintained at 2 cm.

4.2 5Statistical analysis

All experiments were péormed independently at least in triplicate. The results were
expressed as the mean value + standard deviation. The indepetestnwas performed
to make a comparison between experimental values and the corresponding control values,

and statistical ginificance was accepted whep-aalue was less than 0.05.
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4.3 Results and Discussions

4.3.1 Physical, chemical, photocatalytical properties of fresh and agedG3Na4
nanosheets

As indicatedin Section?2.3.2,Underthe synergisticattackof A O lndh* (treatment
D-O3/L1 in Section2.2.3, the g-CsN4 nanosheetsiere oxidized anddecomposeat the
fastestpace After eighthoursof continuoudreatmentthe g-CsN4 nanosheeteachedhe
highestaging degreeamongall A O-4klatedtreatmentsand thereforewas chosenasthe
oxygenatedsample(D-O). Sincethe electrophilicattackefficacyof A O FC,I @I, 00/ %
is orderedasCl* > A OB C | O & I(SAction3.3.5, the sustainablgroductionof C| O A
and/orCl:" in 8 h couldleadto therapiddecompositiof D. TheC | @d/orCl” (RCS)
inducedagingwould finally introduceCl atomsto the surfaceof D andform C-Cl bonds

with anatomicpercentagef 0.48%,denotedasD-CI in this chapter.
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Figure 4.1 Transmission electron microscopy (TEM) images of (a) fresh (D), (b)
oxygenated (BO), and (c) chloringed (D-Cl) g-CsN4 nanosheets, and (d) the

hydrodynamic size distribution of thes&CgN4 nanosheet samples.
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Figure 4.2 High-angleannulardark-field scanningiransmissiorelectronmicroscopy
(HAADF-STEM) of D-Cl andthe associate@nergydispersiveX-ray spectroscopyEDS)

mappingof C, N, andCl.

Themorphologicapropertieof fresh(D) andaged(D-O andD-Cl) g-CsN4 nanosheets
were first investigated.As shownin Figure 4.1, D-O and D-CI did not exhibit any
significantmorphologicalifferencewhencomparedo D, all existingin sheetlike shapes

andbroadlateralsize. XPSspectrgFigures 2.10 and3.5) andthe correspondinghemical
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compositiongTables 2.3 and3.5) clearlyindicatedthatboth D-O andD-CI exhibitedan
increasedurfaceoxygencontent.The C/Oratio of g-CaN4 nanosheedecreasetrom 14.5
(D) to 7.59(D-0) and6.52(D-CI), meaningthatoxidationdid occurin bothscenariosand
oxygencontainingfunctional groupsmight be introduced.Moreover,the surfacecharge
negativityincreasd from -42.7+ 0.72mV to -62.5+ 0.17mV and-66.0+ 2.46mV after
A O lnd RCSinducedaging, respectively,basedon zeta potential analysis.Previous
studieshave indicatedthat g-CsN4 had negativezeta potentialsat pH > 4.0, which is
consistentvith thenegativezetapotentialsdetectedn this study%82°2205Sine a colloidal
dispersiorcanbeconsideredtablewhenthe absolutevalueof zetapotentialis largerthan
20 mV,%8 poth freshand agedg-CsN4 suspensionsad good colloidal stability at pH 7.
Simultaneouslytheincreasedetapotentialnegativityin agedg-CsN4 samplesuggested
theincreaseelectrostaticepulsionbetweerg-CsN4 nanosheetandinhibitedaggregation.
Consideringthat D-CI only hada tracelevel of covalentlybondedCl atoms(Tables 3.5
and3.6) in theframework,the changesn surfacechargeof both D-O andD-Cl shouldbe
attributedto the contentalterationof oxygencontainingfunctional groupssuchas C-O,
C=0,0=C0, etc

The photocatalytigperformanceof D, D-O, and D-Cl wasevaluatedn batchreactors
undertheirradiationof LED light (7W, 395 nm), andthe degradatiorkinetics of phenol
wasexplored.Generally,D-Cl exhibitedthe highestphotocatalyticactivity in degrading
phenolwith an experimentallyobservedoseudefirst-orderreactionrateof 8.32+ 0.82 x
10° min’. In comparisonthe measuregseudsfirst-order reactionratesof D and D-O
were1.50+ 0.37x 103 mint and5.00+ 0.41x 10* min’t, respectivelyThe bandgapsof

D-O and D-CI weremarginallydifferentfrom D (Figure 3.6), but the introductionof Cl
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atoms(Figure 4.2) andtheincreasen oxygencontentscouldaltertheelectronicproperties
of g-C3N4 nanosheetandconsequentlyeadto the differencein photocatalyticactivities.
In addition, althoughit was superdifficult to characterizeéhe morphologicaldifference,
the structuralintegrity of g-CsN4 nanosheetsnight be impairedafter the A O lAnd RCS

inducedoxidationanddecompositionwhich furtherinducedthephotoreactivitydifference

betweerD, D-O, andD-CI.

Contr.o’l

Figure 4.3 The cell membrane integrity &:. coliafter exposure to 500 mglof D,
D-O, and DCI in the dark for 24 h. A PBS buffered bacterial suspension without the

presence of-§3N4 nanosheets was set as the control.
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4.3.2 Toxicity to planktonicE. colicells

TheLIVE/DEAD viability kit, which measure$®acterialcell membranentegrity, was
utilized to determinethe bacterialtoxicity of D, D-O, andD-CI. As a proof of concepta
relatively high concentration(500 mg L) was usedto magnify the toxicity difference
betweerfreshandagedg-CsN4 nanosheetéFigure 4.3).2°4 After 24 h exposureo D-Cl in
thedark,around65% of E. coli cellsdisplayeddamagecdell membraneswhile D-O and
D did not impair the membranentegrity underthe sameexperimentalconditions.The
antimicrobialeffect of graphenebasedhanomaterialsvaspredominantlyattributedto the
sharpene@dgesandtheirfi ¢ u t &ffects§’d%In this study,however,consideringhat
themorphologicaldifferenceshetweerD, D-O, andD-Cl werenot significant,the effects
of sharpedgesn D-CI couldnotexplainits damagedo cellmembranesNith theexclusion
of chemical composition, size, and morphology, something else played a role in
determiningthetoxicity of g-CsN4 nanosheets.

