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ABSTRACT: Understanding the transformation of graphitic carbon nitride (g-C;N,) is
essential to assess nanomaterial robustness and environmental risks. Using an integrated
experimental and simulation approach, our work has demonstrated that the photoinduced
hole (h*) on g-C;N, nanosheets significantly enhances nanomaterial decomposition under
°OH attack. Two g-C;N, nanosheet samples D and M2 were synthesized, among which M2
had more pores, defects, and edges, and they were subjected to treatments with *OH alone
and both *OH and h*. Both D and M2 were oxidized and released nitrate and soluble
organic fragments, and M2 was more susceptible to oxidation. Particularly, h* increased the
nitrate release rate by 3.37—6.33 times even though the steady-state concentration of *OH
was similar. Molecular simulations highlighted that *OH only attacked a limited number of
edge-site heptazines on g-C;N, nanosheets and resulted in peripheral etching and slow
degradation, whereas h* decreased the activation energy barrier of C—N bond breaking
between heptazines, shifted the degradation pathway to bulk fragmentation, and thus led to
much faster degradation. This discovery not only sheds light on the unique environmental transformation of emerging photoreactive
nanomaterials but also provides guidelines for designing robust nanomaterials for engineering applications.
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Bl INTRODUCTION

Graphitic carbon nitride (g-C3N,), a polymer composed of
interconnected s-triazines or heptazines,' has emerged as a
promising engineered nanomaterial (ENM) for diverse

pathway at a molecular level are unknown. *OH is one of the
most powerful oxidants (E° = 2.8 V), which plays an essential
role in the operational aging and environmental transformation
of numerous ENMs, including but not limited to silver
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applications. In the past decade, nanosized g-C;N, has been
extensively used for water treatment, air purification,
antimicrobials, energy storage, electronics, sensing, biomedical
engineering, and membrane separation,'~” owing to its unique
2D nanostructure, excellent photoreactivity under visible light
irradiation, remarkable chemical stability and biocompatibility,
and affordable cost of manufacture. Researchers have published
more than 9000 publications about g-C;N, to date (based on
Web of Science, May 2021), and the global market for carbon
nitride is expected to steadily grow in the next $ years.® With
global production and usage, incidental release and inappro-
priate disposal of g-C;N, are inevitable, which may raise
growing concerns among scientific communities and policy
makers, considering the potential adverse environmental and
health impacts of this ENM.”'® Therefore, it is imperative to
evaluate and understand the environmental transformation,
fate, and toxicity of & 3N4 to advance regulations and
commercial acceptance. ’~'> However, the knowledge about
how nanosized g-C;N, persists and ages during engineering
applications and in natural aquatic environments is very
limited,”"*'* and its chemical transformation kinetics and
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nanoparticles, carbon dots, carbon nanotubes, graphene, and
graphene-like ENMs.”*~*° In contrast to some photoreactive
ENMs that are highly susceptible to photocorrosion and even
oxidation by weak oxidants like O, and water,”' ~** g-C;N, was
considered to be highly stable and only *OH was responsible
for its decomposition.'* Nevertheless, we found that g-C;N,
nanosheets suffered from apparent photocorrosion even
though a trace amount of *OH was generated in photo-
catalysis. This intriguing discovery led us to hypothesize that
photoreactivity and h* played a critical yet underexplored role
in g-C3N, nanomaterial oxidation and transformation. Photo-
reactive ENMs may involve a distinct mechanism during
nanomaterial aging and environmental transformation, in
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contrast to numerous well-known ENMs that are not
photoreactive.

In this study, we leveraged molecular simulations, advanced
microscopy and spectroscopy characterizations, and reaction
kinetics to understand the molecular mechanism of *OH-
driven decomposition of g-C;N, nanosheets by taking
nanomaterial photoreactivity into account. We fabricated two
g-C;N, nanosheets, one showing more pores, defects, and
edges compared to the other, and treated them with *OH in
the presence or absence of light irradiation. For the first time,
the synergy between h* and °OH is revealed for the
transformation and aging of photoreactive ENMs. In the
dark, *OH can only attack a limited number of heptazine units
at the edge of g-C;N, nanosheets, leading to slow peripheral
etching of the nanosheets. Under light irradiation, the presence
of h* decreases the activation energy (AG,) of C—N bond
breaking between heptazine units in the bulk phase and at
edges simultaneously. As a result, fast fragmentation occurs
across the whole g-C;N, nanosheets. h* not only promotes the
degradation kinetics of g-C3N, nanosheets but also diverts the
reaction pathway. Our work elucidates fundamental chemistry
of the transformation and aging of photoreactive ENMs,
provides first insights into their environmental fate and
behavior, and inspires the rational design of robust nanoma-
terials for engineering applications. Our work also has potential
broad impacts on understanding the environmental risks and
material stability of many other emerging photoreactive ENMs,
for example, boron nitride, black phosphorus, transition-metal
carbides, (oxy)nitrides, phosphides, aresenides, chalcogenides,

