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ABSTRACT: Graphitic carbon nitride (g-C;N,) nanomaterials hold
great promise in diverse applications; however, their stability in
engineering systems and transformation in nature are largely
underexplored. We evaluated the stability, aging, and environmental
impact of g-C;N, nanosheets under the attack of free chlorine and
reactive chlorine species (RCS), a widely used oxidant/disinfectant
and a class of ubiquitous radical species, respectively. g-C;N,
nanosheets were slowly oxidized by free chlorine even at a high
concentration of 200—1200 mg L', but they decomposed rapidly
when ClO- and/or CL,*~ were the key oxidants. Though CL°*" and
ClO- are considered weaker oxidants in previous studies due to their
lower reduction potentials and slower reaction kinetics than -OH and
Cl,, our study highlighted that their electrophilic attack efficacy on g-
C;N, nanosheets was on par with -OH and much higher than Cl.. A

trace level of covalently bonded CI (0.28—0.55 at%) was introduced to g-C;N, nanosheets after free chlorine and RCS oxidation.
Our study elucidates the environmental fate and transformation of g-C;N, nanosheets, particularly under the oxidation of chlorine-
containing species, and it also provides guidelines for designing reactive, robust, and safe nanomaterials for engineering applications.
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B INTRODUCTION

Reactive species are important for both engineering and
natural systems. They play critical roles in chemical
contaminant degradation, microbial inactivation, biogeochem-
ical cycling, nanomaterial aging and transformation, etc.' ™ For
example, as the most powerful oxidant in water (E° = 2.8 V),
hydroxyl radicals (-OH) are commonly generated in advanced
oxidation 7processes (AOPs) to remove persistent micro-
pollutants.” -OH are also ubiquitous in natural aquatic
environments. They can be produced via the photolysis of
nitrite, nitrate, and dissolved organic matter (DOM), photo-
Fenton reactions, microbial activities, and overturn-induced
aeration of anoxic bottom water.”~'" Reactive chlorine species
(RCS), like chlorine atoms (CI-), chlorine oxide radicals
(ClO-), and dichlorine radical anions (CL,*~), have attracted
great attention for AOPs in recent years,">”'® and they can be
produced through ultraviolet light (UV)-activated photolysis of
free chlorine and monochloramine.'” ™2 Moreover, emerging
technologies such as photocatalysis, electrocatalysis, and
photoelectrocatalysis have been discovered to produce a high
concentration of RCS for effective pollutant control.*'~*°
Similar to -OH, RCS are also ubiquitous in natural aquatic
systems, especially in brines, estuaries, and seawater, and they
are generated through the oxidation of chloride by -OH, singlet
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oxygen ('0,), and photoexcited DOM.””~** When compared
to -OH, RCS oxidation could be less thermodynamically
favorable due to their lower reduction potentials (the
reduction potential of Cl, CL,*~, and ClO- is 2.5, 2.2, and
1.5-1.8 eV, respectively).'”'** Moreover, RCS is more
selective than -OH: Cl- launches the electrophilic attack on
aromatic rings whereas CL,*~ and ClO- prefer to react with
aromatics with electron-donating groups through electron
transfer.”’ " However, RCS-induced oxidation is likely to
form halogenated byproducts, which may raise concerns for
human health and ecosystems.'®**73*