The intact cell membrane does not necessarily mean tha tlosli cells are still
cultivable, for many Gramegative bacteria could enter a dormancy state in response
environmental stres8® To further explore the toxicity of fresh and ageeCNa
nanosheets to planktonke coli cells, the cultivable viability was evaluated. In the dark,
both D and BO exerted negligible effects on the viability Bf coli cells even after 72 h
of exposure(Figure 44), proving the benignity of D and-D. Consistent with the
membrane integrity tests,-Ol could pose acute toxicity to bacteria, which was totally
different from D and BO. A 2.2 logoes inactivation was observed after 6 h of exposure to
D-ClI, and theE. coli cells totally lost cultivability after exposure for 24 h. Sirktecoli

cells had a negative surface charge when suspended in PES>@rahd DCI did not
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show a significant differgce in zeta potentiglshe alteration of surface charge negativity
should be excluded from the possible explanations of the toxicity difference. We
hypothesized that the trace level of covalently bonded Cl atoms-@h iDduced a

significant increase irokicity.
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Figure 44 Inactivation ofE. coliafter exposure to 500 mglof g-CsN4 nanosheet
samples in the dark. Data are expressed as mean + standard deviation. A PBS
buffered bacterial suspension withou€gN4 nanosheets was used as the control, and

statistical significance was compared to the control grqug 0.05).

TEM was used to visualize the morphological changé.afoli cells after interacting
with D-CI. The bacterial cells were prepared and incedbatith 500 mg i of D-Cl in the
dark for 24 h. Samples for TEM analysis were then prepared as previously described in
Section 4.2.3.2Yusong Tu et al. indicatatiat graphene nanosheets could cut into the cell
membrane oE. coliand extract a large nuar of phospholipids from the membraig.

With the assistance of TEM, t he aut hor s
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n e s tTedstrong graphereell membrane interactiowas attributedo the sp carbons

of graphenéy the researcherdlthough the C atoms of-GsN4 are also sphybridized,

similar strong interaction betweenG3N4 nanosheets anB. coli cells was not diredfl

observed in our study. Nevertheless, the TEM images still clearly validated 46t D

induced membrane disruptioimcreased cell permeabilitgausedhe loss of cytoplasm

and resulted i n t heaftérddrhmaasuras shownm fririgiredbpt y nest
Since similarimpairment effects ork. coli cell membranesvere not observed after

exposure td and DO, the covalently bonded Cl atoms instead ofgjfenybridized C

and N atoms induced the toxicity ofCl.

Figure 4.5 Typical transmission electron microscopy (TEM) images o&heoli

cells after 24 h of exposure ta@l in the dark.
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Figure 4.6 Inactivation ofE. coliafter exposure to 500 mglof g-CsN4 nanosheet
samples under white LED irradiation. Data are expressed as mean * standard
deviation. E. coli in PBS without-G3N4 nanosheets was used as the control, and

statistical significance was compared

Consiceringthatg-CsN4 nanosheetaerevisible light responsivethe phototoxicity of
thethreesamplesvasassessedswell. Underwhite light irradiation,D-CI still exhibited
the highesttoxicity, resultingin a 6.6-logics inactivationof E. coli within 1.5 h (Figure
4.6). D alsoinactivated5.4-logics of E. coli cells after 3 h of irradiation (Figure 4.6),
althoughthe cell membranentegrity wasmaintainedFigures 4.7 and4.8). Surprisingly,
D-O did not exhibit any damagingeffectsduring the 3 h treatmentFigures 4.6, 4.7, and
4.8), probablydueto its low photoreactivity.The formationof smallii e mmteysih . 0
coli cellsafter3 h exposurao D-Cl underwhile LED irradiation(Figure 4.8, right panel)
further confirmed the importanceof covalently bondedCl atomsin impairing the cell

membranentegrity of E. coli.
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Phototoxicityis commonlyassociateavith the photocatalytiageneratiorof ROSthat
show the potential to causecellular damage?°®2°’ Therefore,we measuredthe ROS
generationby 500 mg L of g-CsN4 nanosheesamplesto investigatethe mechanisms
underlyingthe phototoxicity differencebetweenD, D-O, and D-CI. Different selective
probesj.e.,XTT, FFA, andnitrobenzeneyereusedto monitortheproductionof O, 10;,
andA O Hespectively Resuls showedthat negligiblereductionof XTT wasobservedn
the presenceof D, D-O, or D-CI, meaning that O was not responsiblefor the
phototoxicityof D andD-CI. In the presencef D-O, the concentratiorof 1O, wasbelow
thedetectionlimit, andthe A @ steadystateconcentratiorwasaround7.78+ 1.17x 106
M. Thecalculatedsteadystateconcentrationsf 0O, andA O H thesuspensionf D were
1.00+ 0.39x 10 M and2.38+ 0.71x 10 M, respectivelyAs for D-CI, theA O bteady
state concentrdbn was 5.08 + 2.31 x 10 M, while the concentrationof 'O, was
negligible. Takenall together the relatively low concentratiorof ROSin the suspension
of D-O partially explainedthe low phototoxicityandprolongingthe irradiationtime may
induce damaye to bacterial cells. Moreover, 10, and A O Kvere responsiblefor the
phototoxicityof D, andA O4hducedphototoxicitywasadditiveto the observedoxicity

of D-CI to E. coli underwhite light irradiation.
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Control

Figure 4.7 The cell membrane integrity &. coliafter exposure to 500 mgtiof D,
D-O, and DCI under white LED irradiation for 3 h. A PBS buffered bacterial

suspension without-§sN4 nanosheets was set as the control.
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Figure 4.8 Typical transmission electranicroscopy (TEM) images of tHe. coli

cells after 3 h of exposure to D;®, and DCI under white LED irradiation.