and oxyhalides.

B MATERIALS AND METHODS

Synthesis of g-C;N, Nanosheets. Sample M2 was
synthesized through a top-down post-thermal etching method
with modifications.”® Briefly, bulk g-C;N, powder was first
synthesized from melamine by thermal polycondensation and
then the powder was thermally exfoliated to produce
nanosheets. Sample D was synthesized by using a bottom-up
approach based on the literature with modifications.”® Briefly,
melamine was first hydrolyzed in phosphoric acid to produce
cyanuric acid, which formed a supramolecule with the
remaining melamine. Next, the supramolecule was treated
with alcohols for intercalation and thermally polycondensed to
produce the nanosheet. More details of used chemicals and
material synthesis can be found in Texts SI and S2 in the
Supporting Information, respectively.

Characterization of g-C;N, Nanosheets. The morpho-
logical, optical, physical, and chemical properties of fresh and
aged g-C;N, nanosheets were characterized. Transmission
electron microscopy (TEM), atomic force microscopy (AFM),
and scanning tunneling microscopy (STM) were used to
characterize the morphology, dimension, and thickness of g-
C;N, nanosheets. X-ray powder diffraction (XRD) was used to
characterize the crystal structure of the nanosheets. Electro-
phoretic light scattering was used to evaluate the zeta potential
of the nanosheets in an aqueous environment. Bulk contents of
carbon, hydrogen, and nitrogen of the nanosheets were
quantified using a CHN analyzer. Inductively coupled plasma
mass spectrometry (ICP-MS) was used to determine the
residual phosphorous species as an impurity in freshly
synthesized sample D, and negligible phosphorous was found
(<0.06 wt %). Optical absorption spectra of the nanosheets
were recorded using a UV—vis spectrophotometer with a

diffuse reflectance infrared Fourier transform spectroscopy
accessory, and photoluminescence (PL) spectra were obtained
from a home-made apparatus based on a rapid-scan Fourier
transform infrared spectrometer. The surface area was
determined from nitrogen adsorption isotherms using the
Brunauer—Emmett—Teller method. The oxidation states and
bonding environment of carbon, nitrogen, and oxygen of the
nanosheets were characterized by X-ray photoelectron spec-
troscopy (XPS). Details are in Text S3.

Ozonation, Photocatalytic Ozonation, Peroxonation,
and Photocatalytic Peroxonation of g-C;N, Nano-
sheets. g-C;N, nanosheets were treated and aged by
ozonation (O; only), photocatalytic ozonation (O and light
irradiation), peroxonation (H,0, and O;), and photocatalytic
peroxonation (H,0,, O, and light irradiation). 180 mg of D or
M2 was suspended in 180 mL of ultrapure water (18.25 MQ
cm) and then the 1 g L™' suspension was transferred to a tall
borosilicate glass beaker (250 mL) and continuously sparged
with Oj through a gas diffusor in the dark or under light
emitting diode (LED) irradiation (7 W, Text S4) for ozonation
or photocatalytic ozonation, respectively. Industrial oxygen gas
with a flow rate of 0.4 L min~"' was used to produce O; in an
ozone generator (Absolute Ozone NANO), with an O,
production rate of 4.76 g h™ (99.2 mmol h™"). The steady-
state O; concentration in suspensions remained at 17 mg L™
(or 0.354 mM, Text SS). For the same setup, 30 wt % H,O,
solution was continuously amended into (5.05 mL h™!) the
suspensions together with O; in the dark or under LED
irradiation (7 W) to enable peroxonation or photocatalytic
peroxonation, respectively. The feeding rate of H,O, was 49.5
mmol h™, and the molar ratio of fed H,0, and fed O; was
kept at 0.5. To prevent interference from other constituents in
water, no buffer was used for aging g-C;N, nanosheets but
suspension pH was continuously monitored. An aluminum foil
and a Parafilm sheet were used to cover the beaker opening to
reduce gas leakage and water evaporation during a long-term
aging study. Light irradiation was introduced from the side of
the beaker, and the borosilicate glass showed negligible
absorption of photons with wavelengths of 395, 455, and
525 nm. Detailed characterizations of LED light sources are
shown in Figure S1.