Graphitic carbon nitride (g-C;N,) nanosheets are promising
photoreactive engineered nanomaterials with interconnected s-
triazines or heptazines units. They have found broad
applications in catalysis, pollution control, membrane separa-
tion, chemical sensing, and beyond."’é_40 For example, g-C;N,
has been used to activate free chlorine and generate -OH and
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RCS for degrading persistent organic micropollutants in
photocatalysis.”' However, recent studies have discovered
one significant limitation of g-C;N, for engineering applica-
tions: g-C3N, can decompose rapidly in an oxidative
environment and loses its structural and chemical integrity.
Though g-C;N, was stable under the attack of O3, H,0,, and
0,7°, ‘OH could tear heptazine units apart from the g-C;N,
framework to release cyameluric acid and nitrate in an aqueous
environment,” and the assistance of photoinduced holes (h*)
in photocatalysis further exacerbate the decomposition of g-
C;N, nanosheets.” Fast self-decomposition of g-C;N, was also
discovered in an inert gaseous environment with the presence
of CO, or Ar in photocatalysis, and the chemical instability of
g-C;N, was attributed to the synergy of adsorbed hydroxyl
groups and photoinduced charges.”" Moreover, considering
the global commercialization and extensive application of
engineered nanomaterials like g-C3N, nanosheets, incidental
release and inappropriate disposal of these nanomaterials into
nature are inevitable, which may pose serious and increasing
environmental risks.*>~*” The transformation of nanomaterials
in nature also determines their adverse impacts on human
health and threats to ecosystems. RCS are important and
abundant radicals in both engineering and natural systems, but
their critical role in degrading and aging engineered nanoma-
terials like g-C;N, nanosheets is unknown to date.

In this study, we investigated the transformation of g-C;N,
nanosheets under RCS attack by integrating reaction kinetic
evaluations, advanced spectroscopic and microscopic charac-
terizations, and molecular simulations. We prepared two g-
C;N, nanosheets, one with more defects, edges, and pores
compared to the other and evaluated their degradation kinetics
with the presence of free chlorine and RCS (i.e., chlorination
and photocatalytic chlorination). Next, molecular simulations
were conducted to understand the reaction mechanism of how
free chlorine and RCS attack g-C;N, nanosheets. Surprisingly,
it was discovered that ClO- and/or CL"~ rapidly degraded g-
C;N, nanosheets, though they are generally considered weak
oxidants. This observation could be attributed to the feasible
electrophilic attack of the nanosheets by ClO- and/or Cl,*~
but not Cl-. Our work is novel because it provides the first
insights into the fate, transformation, and reactivity of g-C;N,
nanosheets under RCS attack to understand their behavior in
engineering and natural environments. Research outcomes
provide guidelines for designing advanced engineered nano-
materials with improved robustness and reduced adverse
environmental impacts for practice.

B MATERIALS AND METHODS

Synthesis and Characterization of g-C;N, Nano-
sheets. Two different g-C;N, nanosheets were synthesized
through thermal polycondensation of alcohol intercalated
melamine-cyanuric acid supramolecules (denoted as D) and
thermal exfoliation of bulk g-C;N, powder (denoted as M2),
respectively. Synthesis details are reported in our previous
publication.”> Chemicals for synthesis are listed in Text SI.
Material characterization details, including CHNCI analysis,
UV—vis diffuse reflectance spectroscopy, and X-ray photo-
electron spectroscopy (XPS), can be found in Text S2.

g-C3N, Nanosheet Aging. One hundred twenty milli-
grams of D or M2 was suspended in 120 mL of a 100 mM
phosphate buffer (pH 7.5) in a 125 mL polytetrafluoro-
ethylene/silicone lined glass septa jar. An appropriate amount
(0.18—1.1 mL) of sodium hypochlorite solution (136 g L™" of

free chlorine) was added to the jar to reach free chlorine
concentrations of 200, 500, and 1200 mg L% A much higher
concentration of free chlorine than that for disinfection was
used because g-C;N, nanosheets were relatively resistant to
free chlorine oxidation and the photocatalytic chlorination
treatment consumed free chlorine rapidly (details in results
and discussion). The jar was kept in the dark or irradiated with
a light-emitting diode (LED, 7 W, 395 nm) for chlorination
and photocatalytic chlorination, respectively, and treatment
systems are denoted as C1,-200/500/1200 and Photo-Cl,-200/
500/1200. As shown in Figure S1, the jar showed negligible
absorption of the 395 nm photons generated by the LED light
source. Under LED irradiation, g-C;N, nanosheets were
excited to produce photoinduced electrons (e”) and h*, and
the e~ and h* reacted with free chlorine to produce RCS and
then degraded g-C;N, nanosheets (details in the Results and
Discussion section). The concentration of free chlorine was
determined with a drop count titration-based commercial test
kit (HACH, model CN-65, 1-20 mg L™"). All experiments
were performed with at least three independent replicates.