4.3.3 Toxicity toStaphylococcus epidermidis biofilms

To investigatethe biofilm inhibition effect of fresh and agedg-CsN4 nanosheetsS.
epidermidiscellswereculturedon the surfaceof D, D-O, andD-Cl in thedark. After 1 d
of adhesiorand3 d of cultivation, biofilms werefoundto beflourishing on the surfaceof
D and D-O as observedby CLSM and OCT (left and middle parels in Figure 4.9),
suggesting negligibleantibiofilm effectof D andD-O. In comparisonP-Cl inhibitedthe
growth of S. epidermidisbiofilms by damagingcell membranesPleasenote that the
irregulargreenfluorescencen theright panelof Figure 4.9 wasfrom D-Cl itself, while
thedot-pattenredsignalwasfrom S.epidermidiscellswith impairedmembranesBacterial

biofilms are biological systemscomposedof microorganismsembeddedn a hydrated
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extracellularmatrix2°® Typically, extracellularpolymeric substancesuch as proteins,
nucleicacids,lipids, polysaccharidesand otherbiomoleculesconstitutethe extracellular
matrix 2%82°9The concealmenbf bacterialcells in the matrix providesprotectionagainst
desiccationantimicrobials, and other environmentalstresses!? Therefore biofilms are
muchmorepersistenthanplanktonicbacteriaandoncematurebiofilms weredeveloped
on a surface,intensiveefforts would be neededfor biofilm removal'? The antibiofilm

propertyof D-Cl indicatedthat Cl-dopedg-C3N4 nanosheetmay serveaspromisingself

disinfectingcoatingmaterials.

Figure 4.9 (a) Confocal laser scanning microscopic (CLSM) characterization (a) and

optical coherence tomographic (OCT) ireadb) ofS. epidermididiofiims cultured

on the surface of-@3Na films in the dark for 3 days. White rectangles were used to
highlight the biofilms in the OCT images. The irregular green fluorescence in the

right panel came from the sample@itself, which is different from the dgiatten

fluorescent signals @&. epdermidiscells in the left and right panels
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Figure 4.10 (a) Confocal laser scanning microscopic (CLSM) characterization (a)

and optical coherence tomographic (OCT) images (b) exhibited the successful
photocatalytic eradication &. epidermididiofilms under white LED irradiation.
Mature biofilms were firstultivated on the surface of D and®@in the dark for 3 d

prior to 24 h of white light irradiation.

After expogsire to white LED light irradiation for 24 h, the matureS. epidermidis
biofilms on the surfaceof D and D-O were successfullyeradicatedFigure 4.10). As

indicatedby the CLSM characterizationthe dominantbacteriaattachedo the surfaceof
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D andD-O wereinactivatedafterlight irradiation.SinceROScould attacktheunsaturated
fatty acidof cell membraneg?-2°"the A O BiNd'O, generatedby D andA O Heneratedby
D-O were playing a role in removing mature S. epidermidisbiofilms. Moreover, the
successfukradicationof biofilms alsodemonstratedhat photocatalysicould serveasa
broadspectruneffective,sustainableandecoromically feasiblemethodfor the control of
pathogenidiofilms.

4.3.4 Toxicity to human colon epithelial cells
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Figure 4.11 Cytotoxic effect of D, DO, and DCI on Cace2 cell viability. Data are
expressed as the mean * standard deviation and statistical significance was compared

to the control group p < 0.05).

The Caca?2 cell line is derivedfrom colonadenocarcinomandis commonlyusedas
anin vitro modelof theintestinalepithelialbarrierin manytoxicologicalstudiesjncluding
those evaluating the toxicity of persistentorganic compounds,nanomaterials,and
nanoplasticd?’198.211213 Eqr evaluating the potential negative impacts of g-CsNa4

nanosheeten humanbeingsthetoxicity of D, D-O, andD-Cl wastestedhroughthe XTT
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assaywith humancolonepithelialCaca?2 cells. As shownin Figure 4.11, no toxic effect
was observedin Caca2 cells after 24 h exposureto D-O within a wide range of
concentrationg16-2000 mg LY). Interestingly,the viability of Cace?2 cells abnormally
increasedfterbeingexposedo 100mgL* of D-CI for 24 h. Thenwith theincreaseof the
concentrationpoth D and D-Cl induceda significant decreasen cell viability at high

concentration$> 400mgL™Y).
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Figure 4.12 Intracellular ROS generation measured by DebAl fluorescence in
Caca? cells after exposure to DO, and DCI. The results were normalized by the
fluorescent signals of Hoechst 33342 and gstediksignificance was compared to the

negative control groupf < 0.05). 100 mM of kD> was used as a positive control.

The production of intracellular ROS is generally considered the major contributor to
the cytotoxic and genotoxic effectsrnomaterial?®-211214216 |n this study, the DCFH
DA assay was applied to measure the intracellular ROS levels ofZaells after
exposure to fresh and age@gN4 nanosheets. Wheaken into the cytoplasm, the DCFH

DA molecules were first deacetylated and then further oxidized by ROS to the green
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fl uor es c e n tdichoroftludrescein (DERE)°! Sindultaneously, Hoechst 33342
was applied to determine the remaining Gaa®ll number in each test well, and the DCF
fluorescence as normalized accordingf°®2°! As shown inFigure 4.12, the positive
control (HO--exposed Cac@ cells) displayed a significant increase in intracellular ROS
levels. Again, no significant ROS was produced in Caaells after exposure to-D,
even at a high concentration of 2000 mg By contrast, the influence of D and@ on

the intracellular ROS levels was dedependent. Once the concentrations of D ar@l D
were larger than 100 mg¥,_a significant increase of ROS production in Gaaells was
observed, which isonsistent with the cell viability tests. Although@ was more toxic

to bacterial cells than D, they did not show a significant difference in the cytotoxicity to
Caca? cells.