The treated g-C;N, nanosheets were collected by ultra-
centrifugation at 30,000 rpm (108,860g, Beckman JXN30), and
supernatants were next filtered with 0.2 ym polyvinylidene
difluoride (PVDF) syringe filters for analyzing released ions
and soluble organics. All experiments were performed with at
least three independent replicates.

Nitrogen Release Quantification. The concentration of
released nitrite and nitrate in the filtered supernatants after g-
C;N, nanosheet aging was analyzed by ion chromatography
(Dionex ICS-1100; Dionex IonPac AS18 column) using 18
mM NaOH as the eluent and 0.25 mL min™" as the eluent flow
rate.

Organic Release Quantification. The concentration of
released soluble organic compounds in the filtered super-
natants after g-C;N, nanosheet aging was analyzed using a
total organic carbon (TOC) analyzer (Shimadzu TOC-VCP)
and a high-resolution quadrupole Orbitrap mass spectrometer.
Details are in Text S6.

Hydroxyl Radical Concentration Measurement. 4-
chlorobenzoic acid (p-CBA) was used as the probe compound
for quantifying steady-state *OH concentrations ([*OH],)
because the reaction between p-CBA and °OH is highly
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Figure 1. Morphological characterization of fresh g-C;N, nanosheets. TEM of fresh D (a), TEM (b left) and high-resolution TEM (b right) of

fresh M2.

selective and fast. During ozonation, photocatalytic ozonation,
peroxonation, and photocatalytic peroxonation, 20 uM of p-
CBA was introduced into the suspensions when g-C;N,
nanosheets were aged for 1 h and then the suspensions (0.5
mL) were sampled at different time intervals after p-CBA
amendment (every S or 10 s) and residual oxidants were
quenched by adding Na,$,0; (200 mM and 40 uL)
immediately. p-CBA amendment, sample collection, and
oxidant quenching were repeated when g-C;N, nanosheets
were aged for 3, 5, and 7 h, respectively. Centrifugation
(13,000 rpm and 16,060g) or filtration (PVDF syringe filters
with a pore size of 0.2 ym) was used to harvest the liquid for p-
CBA quantification by high performance liquid chromatog-
raphy (HPLC, Text S7). [*OH],, was calculated using the
following equation:

Ss

[p- CBA]
o kex ln( lp- CBA](: ) /t
[*OH], = =

kp—CBA/'OH kp-CBA/'OH (1)

where k,, refers to the experimentally determined pseudo-first-
order reaction rate constant of p-CBA, k,,.cpa,*on is the second-
order reaction rate constant between p-CBA and *OH (5.2 X
10° M~! s7!), and [p-CBA],, [p-CBA], and t represent initial
p-CBA concentration, p-CBA concentration at time ¢, and
sampling time, respectively. The average [*OH],, was reported
from the values calculated at 1, 3, 5, and 7 h of the reaction.
Detailed parameters of HPLC analysis can be found in Table
S1. Selection of p-CBA with an initial concentration of 20 uM
for [*OH],, quantification is justified in Text S8, and the
lifetime of *OH was estimated as 0.18 s in ozonation,
photocatalytic ozonation, peroxonation, and photocatalytic
peroxonation (Text S9). All experiments were performed with
at least three independent replicates.

Because 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 a 395 nm
LED lamp, pH of the suspensions containing D and M2
immediately dropped from 7.8 to 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; pH of
M2 suspension was 3.4 and 2.8 after 1 and 8 h treatment,
respectively). The qzuantiﬁcation of [*OH],, was not expected
to be influenced**° because pH remained almost the same
after 1 h of reaction, when the first measurement for [*OH];
was conducted. Indeed, the difference in [*°OH] at 1, 3, 5, and
7 h during photocatalytic ozonation and ozonation was
statistically insignificant (Figure S2).

p-CBA could adsorb on the surface of g-C;N, nanosheets
with its carboxyl group, similar to its adsorption to many other
carbon-based materials and thus quantifies both near-surface
and bulk-phase *OH.>'* In addition, ozonation and

photocatalytic ozonation on g-C3N, mainly produces bulk-
phase but not near-surface *OH as the dominant reactive
species likely due to rapid desorption and diffusion of *OH
from the g-C;N, surface.”* Therefore, p-CBA can accurately
quantify *OH production in our systems during the aging of g-
C;N, nanosheets.

