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Graphitic carbon nitride (g-C3Ny4) is an emerging visible-light-responsive photocatalyst that has been ex-
plored since 2009. This photocatalyst has highly tailorable structures and properties that enable potential
utilization of a large portion of solar energy. This material is also synthesized from earth-abundant precur-
sors, is chemically and thermally stable, and is biocompatible with no reported toxicity to date. The merits
and pioneering performance evaluation of g-CsN4 indicate that this photocatalyst holds promise for the
degradation of persistent and emerging contaminants, including chemicals and pathogens, for sustainable
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water purification with reduced energy and chemical footprint. In this perspective, we propose and answer
five questions that are most relevant to the development and application of g-CsN4 for photocatalytic wa-
DOI: 10.1039/c7ew00159b ter purification, including both benefits and current barriers, from molecular-scale mechanistic understand-
ing of g-CsN,4 properties and photocatalytic performance to industrial-scale photoreactor design for

rsc.li/es-water g-C3N4 implementation in practice.

Water impact

Graphitic carbon nitride (g-C3N,) is an emerging visible-light-responsive photocatalyst, and it is promising for sustainable water purification with reduced
energy and chemical consumption. This perspective discusses the benefits and challenges of g-C;N,-based photocatalysis and provides research insights
into the future development and implementation of g-C;N, for water purification.

A growing number of persistent contaminants are frequently
observed in natural and treated water, including
pharmaceuticals and personal care products (PPCPs),
endocrine disrupting compounds (EDCs), agrochemicals, algal
toxins, toxic industrial chemicals, and disinfectant resistant
pathogens, and they pose adverse impacts to human health
and ecological systems even at very low concentrations (e.g., pg-
ng L™)."* The presence of emerging contaminants further
challenges the safety of treated water, such as pollutants
from hydrofracking, chemical spills (e.g:, 4-methyl-
cyclohexanemethanol spill in Elk River, WV; Deepwater
Horizon oil spill in the Gulf of Mexico), and (opportunistic)
pathogenic Legionella pneumophila (L. pneumophila), Naegleria
fowleri, and Ebola, because the occurrence, toxicity, fate,
transport, and transformation of emerging contaminants in
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natural and engineered systems are underexplored.”" These
persistent and emerging contaminants may be recalcitrant to
natural degradation and conventional water and wastewater
treatment. For example, a recent review suggested that primary
and secondary wastewater treatment only achieved 61%
removal of PPCPs on average.'” Advanced treatment
technologies, such as membrane filtration (nanofiltration and
reverse osmosis) and advanced oxidation processes (AOPs), are
shown to enhance the removal of persistent and emerging
contaminants; however, they are ill-suited to overcome chal-
lenges confronting our sustainable water future due to exten-
sive energy and chemical consumption (e.g, energy and chemi-
cal consumption in membrane operation and cleaning; oxidant
production, handling, and use for AOPs)."***

Photocatalysis is a promising AOP for the degradation (or
even mineralization) of organic contaminants, inactivation of
pathogens, and eradication of harmful biofilms.’*>* Photo-
catalysis activates dissolved O, and/or H,O/OH under ambi-
ent conditions to generate reactive oxygen species (ROS, e.g.,
‘OH, 0, /HO,, '0,, H,0,) and holes (h*, also known as
electron vacancies) in situ to attack contaminants (Scheme 1),
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and hence it eliminates hurdles in the transport, handling,
and storage of oxidants.’®>*>® ROS and holes are able to oxi-
dize persistent and emerging contaminants effectively due to
their high oxidizing power and fast reaction kinetics. More-
over, photocatalysis can use renewable solar energy for water
purification, and it promotes sustainable water and wastewa-
ter treatment by reducing the energy and chemical demand.
Titanium dioxide (TiO,) is the most mature photocatalytic
material,>>” and a broad spectrum of TiO,-based photo-
catalysts have been developed with improved performance
for water treatment.'®>*® However TiO, is only reactive un-
der the irradiation of high energy ultraviolet A (UVA) light (1
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< 400 nm) that makes up 4% of the solar spectrum.*®
Visible-light-responsive photocatalysts hold promise for sus-
tainable water purification because they can harvest and po-
tentially utilize more sunlight for reactions (visible light con-
stitutes 40% of solar energy). A broad spectrum of visible-
light-responsive photocatalysts have been synthesized and
used for lab-scale water treatment studies, such as doped
TiO,,>® doped tungsten trioxide (WO,),>® silver phosphate
(Ag5P0,)," bismuth vanadate (BivVO,),"" bismuth oxyhalides
(BiOX, X = Cl, Br, and/or 1),*> metal chalcogenides,**** and
upconversion materials.*> However, these materials may suf-
fer from low photocatalytic activity, limited photostability, re-
lease of toxic chemicals, and potentially high cost for fabrica-
tion, and these issues significantly limit their practical
engineering application for water purification.**%4>4¢