After treatment, excessive sodium thiosulfate was added to
quench residual oxidants, and aged g-C;N, nanosheets were
harvested by ultracentrifugation at 30,000 rpm (108,860g,
Beckman JXN30). The supernatant of g-C;N, nanosheets after
(photocatalytic) chlorination and ultracentrifugation was
filtered with a 0.2 pum polyvinylidene difluoride syringe filter
for further analysis. The concentration of nitrate ions in the
filtered supernatant was determined by ion chromatography
(IC, Dionex ICS-1100; Dionex IonPac AS18 column) using 10
mM NaOH as the eluent and 0.25 mL min~" as the flow rate.
The concentration of released organic compounds was
analyzed by a total organic carbon (TOC) analyzer. A gas
chromatography—mass spectrometer (GC—MS) and an ultra-
performance liquid chromatography—mass spectrometer
(UPLC—MS) were used to detect the volatile and nonvolatile
chlorinated oxidation byproducts. Details are provided in Text
SS.

RCS Semiquantification and Presence/Absence Anal-
ysis. To quantify the generated reactive species (-OH, Cl.,
ClO, and Cl,*”) in photocatalytic chlorination, nitrobenzene
(NB), benzoic acid (BA), 1,4-dimethoxybenzene (DMOB),
and CBZ were used as probe compounds (Text $3).">*** As
shown in Table S1, NB only reacts with -OH; BA reacts with
both -OH and Cl;; DMOB can be oxidized by -OH, Cl-, and
CIO-; while CBZ is vulnerable under the attack of these four
radicals. A probe was spiked into g-C;N, suspensions at the
beginning of each reaction (~10 min), and samples were
collected continuously for up to 1 min. High-performance
liquid chromatography (HPLC) was used to determine probe
concentrations and degradation kinetics (Table S2). The
radical concentrations were calculated for the initial stage of
each treatment (details in Text S3). Specifically, probes were
added independently for quantifying radical concentrations
(Table S3). Control experiments of probe photocatalytic
degradation were conducted in a 100 mM phosphate buffer
(pH 7.5) with the presence of g-C;N, nanosheets. DMOB and
CBZ were susceptible to photocatalytic degradation, while the
removal of NB and BA was negligible (Table S3). Therefore,
negligible -OH was present in g-C;N,-based photocatalysis
when free chlorine was absent, and the contribution of direct
photocatalysis should be deducted from the degradation
kinetics of DMOB and CBZ when determining the
concentration of ClO- and Cl,°~ in photocatalytic chlorination
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Figure 1. (a) Molecular structure of a g-C;N, nanosheet terminated by amine groups. White, cyan, and blue balls in the structure refer to hydrogen,
carbon, and nitrogen atoms, respectively. (b) Free chlorine concentration during the aging processes of D and M2. The nitrogen release as nitrate
ions during the aging of D and M2 in the (c) dark or (d) under LED (7 W, 39S nm) irradiation. Cl,-200/500/1200 and Photo-Cl,-200/500/1200
represent chlorination and photocatalytic chlorination of g-C;N, nanosheets with an initial spiked free chlorine concentration of 200, 500, or 1200
mg L', Treatment conditions are as follows: g-C;N, nanosheet loading of 1 g L™!, 100 mM phosphate buffer (pH 7.5), initial spiked free chlorine
concentration of 200, 500, or 1200 mg L7 in the dark or under light irradiation. The error bars represent average + standard deviation.

(Table S4). DMOB and CBZ were also amenable to direct
oxidation by free chlorine (>100 mg L', Table S3), which
prevented the accurate quantification of RCS (Table S4).
Fortunately, we were still able to use probe tests to validate the
absence and presence of -OH and RCS, by comparing the
measured first-order reaction rate of probes in photocatalytic
chlorination with that in control experiments of direct
photocatalysis and direct free chlorine oxidation (details in
Text S3).