Computational Simulation. In the computational study
for understanding C—N bond breaking, bulk-phase g-C;N, was
represented by a 6 X 6 supercell of heptazine units connected
by tertiary amines (Figure S3a), whereas the edge moieties of
g-C;N, are terminated by either primary or secondary amines
(Figure S3b). Unless otherwise specified, all of our simulations
were performed using CP2K,*® an open-source software, with
Goedecker—Teter—Hutter pseudopotential,®® the Heyd—Scu-
seria—Ernzerhof hybrid (HSE06) exchange—correlation func-
tion,”>”” a polarized-valence-double-zeta basis set,”® and a
wavelet-based Poisson solver.”” It has been found that the
chemical bond formed between the tertiary nitrogen atom and
the corner carbon atom of heptazine units has a dissociation
energy of ~90 kcal mol™, which is at least 20 kcal mol™" lower
than that of any other chemical bond in g-C;N,. Therefore, our
discussion on C—N bond breaking focused on the bond
between the tertiary nitrogen atom and the corner carbon
atom of the heptazine units. More details of the simulation can
be found in Text S10.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Fresh g-C3;N,
Nanosheets. Two types of few-layered g-C;N, nanosheets
were synthesized to explore their decomposition, which
represent typical g-C;N, nanomaterials for a broad range of
future applications. Specifically, sample D (Figure la) was
fabricated by using a bottom-up approach, that is, thermal
polycondensation of melamine-cyanuric acid supramolecules
after ethanol and glycerol intercalation.”® Sample M2 (Figure
1b left) was thermally exfoliated from bulk g-C;N, powders
using a top-down strategy.”> D had a more well-defined
structure than M2, but their lateral sizes were similar, that is,
around several hundreds of nanometers to a couple of
micrometers. The thickness of D and M2 was 3—5 and S—
10 nm, respectively, as characterized by AFM (Figure S4a,b).
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 single-layer g-C;N, (Figure
S4¢).** To confirm that the nanosheets were g-C;N, instead of
the Au substrate used in sample characterization, the
conductivity was measured. The nonlinear I-V curve
underscored the semiconductor nature of g-C;N, (Figure
S4d), in contrast to Au showing a linear [-V curve. STM
indicated single-layer g-C;N, nanosheets did exist in our
samples. The specific surface area of D and M2 was
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Figure 2. Aging of g-C;N, nanosheets. NRR for D (a) and M2 (b) in 8 h ozonation (O;), photocatalytic ozonation (O;/L1, O;/L2, and O5/L3),
peroxonation (H,0,/0;), and photocatalytic peroxonation (H,0,/0;/L1). The average steady-state hydroxyl radical concentrations ([*OH],,)
throughout 8 h treatment are shown on the right y axis. L1, L2, and L3 refer to LED irradiation of 395, 455, and 525 nm, respectively. The aging
condition of g-C;N, nanosheets are as follows: a nanosheet loading of 1 g L™, no buffer, a steady-state O concentration of 17.0 mg L™ (0.354
mM) for ozonation and photocatalytic ozonation, and continuous feeding of 30 wt % H,0, at 5.05 mL h™' beyond O; for peroxonation and
photocatalytic peroxonation. All experiments were conducted in triplicate, and the error bars represent average value + standard deviation.