In conclusion, as a photoreactive 2D nanomateriaCsNs does have high
biocampatibility and low toxicity Af t e r-indc®dHtransformation, oxygemntaining
groups were introduced to the surface e€#jls nanosheets and the nanosheet was
oxygenated. RG$iduced transformation not only increased the oxygen content but also
introduwced a trace level of covalently bonded Cl atoms, and #6eNg nanosheet was
chlorinated. The oxygenated@N4 had excellent biocompatibility and wasorebenign
to bacterial and human cetisan fresh gC3N4. On the contrary, the toxicity of@sNa4 to
bacteriaincreased significantly after chlorinatiodamagingcell membrang of bacteria.
The trace level of covalently bonded Cl atoms seems to play an essentiathheladéreas
of toxicity. Under light irradiation, fresh-§sN4 could pose phototoxic effect on bacterial
cells through the production 8.a n d , Wiildchlorinated ¢23N4 could producé O H

to poseanadditive toxicological effect on bacteria. By contrast, due to the impairment of

110



the structural integrity and the decreaselobtoreactivity the oxygenated@Na4 could
only produce a relatively low concentration AfO ldnd slowly impact the viability of
bacterial cells.
4.4 Environmental Implication

While great progress in understanding the potential toxici®Dohanomaterials has
been made, significant uncertainty continues to éxisReports aboutelated research
indicated that toxicitypf 2D nanomaterialsan be influenced by numerous physiochemical
propertiesncluding but not limited teompositionthickness and lateral size, surface area,
surface functionalization, active edge sites, crystal structamd, purity.?1"2??2 The
mechanisms and key parameters responsible for the toxicological effects still need to be
thoroughly examied!®® In addition, the response of biological systems to 2D
nanomaterials can be affectegt Hose, administration roet, biological models, and
viability assay$1°224225The lack ofa uniform assessment approach amdbast datset
resulted insubstantial inconsistenci@s the risk assessmerdf 2D nanomaterialsand
opposite opinions beg to emerge. For example, Naziah et al. indicated that the toxicity
of 2D nanomaterials to human lung carcinoma epithelial cells (A&43) ordered as
graphene oxide < black phosphorus < transitr@tal dichalcogenides (MeSNS, WSe),
whil e Dr s groBpu insesteda that the toxicity of exfoliated transHietal
dichalcogenides (Mo$S WS, WSe) to A549 was lower than that of graphene and its
analogs22:2%6

Moreover,environmental transformations, such as aggregation, oxidation, reduction,
photodegradation, biodegradation, etc. could change the epleysaal properties of 2D

nanomaterials taegulate the toxicity, further increasing the complexity of toxicity
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evaluatiorg:22:125.227229 gnecifically, the photoreactive 2D nanomaterials may undergo
photoassisted transformation and degradation under sunlight irradiati@tural aquatic
systemg#18124.230 Simyltaneously, the photocatalytic production of reactive oxygen
species could directly induce idative stress in biological systemi® this end, our study

in evaluating the toxicity of €sN4 could provide insights into the risk assessment of
photoreactive 2D nanomaterial©ur study revealed that reactiv&peciesnduced
transformation could notnty modify the structure of-@€3N4 nanoshesatbut also alter the
toxicity to bacterial and human cells. The discovery highlights the importance of
environmental transformation processes in determining the final toxicity of released and
discharged nanomatals. Studies investigating the toxic effects of transformed
nanomaterials are still highly needed to fill data gaps. Scenarios with highpabumion
potential should be considered first, and realistic environmental constituents, factors, and
transforméons should be incorporatedSystematic investigations shouldlso be
conducted to understand the influence of fundamemdérials chemistry and physics on

the biological behavior of nanomaterials. addition, future works should also pay
attention tothe chronic effects of nanomaterials at a relatively low dose range and reveal
the longterm impacts on ecosystems and human beings.

On the other hand, our study also provided guidelines on the safe and reliable practices
of g-C3sN4 nanomaterials in various applications. For example, since oxygenation could
significantly decrease the toxicity of@Ns nanosheets, future works in developing
biodegradable and biocompatible nanomaterials for medical applications could modify the
surfa@ termination to increase the contents of carbonyl and carboxyl groups. Considering

that a trace level of covalently bonded CI| atoms could increase the toxicitCsNag
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nanosheets to bacterial cells while maintaining the benignity to human cells, @ping
relatively high atomic percentage of Cl atoms to the backbone may serve as a possible
strategy for designing antibacterial surface coating matefldlese material design
strategies can also be translated into the rational design and synthesis ehwiging
photoreactive nanomaterials beyon€CgN4 (e.g., boron nitride), and they will have a

lasting impact on catalysis and material science.
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Chapter 5: Environmental Application of Chlorine -doped Graphitic Carbon

nitride: Continuous Solar-driven Photocatalytic Production of Hydrogen Peroxide®

5.1 Introduction

Hydrogen peroxide (kD-), a liquid compound widely used as bleach and an oxidant,
is considered one of the 100 most important chemical compdéhitshas broad
environmental applications such as odor elimination, pollution control, water purification,
disinfection, and many othef&!23® The global market size of 2, was 1.44 billion
dollars in 2020 even though various industries were negatively impacted by the €COVID
19 pandert, and the rising demand for.68, from the healthcare industry is fueling the
market growth at an annual rate of 5.7% from 2020 to 2628nd View Research, 2021)
Ever since the 1940s, the largeale production of ¥D> has been almost exclusively
relying on the anthragnone autooxidation proce$¥. During the process, an
anthraquinone is redted by H to the corresponding hydroquinone in the presence of
catalysts, then the hydroquinone is autoxidized back to the anthraquinone in the presence
of Oz and produces #D>. Although HO> can be efficiently synthesized during the reaction

cycles, theprocesses of solution regeneration, impurities removal, aQi ektraction

3 Adapted with permissioftom Li, M.; Zheng, Q.Durkin, D. P.; Chen, HShuai, D.

Environmental application of chlorirdoped graphitic carbon nitride: continuous solar

driven photocatalytic production of hydrogen peroxitidHazard. Mé#er. 202, 436,

129251129261 Copyright (2022EIsevier B.\. The computational simulation was

carried out by Dr. Hanning CheRartial of the data has been included in Dr. Qinmin