Computational Simulation. As shown in Figure la, g-
C;N, nanosheets were modeled as a 6 X 6 heptazine supercell,
which was connected by tertiary amine groups and terminated
by primary and secondary amine groups. A three-dimensional
simulation box as large as 120 A X 100 A X 120 A with a =
90°, f = 60°, and y = 90° was adopted to diminish artifacts due
to periodic boundary conditions. Unless otherwise specified, all
simulations were carried out by the open-source CP2K
package® with the Goedecker—Teter—Hutter (GTH) pseu-
dopotential,”’ Perdew—Burke—Ernzerhof (PBE) exchange-
correlation function,”> implicit solvation effect™ with a
dielectric constant of 78.4, and polarized-valence-double-{
(PVDZ) basis set.”* To reveal the electrophilic attack efficacy
of -OH, Cl, ClO:, CL,*7, and OCI™ on g-C;N, nanosheets, the
interaction geometries between reactive species and the
nanosheets were optimized in the initial (S;), transition (Sy),
and final (Sg) states before calculating the associated enthalpy
changes (AH,, = E(S;) — E(S))) and activation energies
(AE, . = E(Sy) — E(S)). Specifically, the Broyden—

Flectcher—Goldfarb—Shanno (BFGS) algorithm™ was em-
ployed to locate S; and Si by minimizing their energies to local
minima, whereas the climbing image nudged elastic band (CI-
NEB) approach®® was utilized to ascertain Sy with eight images
sequentially connected by springs featuring a harmonic force
constant of 0.5 hartree Bohr 2

B RESULTS AND DISCUSSION

Chlorination of g-C3N, Nanosheets. Two different g-
C;N, nanosheets, i.e.,, D and M2, were synthesized, and they
have comparable lateral sizes.*> However, D had a more well-
defined structure than M2, and M2 has more pores, edges, and
defects, as demonstrated in our previous study.43 Therefore,
the specific area of M2 (168 + 1 m* g~") was 7.78 times larger
than that of D (21.6 + 3.4 m* g™').”> More importantly, M2
has more active sites in photocatalysis and shows 2.33—2.70
times higher photocatalytic activity than D in degrading phenol
under various light sources.”> To effectively age g-C;N,
nanosheets, a high initial concentration of free chlorine
(HOCI/OCI™) was used (200, 500, and 1200 mg L") for
chlorination in the dark, and nitrogen release was monitored to
reflect the extent of g-C;N, decomposition. Nitrate but not
nitrite was detected by IC. Although only a small portion of
free chlorine was consumed (Figure 1b, solid lines), D was
continuously degraded to release nitrate ions for up to 8 h
(Figure 1c). When the free chlorine concentration increased
from 200 to 1200 mg L' (CL,-200 versus Cl,-1200), the
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nitrogen release amount throughout the 8h treatment
disproportionally increased from 0.28 + 0.05 to only 0.66 +
0.06 mg of N (g of g-C;N, nanosheets) ™. We speculate that
free chlorine only attacked the defects of g-C;N, nanosheets
on edges. Similar to -OH oxidation, the limited number of edge
defects resulted in the slow decomposition of g-C;N,
nanosheets.” In addition, M2 released 4.45 times more nitrate
(2.94 + 0.44 mg of N (g of g-C;N, nanosheets)™") than D
when it was treated with 1200 mg L™" of free chlorine (Figure
Ic), further proving that M2 with more pores, edges, and
defects was prone to degradation.

Production of CIO- and/or Cl,*~ in the Photocatalytic
Chlorination of g-C;N, Nanosheets. HOCl and OCI™ (pK,
= 7.5) could absorb UV light (<340 nm) and produce radical
species efficiently.””*" Since the LED light source used in this
study had a central emission wavelength of 395 nm (ranging
380—440 nm, Figure S1), the direct photolysis of free chlorine
for producing radicals was negligible. g-C;N, nanosheets, by
contrast, can be activated and produce O,°” (R1)
effectively.*”***° 0,*~ subsequently reacts with HOCI to
produce -OH and Cl- (R2), and simultaneously, CIO™ can be
activated by e” to generate O*~ (R3), which is next protonated
to form -OH.*"*' -OH will be further scavenged by Cl~ and
HOCI/OCI™ to form ClO-, CIOH*", Cl,, and CL,*~ (Figure
S2).