determined as 21.6 + 3.4 and 168 + 1 m? g™', respectively, and
thus, M2 had more active sites in photocatalysis (Figure S5).
Indeed, the photocatalytic activity of M2 for phenol (PHE)
degradation was 2.33—2.70 times higher than that of D (Figure
S6). Type IV nitrogen adsorption isotherms suggested the
existence of pores in both g-C;N, nanosheet samples, which
was consistent with the TEM characterization. Moreover, M2
had a much higher PL intensity than D (Figure S7), and the
result indicated that M2 had more defects to promote radiative
recombination of charge carriers. The XRD patterns (Figure
S8) suggested that both D and M2 were crystalline, and they
were g-C3N,. The main peak at 20 = 27.9° referred to the
(002) plane of the layered graphitic structure with a d-spacing
of 0.326 nm while the weaker peak at 13.0° stemmed from the
intralayer packing of the (100) plane with a d-spacing of 0.680
nm,*® which was consistent with the high-resolution TEM of
M2 (Figure 1b right). Bulk composition analysis also
confirmed that both samples were g-C3N, (carbon to nitrogen
weight ratio of 0.574 and 0.582 for D and M2, respectively). In
summary, these morphological, physical, chemical, and optical
characterizations all suggested that M2 had more pores,
defects, and edges and was more photoreactive than D,
highlighting that M2 could be more susceptible to oxidation.

g-C5N, Nanosheet Decomposition with the Synergy
between °OH and h*. *OH is ubiquitous in natural
environments and engineering settings, and it plays a critical
role in determining the stability, transformation, fate, and
environmental and health impacts of ENMs."*™*° A previous
study demonstrated the excellent stability of g-C3N, even
under the attack of high concentrations of O; and *O,~, but
the material decomposed in the presence of *OH."* We used a
continuous feed of O; to create a steady-state concentration of
*OH on the order 107> M ([*OH],, Figure 2a,b), which was
in the similar range of many advanced oxidation pro-
cesses. ¥ 30 After continuous oxidation with *OH, D
and M2 were oxidized and decomposed. Nitrate but not nitrite
was observed in the aqueous phase after oxidizing g-C;N,
nanosheets, and soluble organic fragments including cyamelu-
ric acid were also released (Figure S9 and Table S2). The
byproducts, that is, nitrate and cyameluric acid, were also
confirmed in a previous study.'* To elucidate the mechanism
and identify the role of photocatalysis in g-C3N, nanosheet
decomposition, we used LED lamps that irradiated photons at
395 nm (L1), 455 nm (L2), and 525 nm (L3) to excite the g-

12417

C;N, nanosheets. In these experiments (O5/L1, O;/L2, and
0,/L3), O; was unable to be excited because of negligible light
absorption at these wavelengths (Text S4 and Table S3). h* on
g-C;N, also did not have sufficient energy to oxidize water to
*OH because of the less-positive valence band of g-C;N,
compared to the reduction potential of *OH/H,0 (Table
$4).** Instead, O; molecules captured photoinduced
electrons efficiently to enhance *OH generation through a
one-electron reduction pathway (O; — °0;~ — HOjZ —
.OH).41

In comparison to ozonation, [*OH], in O;/L1 was
significantly enhanced by 3.18 and 6.12 times for D and M2,
respectively. M2 enabled more *OH generation due to its
higher photoreactivity. Moreover, [*OH],, in photocatalytic
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 SS). Enhanced photoreactivity
could promote *OH production via the reduction of O3.*' No
apparent morphological change for both g-C;N, nanosheet
samples was observed even after 24 h of O;/L1 (Figure
S10a,b). However, both samples showed an increased surface
oxygen content and surface charge negativity based on XPS
and zeta potential analysis, respectively, indicating that
oxidation occurred and functional groups such as —OH or
—COOH might be introduced on the surface. For example,
surface oxygen content in atomic percentage (at %) increased
from 3.60 to 6.80% for D and from 1.00 to 7.80% for M2 after
24 h of O3/L1, respectively (Figure S11 and Table SS), while
the zeta potential decreased from —42.7 to —62.5 mV for D
and from —32.0 to —45.8 mV for M2 under the same
treatment condition, respectively. In contrast, ozonation did
not increase surface oxygen content (3.60 vs 3.40 at % for D
before and after ozonation) and only moderately decreased the
zeta potential (—42.7 vs —48.3 mV for D before and after
ozonation). Compared to ozonation, photocatalytic ozonation
of both g-C;N, nanosheets generally produced more nitrate
and more soluble organic fragments including cyameluric acid
as the oxidation byproducts. For example, on comparing O;/
L1 with ozonation, D released 3.96 and 11.6 times more total
organic carbon and cyameluric acid, respectively (Figure S12
and Table S2). Similar to *OH production, the amount of
released nitrate and organic byproducts was also positively
correlated with the photoreactivity of g-C;N, nanosheets.