Zhengdés Ph. D. thesis Fr oAppleaidn:eGraphtit Desi gn t o
Carbon Nitride Based Photocatalysis for Sustainable Water Treatment anehddad

Chemical Production
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requires significant energy and chemical input, which is unsustainable. In addition,
chemicals and solvents used for the anthraquinone autooxidation process are considered as
hazadous materials. Thus, there is a pressing need in developing simpler and greener
protocols for HO> production, especially for esite HO. production based on the needs.
Solardriven photocatalysis has thus been explored as a promising approactOfor H
generation since it can potentially utilize solar energy, water, and oxygen gas as the only
energy and chemical input to improve the sustainability of chemical syntfresis.
Photocatalytic HO2 production over metatontaining semiconductors, such as FiO
ZnO, CdS, BivQ, and WQ, has been widely studigéf 2*° For example, Kimet al.
deposited Au nanoislands of various sizes on.Tilns to accelerate electrdmle
separatiort* Although HO, was efficiently generated under ultraviolet (UV) light
irradiation, the produced: suffered fom UV light induced decomposition. Moreover,
UV light only makes up roughly 4% of solar terrestrial radiation and thus solar energy
cannot be effectively utilized by pristine Tié#? According to the simulation of Goliaet
al., TiO. supported AgAu> clusters were predicted to be good candidates for adsorbing
visible and infrared light to generate®}.2** However, noble metals were needed and the
decomposition of KD, on the surface of metals was commonly obsef{&t?>
Recently, gC3sN4 has emerged as a promising photalyst for broad chemical,
biomedical, and environmental applications due to its vidighd responsibility, low cost,
superior stability, and high biocompatibility#6-24’In 2009, Wanget al. first reported the
great potential of 3N for photocatalytic water splittingf® Shen et al. applied gCsNa4
for biofilm control and realized environmental pathogen inactivation under visible light

irradiation?*°® Tsukamotcet al. discovered the photocatalytic activity of@N4 for H2O2
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generatiort>® However, pristine ¢-3N4 suffers from insufficient light absorption, poor
charge transfer, and fast recombination of photoinduced elgatierpairs, thus exhibiting
only mockrate photocatalytic activities. In this regard, there is an urgent need to advance
the photocatalytic performance of@N4 for H.O, production?®* Recently, heteroatom
doping with metal elements, suchNg K, Fe, and Cu, and nonmetal elemesigh as S,
O, P, and ClI, has been used to enhance the photocatalytic performarCeNafgr NO
removal, organic degradation, and hydrogen evol#ié.2°8 Specifically, due to its
moderate electronegativity, Cl is believed to be the desired dopant in regulating the
electronic structure of -§3N4, promoting charge carrieutilization efficiency, and
enhancing oxygen adsorptiéif:2>°

In this work, we introduced Cl dopant into theCgNs framework via a facile
solvothermal synthesis method. Under visible light irradiation, #@; lgeneration rate
over Ctdoped gCsN4 (dended as MCC) was 104 times highieanthat of pristine ¢CsN4
(denoted as M). The loAgrm photocatalytic performance of MCC was also evaluated,
and the HO, generation rate remains 298 + 0.10 uM mirt throughout 54 h. Integrating
advanced microscopiend spectroscopic characterizations vdémsity functional theory
(DFT) simulations, we highlighted the critical role of Cl dopant on the energy band
structure, charge carrier transfer, and oxygen protonatioiCellgand elucidated how ClI
doping promat¢d HO- production in photocatalysis. This work sheds light on developing
effective metalfree photocatalysts for soldriven HO» production. It will pave the way
for onsite HO> generation and its applications of disinfection, medical care, hygiene
practices, food sanitation, and water purification, especially in developing countries,

remote areas, and regions after natural disasters.
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5.2 Materials and methods

5.2.1Synthesis ofchlorine-doped gCsNa4

MCC, the Cidoped gC3N4, was synthesized by a solvothermal metf8d.5 mmol
cyanuric chloride and 7.5 mmol melamine were put into a 100 mL of TFhfled
autoclave and mixed with 60 mL of acetonitrile. After mixing for 12 h, the autoclave was
sealed and maintained at 180 °C for 96 h and then calwet to room temperature
naturally. The obtained product was washed by acetonitrile, ultrapure water, and ethanol
sequentially to remove impurities, and then dried at 60 °C. For comparison, M, the pristine
0-C3N4, was synthesized via the thermal polycorsdg¢ion of melamine based on the
method described in our previous st§dZI-removed MCC was obtained via the thermal
treatment of MCC at 500 °C undeg protection for 1 %!

5.2.2Characterization of g-C3Na4

Electrochemical measurements were conducted in a-éfeetrode system equipped
with a Gamry Potentiostat to evaluate the charge transfer resistance-@dkegamples.
An indium tin oxide (ITO) glass coated with samplB$ wire, and Ag/AgCl KCI (3 M)
were used as the working, counter, and reference electrodes, respectively, and 0.5 M
NaSOQs solution (pH 6.43) was used as the electrolyte. The ITO glasses were cleaned by
sonication in acetone, ultrapure water, and ethaegjuentially, and dried at room
temperature. 10 mg of@sN4 samples were suspended in a mixture with[(1B®f ethanol
and 200]L of Nafion by sonication. Then the suspensions were dropped onto the pre
cleaned ITO glasses to make sure the effective asmalwcm. The electrochemical
impedance spectra (EIS) were collected in the dark over a frequency range of 5 mHz to