O,+e =05, k=19x10°M s (R1)

HOCl + O}” = -OH + CI' + O,, k=75 % 10° M 's™"
(R2)

ClIO 4e -0 +CI, k=72x10M %" (R3)

NB, BA, DMOB, and CBZ were used as probes to quantify -
OH, Cl., ClO-, and CL"*~ concentrations (Text $3)."¥*** We
first tested radical concentrations at low free chlorine dosages
(4—20 mg L™"), and -OH and Cl- were only present when the
free chlorine concentration was 4 and 10 mg L™" (Figure S3).
With the increase of the free chlorine dosage, less -OH but
more ClO- was observed, consistent with previous reports.’>**
We next tested RCS concentrations at high free chlorine
dosages beyond 100 mg L7', and -OH and Cl- became
negligible (Table S4). However, direct chlorine oxidation of
DMOB and CBZ at high free chlorine dosages interfered with
the quantification of ClO- and Cl,*~ (Text S3 and Table S4).
We found that the measured pseudo-first-order degradation
rate constants of DMOB and CBZ in photocatalytic
chlorination were larger than the sum of the degradation rate
in direct photocatalysis (photocatalytic oxidation of probes by
g-C;N, nanosheets) and direct free chlorine oxidation (probe
oxidation only by free chlorine), indicating that CIO- and/or
CL*" played a key role in probe degradation (Table S4).
Because -OH and Cl- were missing from photocatalytic
chlorination with a high free chlorine dosage (200, 500, or
1200 mg L"), ClO- was hence identified as an important RCS,
whereas Cl,*~ might be present in photocatalytic chlorination.
In contrast, no RCS or -OH was found in dark chlorination,
and free chlorine (HOCI/OCI™) was the dominant oxi-
dant %%

RCS-Induced g-C;N, Nanosheet Aging. In contrast to
chlorination, free chlorine was rapidly consumed to produce
ClO- and/or CL*~ (Figure 1b, dash lines) in photocatalytic
chlorination, and simultaneously, D was oxidized and degraded
to release more nitrate (Figure 1d). When the initial free

chlorine concentration was 200 mg L™' (Photo-Cl,-200), with
the rapid consumption of free chlorine, the 2 h averaged
nitrogen release rate (NRR) of D decreased from 0.56 to 0.28
and to 0.16 mg of N (g of g-C;N, nanosheets) ' h™" for 0—2,
2—4, and 4—6 h treatment. The 2 h averaged NRR was
negligible for the photocatalytic chlorination of D in 6—8 h
treatment, possibly due to the depletion of free chlorine and
ClO- and/or CL,*". Increasing the initial free chlorine
concentration to 500 mg L™' (Photo-Cl,-500), the 2 h
averaged NRR of D only slightly decreased after 6 h of
treatment. As for the photocatalytic chlorination of D with
1200 mg L' initial free chlorine concentration (Photo-Cl,-
1200), the 2 h averaged NRR maintained well for 8 h of
treatment, showing the importance of a relatively high free
chlorine concentration in sustaining the production of ClO-
and/or Cl,*". M2 had a much higher 8 h averaged NRR when
compared to D: 1.5 & 0.2 versus 0.61 + 0.01 mg of N (g of g-
C;N, nanosheets)™ h™' for Photo-Cl,-1200 in 8 h of
treatment (Figure 1d). This is because M2 had higher
photoreactivity, enabled more e”/h* generation, and promoted
ClO- and/or CL,*~ production in photocatalytic chlorination.
In addition, M2 had more pores, edges, and defects, which
rendered higher susceptibility to oxidation.