https://doi.org/10.1021/acs.est.1c03804
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During O;/L1, M2 released 7.67 times more nitrate and 1.26
times more cyameluric acid compared to D (Figure 2a,b, and
Table S2), which suggests that M2 with more pores, defects,
and edges and higher photoreactivity was prone to
degradation. Cyameluric acid production in photocatalytic
ozonation of D also increased under the irradiation of L3 to L2
to L1 (Table S2). We used the nitrogen release rate (NRR),
that is, nitrate-nitrogen released per unit mass of g-C;N,
nanosheets per unit time, as a decomposition rate indicator,
which was also confirmed as a valid parameter to characterize
g-C3N, aging in ozonation and photocatalytic ozonation based
on a previous study.14 Surprisingly, NRR enhancement was
disproportionately larger than the [*OH],, increase in
photocatalytic ozonation versus ozonation. On comparing
0,/L1 with ozonation of D, [*OH],, and NRR increased by
3.18- and 12.4-fold, respectively. NRR was also dramatically
promoted by 57.3-fold for treating M2 when O;/L1 was
compared to ozonation, whereas [*OH], increased by merely
6.12-fold (Figure 2a). In addition, M2 released 7.67 times
more nitrate than D in O5/L1, despite the fact that [*OH]
slightly increased by 49.6% (Figure 2b). Moreover, control
experiments indicated that NRR of both nanosheets was
negligible in the dark, either without O; or only with H,O,
treatment, while photocatalysis alone decomposed the nano-
sheets and produced a remarkable amount of nitrate (Table

12418

S4). All these results highlighted that other unknown key
factors beyond *OH determined the decomposition of g-C;N,,
nanosheets and they could be associated with the photo-
reactivity of the nanomaterial.

Peroxonation, the treatment coupling H,O, with O;, was
commonly used for water purification due to a much higher
*OH formation rate (reaction R1) than that from O,
decomposition (reactions R2 and R3)."

20; + H,0, — 2°0H + 30, (R1)
30, + OH™ — *OH + O + 30, (R2)

0" +H" - HO} - OH+ 0, (pH<8) (Rr3)

0; + *OH — HO; + O, (R4)
H,0, + *OH — HO; + H,0 (RS)

The *OH generation efliciency highly depends on the molar
ratio of H,0, to O; because excessive O; and H,0, can also
quench *OH through reactions R4 and RS5.*™* Because H,0,
and byproducts of R4 and RS (ie, O, and HO3) do not
oxidize and degrade g-C;N,,"* introducing H,0, together with
O3 can generate a clean system for g-C3N, aging and it can
easily tailor [*OH]J,. On comparing peroxonation with
ozonation, [*OH],, decreased by 96.1 and 87.7% for treating
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D and M2, respectively, likely due to the presence of excessive
oxidants for scavenging *OH. However, NRR only decreased
by 41.8% and 11.8% for treating D and M2, respectively
(Figure 2a,b). Therefore, a high [*OH];, does not necessarily
translate into a proportionally increased decomposition rate of
the g-C3;N, nanosheets because only a limited number of g-
C;N, sites might be attacked and oxidized by *OH. On
comparing peroxonation and photocatalytic peroxonation
(H,0,/04/L1) of D, even though [*OH],, was similar, NRR
under light exposure was 3.37 times higher than that in the
dark. M2 also released 6.33 times more nitrate in H,0,/05/L1
than in peroxonation when [*OH], in both treatment
processes was statistically the same. The results clearly
demonstrated that the photoreactivity of g-C;N, nanosheets
played a critical role in nanomaterial decomposition.