100 kHz with an amplitude of 10 mV at the zero poterti¥t®26? Other material
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characterization details, including TEM and W diffuse reflectance spectroscopy, can
be found inSection 2.2.2CHNCI analysis is demonstrated$ection 3.2.1.
5.2.3Determination of H202 concentration
The accumulatedoncentration oH,0, was measured by the DPD metFSdThe
fresh DPD reagent arRIOD reagent were prepared weekly by dissolving 0.1 g of DPD in
10 mL of 0.1 N HSQy, and 10 mg of POD in 10 mL of ultrapure water, respectively. Both
DPD and POD reagents were stored in the dar}
the samplewasmixd wi th 100 €L of 25 mM phosphate bu
reagent, and 15 €L of the POD reag=®nt . Abso
spectrophotometer, Hach DR 6000) and the resulti#@p Honcentration was determined
via a calibration curvgenerated with known concentrations efdid The standard #D-
solutions were prepared from the dilution of 30 wt¥ksolutions (Sigma&Aldrich) as
the stock, and the 4@, concentration in the stock was determined by measurp@ H
absorbance at 240 nm dathe molar absorption coefficient of 38.1Mmt.2%4 The
detection limit of the DPD method was on tveler of 10’ M.
The steadyst at e concentration o fp-CBAGsIthenpsobe quant i
compound. More details can be found $®ction 2.2.4 Similarly, the steadygtate
concentration ofO, was quantified by measuring the degradation rate of FFA, with more
details demonstrated Bection 4.2.4In our system,0z]ssequaled to 1.02x 1 M.
5.2.4Photocatalytic H20O2 production
Photosynthesis of #D. was first conducted in a jacketed beakeder the irradiation
of a 1000 W xenon lamp equipped with a water optical filter to remove infrared light. A

longpass opti cal filter (& > 400 nm) for si mul
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an AM 1.5G filter for simulating the average suhligradiation for the 48 contiguous U.S.

states over one year was used. Outdoor experiments were also conducted at midday (11:00
am to 5:00 pm, May'9 2018) on the George Washington University campus, with sky
conditions ranging from clear fmartly cloudy and an ambient temperature of 25 °C. The
artificial light source of white light emitting diodes (LEDs, 7W) was also used for
evaluating HO. production. The photon fluences and irradiances of light sources were
recorded by a spectroradiomet@vaSpec ULS2048L) and reportedTable 5.1 For all

H20- generation tests unless specified, dissolved oxygen in the air was used as the reactant
at the ambient temperature and pressure, the pH values of the experiments were controlled
at 7 by using 15 mof 1 mM phosphate buffer solutions, the photocatalyst loading was
maintained at 1 gt, and no scavenger was used. To improve the performancgOef H
production, 10% (v/v) isopropanol was introduced as the hole scavenger for sorfté tests.

To understand the impact pH on®4 production, tests were also conducted at pH 3, 7,

and 9, respectively, by using a 10 mM phosphate buffer, phosphate buffer, and borate
buffer, respectively. The photosynthetiactons were conducted under magnetic stirring

at 500 rpm. All experiments were performed with at least three independent replicates.

Table 5.1 Photon flux and irradiance of various light sources

Light sources  Optical filter (Puhn?f)cl)r:);lg)riotms) 2 <1 l&:ﬁﬁ;iﬁ%
White LEDS?  / 452 10.5
Xenon lamp a 400 nm longpass filter 586 12.8
Xenon lamp an AM1.5 G filter 598 12.9
Outdoor sunlight / 1.31x 16 31.2

2Wavelengths ranging from 250 to 700 nm were recorded.

b Light emitting diodes of 7 W.
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The solatto-c h e mi ¢ a | (SCC) conversion effici
irradiation of simulated sunlight (xenon lamp, AM 1.5G) and outdoor sunlight by the

following equatiof®:

5 YO b3 5
- 5 ~ 0 pTT §})

WhereY'O  represents the free energy foe®b formation (117 kJ mal), & is the
molar amount of generatecb® (mol) ando is the irradiation time (s). The irradiation
area (Y) is 1.26x16 m?, and the overall irradiation intensity( ) of thesimulated AM
1.5 global spectrum and outdoor sunlight (Z80 nm) is 129 and 312 Wmrespectively
(Table 5.1).

5.2.5Computational simulation

A 6 x 6 supercellRigure 1.1) of nitrogenbridged heptazine was adopted to model the
pristine gCsNa. Its stucture was optimized by the DEImulatiorf®® before its bandgap
was evaluated by the same method. Unless otherwise specified, all DFT simulations in the
present study were carried out by CP2K quantum mechanics sdftwete GTH
pseudopotentigf HeydScuserigErnzehof (HSE06) exchangerrelation functional?!
polarizedvalencedoubles ( P V D Z ) "®Mogesversa generalized implicblvation
model*® with a dielectric constant of 78.4 was applied to mimic the aqueous environment.
Since the protonation state of the-@ped gCsN4 and its hydrogenated derivative (after
removing CI) could be critical to<binding, the first step of catalyzed®b production,
we utilized the ChemAxon package to estimate their pKa values by solvingtheétt

Taft equatiort®’
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5.3 Resultsand discussions

5.3.1Characterization of Cl-doped gCsNas

The morphology and miostructure of the -€£3N4 samples were investigated with
HAADF-STEM (Figure 5.1) and SEM Figure 5.2). Compared to the-§zN4 synthesized
by thermal polycondensation (igure 5.2 left), g-CsN4 synthesized by the solvothermal
method (MCC,Figure 5.2 right) primarily showed a nanofibrous structure. The SEM
indicated that the nanofibers had a uniform width of ~50 nm and lengths of several
micrometers, which were consistent with TEM characterinatiigure 5.1a). The EDS
mapping of C Figure 5.1b), N (Figure 5.1¢), and Cl Figure 5.1d) exhibited the
homogenous distribution of Cl through MCC, and the atomic percentage of Cl was around
1.83%. Clearly, the subcritical polar solvent, i.e., acetoajtsierved as an annealing fluid
and provided a sufficient thermodynamic force to polymerize melamine and cyanuric
chloride molecules to form nanofibefS.As shown inFigure 5.3, XPS was used to study
the surface composition and the chemical state of MCC. The deconvolution of the C 1
signals produced two peaks centered at 284.5 and 287.6 eV, which could be ascribed to C
C and C=N, respectiveff® In the highresolution N % spectrum of MCC, the peaks
centered at 398.2 and 399.7 eV were indexed akypidized aromatic nitrogen atoms
(C=N-C) and tertiary nitrogen ({C)s) groups, respectivekf® The atomic ratio of carbon
to nitrogen was 1.08T@ble 5.2), much larger than the stoichiometry of graphitic carbon
nitride with a perfect structure (0.75), and it could be explained by the loss of amine groups
or the introduction of N vacanciéshese results indicated that melamine and cyanuric
acid molecules did assemble to form extended aromatic caitvogen frameworks. The

atomic percentage of Cl detected by XPS was 2.4%, consistent with the EDS mapping
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analysis. Moreover, MCC exhibited clear Qi &ignals with two pairs of Cl 2p and ClI