Aging Products of g-C;N, Nanosheets. We first
evaluated small and soluble compounds that were released
from g-C;N, nanosheets during all treatments. In addition to
nitrate, soluble organic compounds including cyameluric acid
were released from D and M2 after aging (Text SS, Figure S4).
Particularly, photocatalytic chlorination resulted in an
increased release of soluble organic compounds than
chlorination, which agreed with the nitrogen release results.
The reactions of organic matter with free chlorine and RCS
always raise concerns in producing chlorinated organic
byproducts,*>*”%® so we also evaluated the production of
trichloromethane, monochloroacetic acid, dichloroacetic acid,
and trichloroacetic acid in g-C;N, nanosheet aging. All
byproducts were below the detection limit (i.e., 0.08 mg L™*
for trichloromethane and 0.1 mg L™ for haloacetic acids),
indicating that g-C;N, 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 g-C;N, nanosheets after aging. Bulk
composition analysis (Table S5) indicated that Cl was
introduced to both D and M2 after all aging treatments. XPS
analysis also confirmed the introduction of chlorine onto the g-
C;N, nanosheet surface and indicated an increase of surface
oxygen content (Table S6). More importantly, C—Cl bonds
were observed on the surface of the treated g-C3N, nanosheets
(Tables S6 and S7, Figure SS). The atomic percentage of
covalently bonded Cl at the surface ranged from 0.28 to 0.5$ at
% (ie, ca. 71-78% of the XPS measured chlorine, with
remaining chlorine existing as CI7) for treated g-C;N,
nanosheets. Surprisingly, although ClO- and/or CL,*~ induced
much faster decomposition of g-C;N, nanosheets than free
chlorine, photocatalytic chlorination did not introduce more
C—Cl or CI” than chlorination. No significant difference in CI
contents was found between D and M2 after the treatment
(Tables S5—S7). These results were in contrast with our
previous study, in which the synergistic attack of holes and
hydroxyl radicals not only lead to faster degradation of g-C;N,,
nanosheets but also introduced much more oxygen-containing
groups compared with the attack launched by hydroxyl radicals
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only.”” We speculate that ClO- and/or CL*~ perform as
catalysts to transfer electrons in decomposing g-C;N, nano-
sheets, and they were less likely to be incorporated into the
bulk framework. It might also indicate that only limited sites
on g-C;N, nanosheets were amenable to RCS attack, but
further studies are needed. Moreover, an increase in the atomic
percentage of surface oxygen was observed in aged g-C;N,
nanosheets based on XPS (from 3.6% before aging to 4.3—
4.6% after aging, Table S6), but the result also did not bias
between treatment conditions (chlorination versus photo-
catalytic chlorination). The band gap of D and M2 was
marginally changed after photochlorination (Figure S6), but
the introduction of Cl atoms and the increase of surface
oxygen content (Tables S6 and S7) could tailor the electronic
properties of g-C;N, nanosheets and consequent photo-
reactivity.

Molecular Simulations for the Electrophilic Attack of
g-C3N, Nanosheets by Radicals and Free Chlorine. We
first simulated the electrophilic attack of radicals and free
chlorine on g-C3;N, nanosheets by assuming the nanosheets
were electrically neutral. Free chlorine was abundant in all
treatments. Based on our experimental analysis, RCS like CIO-
and/or Cl,*~ were produced in photocatalytic chlorination
where g-C;N, nanosheets were photoexcited to produce e”/h*
and possess localized charges. However, a localized h* on a
heptazine unit of g-C;N, 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 irradiation.”” In addition, radicals produced on g-C;N,
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 interaction of radicals and neutral g-C;N, nanosheets. To
reveal the efficacy of electrophilic attack on g-C;N, nanosheets
by free chlorine (represented by HOCI and OCI™), -OH, Cl,
ClO, and Cl,*7, the geometries of S;, St, and S states of the
reactive species interacting with the nanosheets were
optimized. Then, the associated enthalpy changes and
activation energies were evaluated as AH,,, = E(Sz) — E(S))
and AE, = E(S;) — E(S). Even though -OH and Cl- were
not found in our experimental setup, they were considered for
simulations to compare the degradation mechanism of g-C;N,
nanosheets by diverse oxidants.