Mechanism of g-C;N, Nanosheet Decomposition. We
hypothesized that h* promoted g-C;N, nanosheet decom-
position under *OH attack, and Monte Carlo simulations were
carried out using parameters derived from transition-state
theory for testing the hypothesis. The C—N bond between
heptazine units (Figure 3a,b) has the lowest bond dissociation
energy and is thus most vulnerable to *OH oxidation. An
electron-deficient *OH can launch an electrophilic attack on
one of the three corner carbon atoms of a triangular heptazine
unit to form a C—O single bond (Figure 3c). Because oxygen
is even more electronegative than nitrogen, the C—N single
bond between the attacked corner carbon atom and the
tertiary nitrogen atom is expected to be weakened through
electron transfer, eventually leading to bond breaking and
nanosheet decomposition (Figure 3d). Without light irradi-
ation, the calculated AG, for C—N bond breaking under *OH
attack of edge-site and bulk-phase heptazine was 0.27 and 0.40
eV, respectively (Figure 3e, edge-site and bulk-phase heptazine
units are highlighted in Figure 3a,b). This remarkable
difference in AG, made the edge sites of g-C3N, nanosheets
much more susceptible to *OH attack in the dark, and the
limited number of edge sites led to a negligible difference in
NRR in ozonation and peroxonation. Importantly, the
presence of h* decreased AG, from 0.40 to 0.30 eV for the
bulk-phase C—N bond breaking and from 0.27 to 0.18 eV for
the edge-site C—N bond breaking (Figure 3e), speeding up the
reaction rate from 1 us™' to 10 ns™' (Table S6). Meanwhile,
the h* drastically increased AG, for C—N bond reformation,
further accelerating g-C3N, decomposition. Because the typical
lifetime of photoexcited g-C;N, is on the nanosecond
timescale®® that is much shorter than our calculated time for
C—N bond breaking, our proposed mechanism of g-C;N,
decomposition is in sharp contrast to that of photoinduced
water oxidation, wherein its sub-nanosecond reaction primarily
proceeds on the excited-state potential energy surface.””>!
Moreover, in light of the rich presence of *OH, O3, O,, and/or
H,0, in our aqueous solutions, the heptazinyl radicals
reported in studies of water oxidation®”>® are unlikely to
materialize for g-C;N, decomposition, making the h*-induced
C—N bond breaking a more feasible reaction pathway.

In our Monte Carlo protocol, the identity of each heptazine
unit was recorded once it was removed so that the whole
decomposition process was tracked over time to the finest
resolution. Aiming to examine the effect of light exposure on g-
C;N, nanosheet decomposition, we investigated peroxonation
and H,0,/0,/L1 treatment of D (Table S7), for their similar
[*OH],, yet distinct NRR. The initial size of each sample was
600 X 600 heptazine units that was equivalent to 430 nm X

430 nm, a typical lateral size of D. To ensure statistical
reliability, each curve in Figure 3f was averaged over 100
Monte Carlo trajectories, diminishing the standard deviation of
our simulated aging rates to +0.001 s~'. Although our
fabricated g-C;N, nanosheets are intrinsically defective with
a large number of pores, the simulations on the initially defect-
free samples are still informative by showing qualitatively
sensible trends of C—N bond breaking. As shown in Figure 3f,
D decomposition during H,0,/03/L1 was substantially faster
compared to peroxonation, and the highest decomposition rate
in H,0,/03;/L1 was 3.50 times larger than that in
peroxonation (0.0420 vs 0.0120 s™'). More interestingly, the
presence of h* changes the pathway of g-C;N, nanosheet
decomposition (Figure 3g). Nanosheet degradation takes place
mainly at edge sites under the attack of only *OH (peripheral
etching). In contrast, the synergy between *OH and h* leads to
nanosheet degradation from both edges and the bulk
(fragmentation). The simulation result is also supported by
the fact that a significant amount of oxygen was introduced to
g-C;N, nanosheets only after O;/L1 but not ozonation (Figure
S11 and Table SS).

Photocatalytic Performance of Fresh and Aged g-
C3N, Nanosheets. We are interested in knowing how the
photoreactivity of g-C;N, nanosheets changes after aging
because the research outcomes can not only highlight
nanomaterial robustness in engineering systems but also shed
light on the long-term ecological impacts of the nanomaterials
once they are released into the environment. Four organic
contaminants, namely, PHE, sulfamethoxazole (SMX), atrazine
(ATZ), and carbamazepine (CBZ), were used for evaluating
the photocatalytic performance of both fresh and aged g-C;N,
nanosheets (Text S11). These contaminants were selected
because of their diverse chemical structures and properties,
broad industrial, agricultural, and biomedical applications, and
persistence in the environment.”** Photocatalytic activity of
g-C3N, nanosheets for degrading the organic contaminants
varied along with nanomaterial aging (Figure 4). In general,
compared to fresh g-C;N, nanosheets, ozonation-treated
samples showed comparable or better photocatalytic activity
for degrading all selected contaminants, except for using M2
for SMX degradation. In contrast, almost all g-C;N, nano-
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Figure 4. Photoreactivity of fresh and aged g-C;N, nanosheets for
contaminant degradation. PHE, SMX, ATZ, and CBZ refer to phenol,
sulfamethoxazole, atrazine, and carbamazepine, respectively. Photo-
catalytic contaminant degradation tests were conducted under the
following conditions: a 1000 W xenon lamp with an AM 1.5G optical
filter, a nanosheet loading of 0.2 g L7, an initial contaminant
concentration of SO #M, and phosphate buffer of 1 mM (pH 7).
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sheets treated after photocatalytic ozonation (O5/L1) showed
reduced photoreactivity for contaminant degradation. Gentle
oxidation by ozonation could improve the photoreactivity of g-
C;N, nanosheets, but extensive nanomaterial degradation and
disintegration after photocatalytic ozonation could impair their
reactivity. Our study provides the first insight into g-C;N,
nanosheet aging and its impact on photoreactivity, and holistic
future work is needed to evaluate the production of reactive
oxygen species, contaminant—photocatalyst interactions, and
the structure—activity relationship of contaminants in photo-
catalysis for both fresh and aged photoreactive ENMs.