2p12 peaks at 200.0 and 201.5 eV corresponding-@ €pecies, and 196and 198.4 eV

for the ionic Cl species, respectivéfj,which confirmed the introduction of Cl into the
carbonnitrogen framework. FTIR spectrunkiQure 5.4) was also used to study the
chemical structure and surface functional groups of MCC. The 776 region was
indexed as the breathing mode of triazine units, and the-1400 cm' region was
considered as the stretching vibration mode of aromatic CN hetero¢{fdég.aking all
together, Gldoped gCsN4 was successfully synthesized with a nanofibrous structure, and

the Cl dopant was covalently introduced to the caftitnogen framework.
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Figure 5.1(a) High-angle annular darkeld scanning transmission electron
microscopy (HAADFSTEM) of Clkdoped graphitic carbon nitride (MCC) and its

energy dispersive Xay spectroscopy (EDS) mapping of (b) C, (c) N, and (d) Cl.
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Figure 5.3X-ray photoelectron spectroscopy of MCC, MCC after 6 h reaction in 1
mM phosphate buffer without the hole scavenger, ang@bved MCC treated by

annealing.
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Table 5.2 X-ray photoelectron spectroscopyadysis of MCC, MCC after 6 h reaction in
1 mM phosphate buffer without the hole scavenger, ancei@bved MCC treated by

annealing, regarding carbon, nitrogen, oxygen, and chlorine percentage.

Atomic percentages (at%) Percentage of C Percentage o

Sample

C1ls N1s O1s CI2p that is GCI Cl that is Cl
MCC 447 413 117 24  50.3 49.7
MCC after 6 h 4,36 442 112 10 100 0.0
reaction
Cl-removed MCC 53.7 440 2.3 00 0.0 0.0

Cl-removed MCC

MCC after 6h reaction

% Transmission
g;
o
O

4000 3000 2000 1000

Wavenumber (cm™)

Figure 5.4 Attenuated total reflectandeourier transform infrared spectroscopy of
MCC, MCC after 6 h reaction in 1 mM phosphate buffer without the hole scavenger,

and Clremoved MCC treated by annealing.
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5.3.2H20:2 photosynthesis undewarious experimental conditons

The photocatalytic KO- production on MCC and M under the irradiation of simulated
visible sunlight (xenon lampg- >  4)0iOshowminFigure 5.5. In contrast to the
negligible amount of kD, produced on M, MCC catalyzed.&> generation from water
and air to a notable concentration (up to ca. 650 uM) in 6 h, with an average production
rate of 1.19 + 0.06 uM mih The HO; production rate was comparable with otheZ)\4-
based photocatalyst§gble 5.3). H-O> was produced via photocatalytic oxygen reduction
(Oz2+ 2+ 2H'Y  ¥Dy) rather than water oxidation (28 VY Okt 2H" + 2€), as
confirmed by the lack of ¥D,formation under Asaturated condition or in the dark
(Figure 5.%0). Furthermore, MCC catalyzed the generation e®Hunder various light
resources, including white LEDs, visible light (xenon lamp, >400 nm) simulated sunlight
(xenon lamp, AM 1.5G), and outdoor sunlight. As shownFigure 5.6, the HO>
generation rate ineased from 0.6% 0.05uM mint (1.45+ 0.12 umol h') under white
LEDs irradiation t01.19 + 0.06uM min? (2.86 + 0.14 umol h') under visible light
irradiation with the increase of irradiance from 10.5 mWP@hwhite LEDs to 12.8 mW
cmi? of visible light. Under simulated sunlight irradiation, theQd generation rate was
further increased t8.28 + 0.09 pM mirt (5.47 + 0.22 umol #) and the SCC was 0.112%,
although the irradiance difference between simulated sunlight (12.9 mijvarrd visible
light was negligible. Meanwhile, the irradiance of outdoor sunlight was the highest (31.2
mW cni?), but the HO generation rate decreased to 1493.16 pMmin? (4.63 + 0.38
umol ht) and the SCC was significantly decreased to 0.0384#se inconsistergs were

induced by the different spectra of diverse light sout¢&uenthough the bandgap of
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MCC is around 1.6 eVHigure 5.7) and the optical absorption of MCC is up to 775 nm,

the longwavelength photons may not be efficiently utilized.
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Figure 5.5Photocatalytic HO. production catalyzed by {8 MCC andCl-removed

MCC and (c) M. Experimental conditions were as follows: catalyst load of-1,@lr (1

atm) or N2 (1 atm), visible light irradiatio(xenon lamp, | > 400 nm) or in the dark, and

1 mM phosphate buffer (pH 7). (d) Lotgrm photocatalytic kD> production catalyzed
by MCC with or without the hole scavenger of isopropanol. Experimental conditions
were as follows: catalyst load of 1 gll,air (1 atm), visible light irradiation (xenon

lamp, | > 400 nm), and 1 mM phosphate buffer (pH 7) or 1 mM phosphate buffer (pH 7)

plus 10% (v/v) isopropanol. Error bars represent average value + standard deviation.
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Table 5.3 Comparison of photocatalytid,O, production.

3¢T

Photocatalyst Experimental conditions H20- production Ref.