All electrophiles preferred attacking edge-site instead of
bulk-phase heptazines. As shown in Figure S7a, the -OH attack
on a g-C;N, nanosheet led to a short O—C bond of 1.41 4,
therefore affording a rather negative AH,,, of —31.4 kcal mol™’
(Table 1). For such an exothermic electrophilic addition, its
small AE, of 1.2 kcal mol™" is not surprising. When the less
oxidative ClO- radical attacked a g-C;N, nanosheet (Figure
2a), AH,,, plunged to —4.0 kcal mol™" for a weaker O—C bond
with a longer length of 1.43 A. As expected, the associated
AE,, also increased to 4.9 kcal mol™' due to the stabilized
reactant of ClO- by resonance structures. For OCI™ (Figure
S7b), the O—C bond remained at 1.43 A for a similar AH,, of
—6.4 kcal mol™! while AE,, soared to 13.8 kcal mol™ for the
additional energy to break the O—H bond in the initial state.
By contrast, the attack launched by HOCI (Figure S7c, Table
1) was thermodynamically unfavorable. Surprisingly, Cl,*~
(Figure 2b) exhibited a nearly negligible AE,, of 0.1 kcal
mol™" that could be ascribed to the formation of a long and
stable H—Cl—CI—N chain connecting two edge-site heptazines
(the right panel of Figure 2b). Interestingly, a three-atom chain

Table 1. Calculated Enthalpy Changes and Activation
Energies for the Electrophilic Attack of ‘OH, CI-, CIO-,
ClL,*7, HOC], and OCI™ on g-C;N, Nanosheets with and
without the Presence of a Photoinduced Hole (h*)

enthalpy change AH, activation energ¥ AE,

reactive species (kcal mol ™) (kcal mol™
-OH -314 12
ClO- —-4.0 4.9
ocCl™ —6.4 13.8
HOCI +40.6 N/A
cL*- -10.1 0.1
CI- (attack on +6.4 N/A
carbon)
Cl- (attack on +8.1 N/A
nitrogen)
-OH (h*) -89 3.1
clo- (h*) +122 N/A
CL"" (h*) —-16.1 0.6

s, S, Sy
AE, .~ 4.9 kcal mol!
O-C bond length: 1.43 A
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Figure 2. Optimized initial (S;), transition (S1), and final (Sg) states
when a g-C;N, nanosheet is attacked by (a) ClO- and (b) CL°".
White, cyan, and blue balls in the structure refer to hydrogen, carbon,
and nitrogen atoms, respectively. AE,, = E(S;) — E(S)).

such as H-CI-N was not sufficiently long, excluding the
possibility of forming an extra bridge between two heptazine
units with a Cl.. Cl- could alternatively attack either a carbon
(Figure S8a) or a nitrogen (Figure S8b) atom on the g-C;N,
nanosheet. Nevertheless, both attacking schemes resulted in
positive AH,,,, (ie, AH,, = 6.4 kcal mol™" for Cl- attack on
carbon and AH,,, = 8.1 kcal mol™" for Cl- attack on nitrogen),
making the addition of CI- to a g-C;N, nanosheet
thermodynamically unfavorable.

We next evaluated the attack of RCS and free chlorine on a
photoexcited g-C;N, nanosheet in photocataly’ac chlorination.
The constrained density functional theory®” was employed to
impose a net charge of +1 on the edge-site heptazine that was
being attacked by an electrophile. Particularly, we only
explored the electrophiles whose AH,, s were negative and
AE,s were lower than 5.0 kcal mol™ for a discernible reaction
rate in the absence of light irradiation. For the -OH-launched
attack (Figure 3a), the O—C bond increased to 1.44 from 1.41
A in S upon h* formation, resulting in a drastic escalation of
AH,, from —31.4 to —8.9 kcal mol™". This 22.5 kcal mol™!
increase stemmed from the reduced electrophilicity of the
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Figure 3. Optimized initial (S;), transition (Sy), and final (Sg) states
when the g-C;N, nanosheet with a photoinduced hole (h*) located at
an edge-site heptazine is attacked by (a) -OH, (b) ClO-, and (c)
CL°". White, cyan, and blue balls in the structure refer to hydrogen,
carbon, and nitrogen atoms, respectively. AE,, = E(S;) — E(S)).