Environmental Implications. Because the co-existence of
*OH and h* is quite common in photocatalysis," ~** our
research first highlights the need for developing robust
photoreactive ENMs for catalytic applications. As a visible-
light-responsive photocatalyst, g-C3N, holds promise for water
purification and disinfection, renewable energy production,
and value-added chemical synthesis,' > with the prerequisite
that the material maintains its performance in long-term
reactions. However, the photoreactivity of g-C;N, nanosheets
varied along with the nanomaterial aging, which calls for an
urgent need for fabricating robust ENMs. 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-C;N,
nanosheets could significantly harm the integrity and long-
term activity of this photoreactive ENM, which creates a
dilemma. By elucidating the importance of h* in g-C;N,
decomposition, several strategies are recommended to enhance
the longevity of g-C3N,. For example, we can construct a Z-
scheme structure of g-C;N, with another semiconductor, and
the h* on g-C;N, can be neutralized by the photoinduced
electrons of that semiconductor. By doing this, we not only
improve photocatalytic performance but also extend the
lifetime of g-C;N,. This strategy can also be used to protect
a broad spectrum of other photoreactive ENMs with lower
stability in a multi-component photocatalytic system. In
addition, g-C;N,, photostability could be improved via physical
separation of *OH and h* during the reaction. Most g-C;N,
samples are not able to produce *OH via h* oxidation of water
due to a lower energy level of the valence band of g-C;N,
compared to the reduction potential of *OH/H,0.°*
However, g-C3N, can produce *OH via sequential reduction
and protonation of O, by photoinduced electrons in the
conduction band of g-C3;N, and protons near the material.
Building a photoelectrocatalytic system with g-C;N, as the
photoanode could physically avoid the co-existence of *OH
and h* on/near g-C;N,, that is, h* and *OH are generated on
the anode and cathode, respectively, which increases the
longevity of g-C3N,. Prior to engineering applications, a
thorough study of photocatalytic performance and ENM
stability is recommended.

Our research also highlights how greater attention should be
paid to the unique environmental transformation and fate of
photoreactive ENMs, which is distinct from non-photoreactive
ENMs. *OH is ubiquitous in natural environments and can be
produced by the photolysis of nitrite, nitrate, and dissolved
organic matter and photo-Fenton reactions in an aquatic
environment.”® The photochemical formation rate of *OH in
sunlit freshwater and seawater is on the order of 10~ and 10~
M h™, respectively, with a steady-state concentration of 107*¢
and 107 M, respectively.”* " In addition, microbial activities

12420

and overturn-induced aeration of anoxic bottom water can
produce *OH in the dark, and the amount of generated *OH
may be comparable with that of photochemical processes in
some waterbodies.”’ " Even though the amount of *OH
produced in natural environments is extremely low compared
to our aging systems (107" M h™', Text S8), the cumulative
effect of *OH cannot be ignored for the long-term
decomposition of g-C;N,. Due to the excellent properties of
g-C;N,, 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
released, g-C;N, may undergo photo-accelerated fragmenta-
tion under light exposure (e.g., daytime in shallow water) but
slow oxidation in the dark (e.g., nighttime, deep water, or in
the sediments), both attacked by *OH. g-C;N, nanosheets
morphology and properties may also be different after aging
with and without light exposure, 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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