Electron donor Gas Light Rate Rate (umol rQuantum vyield
source (UM min?)
)

g-CsNs Isopropanol O, AM15G 0.68 - 2.3% at 380 nir 272
(10%)

g-CsN4 Ethanol (90%) O, >420nm 8.33 2.50 - 250

Oxygenenriched gCsN4 Isopropanol O, >420nm 2.43 5.30 10.2% at 420 ni 24
(10%)

g-CsNa (mesoporous) Ethanol (90%) O, AM15G 125  3.75 - 213

Porous gCsN4 nanosheet Ethanol (5%) 0O, AM15G 18.1 54.3 - 274

Porous gCsN4 nanosheet (Nitroge Ethanol (5%) O, >420nm 1.68 10.1 - 275

vacancy rich)

Nitrogen vacancy enrichecs8s  Isopropanol O, >420nm 7.93 47.6 8.2% at 420 nir 276
(10%)

BN quantum dots/porous-@:N4 Isopropanol O; >420nm 1.21 3.63 - 217

nanosheet (10%)

TisC. MXene/porous g 3N4 Isopropanol Oz >420nm 2.20 6.60 - 278

nanosheet (10%)

Alkali metal doped ¢C3N4 (with N Isopropanol O, >420nm 170 510 - 270

vacancies) (10%)

Black phosphorus/{l, Isopropanol O, >420nm 9.00 16.2 - 279
(10%)

2-hydroxy-4,6- Isopropanol O, >420nm 2.90 8.70 - 280

dimethylpyrimidine/ GN4 (10%)

Ag (1 wt%)g-CsN4 Isopropanol O AM15G 1.10 - - 212
(10%)

Pt/g-CsN4 Ethanol (90%) O, >420nm 1.17 0.351 - 250
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Figure 5.6 Photocatalytic HO> production rate over MCC under (a) various light sources
and (b) pH conditions. Experimental conditions for (a) were as follows: catalyst load of 1
g L-1, air (1 atm), irradiation of white LEDs, visible light (xenon lamp, | > 400 nm),
simulated sunlightdenon lamp, AM 1.5G), or outdoor sunlight, and 1 mM phosphate
buffer (pH 7). Experimental conditions for (b) were as follows: catalyst load of-1,g L
air (1 atm), visible light irradiation (xenon lamp, | > 400 nm), and 10 mM phosphate or

borate buffer (pl 3, 7, or 9). Error bars represent average value * standard deviation.
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Figure 5.7UV-vis absorption spectra and bandgap analysis (a,b) MCC and (¢,d) ClI

removed MCC by annealing.

Most previous studies only focused on sHertn HO; production via phaicatalysis,
i.e., up to several hours, while lotgrm HO: generation was largely underexplored. In
our study, we evaluated 8- production under 54 h continuous irradiation of visible
sunlight (xenon lampa- > 4)0 18 then system with water and asubstantial net
production of HO2 was only observed in the first 6 h of irradiatidiigure 5.5d). After
that, the accumulated-B. concentration reached a plateau of 0.33 mM in 20 h. The
conduction band energy level of MCC was quantified with Meathotky analysis Figure

5.8 and the valence band edge (VBE) was determined in combination with bandgap
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analysis. The VBE of MCC was less positive than the reduction potentialldf@(0.829
versus 1.23 V with respect to NHEigure 5.9). Hence water oxidain was not
thermodynamically feasible. Surprisingly, we did not observe the loss of covalently bonded
C-Cl (Figure 5.3 and Table 5.2) or the reduction of charge transfer rate after the 6 h
reaction Figure 5.10. MCC did not generate hydroxyl radical, thest powerful oxidant

in water, but it produced singlet oxygen with a stesidye concentration of 1.02x30M,
suggesting that orelectron reduction of ¥D2 to hydroxyl radicals was inhibited and
hydroxyl radical was not responsible for destructinglecomposing the photocatalyst.
These seemingly contradictory results indicate that photocorrosion induced by holes could
occur at the defect sites of the photocatalyst but it did not decomp@etle key
structure for promoting ¥D> production (detailsn Section5.3.4). The fact that HO>
production leveled off after the 6 h reaction could also be explained lothparable
decomposition and generation rate HBO. in the phosphate buffer after 2Gp
accumulation to a certain levél.28We next introduced 10% (v/v) isopropanol as the hole
scavenger for photocatalysis. The oxidation potential of isopropanol is 0.1#¥9egs
positive than the valence band of MCEigure 5.9), indicating that scavenging
photoinduced holes by isopropanol is thermodynamically favorahksd,0, production
rate was not only improved but also maintaine2l @8 + 0.10 pM mift (6.67 + 0.24umol

h'1) throughout 54 hRigure 5.5d), realizing continuous accumulationtéfO2. The timely
guenching of photoinduced holes not only suppressed the recombination of ehei¢ron
pairs but also protectdd,O, from further oxidatior?*2%°?°1As a resultH.02 generation
was promoted while its decomposition might be inhib#ed? leading to substantial net

production ofH20x.
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Figure 5.8 Mott-Schottky plots of (a) MCC and (b) -@moved MCC by annealing.
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Figure 5.9Band structure comparison of MCC andr€moved MCC. Special attention
should be paid that the valencanl of MCC was not sufficient positive to oxidize water.
MCC might experience photocorrosion ia®4 production when no scavenger was

present, and its defect sites could be oxidized.
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Figure 5.10Electrochemical impedance spectroscopy Nyquist plots of MCC, MCC after
6 h reaction in 1 mM phosphate buffer without the hole scavenger, alethGled MCC

treated by annealing.

5.3.3Acidic condition promoting H202 photosynthesis

As shown inFigure 5.6b, with the decrease of pH from 7 to 3, thglgeneration
rate increased from 1.02 + 0.02 uM mito 1.89 + 0.09 pM mid. On the contrary,
increasing the pH from 7 to 9 did not have a statistically significant influence on@he H
generation rate (i.e., 1.02 + 0.02 versus 1.26 + 0.22 uMmainpH 7 and pH 9,
respectively). The higher concentration of protons at the lower pH was believed to
accelerate the protonation of adsorbegd@wever, the proton concentration was too low
at both pH 7 and pH 9 to enhance the rate gdproduction. According to molecular
simulation Figure 5.11), the pKa of Cldoped moiety was predicted to be 4.7 (pkand

2.7 (pKa), respectively. In contrast, the pKand pKa of the hydrogenated derivative
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