ionized heptazine, which also increased AE, from 1.2 to 3.1
kcal mol™". In fact, the reduced electrophilicity further flipped
the sign of AH,,, from negative to positive for CIO- (Table 1),
making its attack on the g-C;N, nanosheet nonspontaneous as
shown in Figure 3b. On the other hand, the positively charged
heptazine unit rendered a stronger electrostatic attraction to
the anionic Cl,*~ (Figure 3c), affording a rather negative AH,,,,
of —16.1 kcal mol ™", while still maintaining a small AE, at 0.6
kcal mol™". Taken all together, the electrophilic attack efficacy
of the explored oxidants is ordered as CL,*~ > -OH > CIO- >
OCI” > Cl- > HOCI. Cl,* and CIO:, which are conventionally
believed as weak oxidants when compared to -OH and CI,
exhibit a powerful potential in decomposing g-C;N, nano-
sheets.

Environmental Implication. Free chlorine is one of the
most widely used disinfectants 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.”">*"*7% A a promising photoreactive
material, g-C;N, has been intensively investigated for photo-
catalytic oxidation and environmental remediation.’””"”*
Some pioneering studies have validated the excellent perform-
ance of g-C;N, for RCS production and contaminant
degradation.zs’41 Therefore, it is likely that, in the near future,
g-C;N, will be used in engineering systems for water
purification, and it can coexist with free chlorine and RCS.
Our study revealed that g-C;N, nanosheets were mildly
oxidized in free chlorine, but they lost structural integrity and
decomposed rapidly under the attack of ClO- and/or CL"*7,
which calls for urgent attention to the material stability and
robustness for long-term engineering applications. Our aging
tests for g-C;N, nanosheets were conducted with a high free
chlorine concentration where -OH was absent. Photocatalysis

in a low dosage of free chlorine (<10 mg L") better simulated
the engineering practice in water and wastewater treatment,
and it also introduced -OH in addition to RCS, further
exacerbating g-C;N, nanosheets decomposition.” In addition,
treating g-C;N, with free chlorine can remove defects,
introduce covalently bonded chlorine atoms, and alter the
physiochemical properties, which could find broad applications
for improving material photoreactivity.

RCS are also abundant in natural aquatic environments,
especially saline water, and they play a critical role in the
chemical transformation of (nano)materials. Incidentally
released and inappropriately disposed of g-C;N, can undergo
RCS-induced transformation in natural aquatic environments
and release byproducts like nitrate and cyameluric acid.
Though g-C;N, aging was not found to release small
chlorinated organic molecules in our study, a thorough study
should be conducted by leveraging high-resolution mass
spectrometry to understand the formation of halogenated
byproducts. Covalently bonded Cl was introduced to the g-
C;N, framework after chlorination and photocatalytic
chlorination in our study, and thus, g-C;N, oxidation by free
chlorine and/or RCS could tailor the cytotoxicity, genotoxicity,
and developmental toxicity of the material because of organic
halogen formation.””””* Future studies should focus on a
thorough and systematic toxicity evaluation of transformed g-
C;N,, including toxicity to humans and ecosystems, based on
which the rational design and synthesis of nanomaterials with
higher safety standards may be realized. On the other hand,
interdisciplinary collaborations are highly needed to provide
reliable and realistic risk assessment of g-C;N, and other
photoreactive nanomaterials in an aquatic environment. For
example, advanced analytic methods along with standardized
sample pretreatment protocols should be developed to
quantify the environmental concentrations of nanomaterials.
Systematic experiment-oriented studies regarding the environ-
mental transformation, behavior, and toxicity of photoreactive
nanomaterials can be conducted to collect sufficient quality-
assured data while robust statistical algorithms should be
developed to create predictive models for the evaluation of
upcoming nanomaterials.
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