Introduction of graphitic carbon
nitride

Graphitic carbon nitride (g-C;N,) has emerged as a promising
polymeric visible-light-responsive photocatalyst since 2009.%°
2-C3N, has been considered as the most stable form under am-
bient conditions compared to its counterpart allotropes (ie.,
0-C3Ny, B-C3Ny, cubic C3Ny, pseudocubic C3N,, g-h-triazine, g-o-
triazine)."” Interestingly, this material is not considered new, be-
cause a possible precursor of g-C;N,, melon, also known as
poly(aminoimino)heptazine, was synthesized back in 1834 by
Berzelius and named by Liebig;*®*° however, its catalytic appli-
cations were recognized in the past 10 years.>® g-C;N, comprises
stacked two-dimensional (2D) sheets of heptazine inter-
connected via tertiary amines (Fig. 1);"* but melon is not gra-
phitic — one strand of heptazine units that align in a zigzag man-
ner form hydrogen bonding with an adjacent strand, in contrast
to the covalent bond of carbon in graphite, and the strands of
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Charge Separation Pathway for ROS production
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oxidized products (e.g.,H,0,C0,;)

Scheme 1 Photocatalytic oxidation for contaminant transformation.?°>* Reduction potentials E['J are determined under the following conditions:

1 bar or 1 atm of O,, 1 M of O, ", H,O,, and "OH, pH 7, and 25 °C.

heptazine units stack up via n-n interactions (Fig. 1). Melon is
more thermodynamically stable than g-C;N, under typical exper-
imental conditions (e.g., in thermal polycondensation);*** how-
ever, melon was always recognized as g-C;N, in the current sci-
entific literature, due to its X-ray powder diffraction pattern with
a pseudo-graphitic peak.”® The readers should be aware that
melon is most likely to be present in most studies, though we
will still use the term g-C;N, for melon in this perspective.
g-C3N, has been reported for a broad range of photocatalytic
applications to date, including H, evolution from water split-
ting, CO, reduction, selective oxidation for organic synthesis,
germicides, and environmental remediation.>® ®* Direct water
splitting for H, production and converting CO, into CO or hy-
drocarbons by photocatalysis is an ideal strategy for large scale

This journal is © The Royal Society of Chemistry 2017

utilization and conversion of inexhaustible solar energy.
2-C3;N, -based photocatalysis holds promise for artificial photo-
synthesis and renewable energy related applications, because
the photocatalyst can harvest and utilize more solar energy in
the visible range, has suitable band energy levels for water and
CO, reduction, and exhibits high photocatalytic activity (appar-
ent quantum yield up to 16.7% and 5.7% for H, evolution and
CO, reduction, respectively).”® In addition to acting as a
photocatalyst, g-C;N, has diverse applications for catalysis,*>"*®
selective membrane separation,®® sensing,*>*® bioimaging,®”
optoelectronics,®® and electrochemical devices,”® because of
the unique properties of this material.®

The past few years have witnessed a surge of interest in
the area of g-C;Ny-based photocatalysis. A quick search

Environ. Sci.: Water Res. Technol.


http://dx.doi.org/10.1039/C7EW00159B

Published on 11 August 2017. Downloaded by University of Michigan Library on 11/08/2017 14:30:21.

Perspective
(a) HgNYNYN\ N
NIYNW%N
NIYN
HN NNy N NNy NH
\Nlr \Nr N \Nlr \Nr N
Z =
L Lr
HN N NN Ny N\E ﬁp
T
4 Z
AL
7 7 Melon

View Article Online

Environmental Science: Water Research & Technology

" )N\

- RN SN N NN
/,, )\ \\ )\ N)\N
/ N |N . N ]N @
{ Néi\N N :Néi\N N NZ N N
NHy Y X )\ J\ : N A J\ N /I\ )l\

Fig. 1 The structures of (a) melon and (b) g-CsN4. Reproduced from ref. 54 and 55 with permission from the Nature Publishing Group and the

American Chemical Society.

using the terms ‘photocatal*’, ‘g-C3N,’ or ‘graphitic carbon
nitride’, and ‘contaminant’ or ‘pollutant’ as topic keywords
in the ISI Web of Science database indicated a rising inter-
est in using g-C;N, as a photocatalyst for environmental re-
mediation (Fig. 2). Several comprehensive reviews have sys-
tematically summarized the synthesis, properties, and
engineering applications of photocatalytic g-C3N,, and
some of them have a focus on environmental
29,49,51,54,55,70-76 Readers are encouraged to read
these reviews to understand the state-of-the-art discoveries
of g-C3N,. We summarized the representative photocatalytic
activity of g-C3Ny-based photocatalysts for degrading/
inactivating waterborne contaminants, including phenolic
compounds, antibiotics, agrichemicals, pharmaceuticals,
and microorganisms, in Table S1f (2011-2017). In contrast
to the reviews, our perspective will center on the opportuni-
ties and challenges of developing g-C;N, for water and
wastewater treatment. In our understanding, a gigantic

remediation.
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Fig. 2 The number of annual journal publications using the combined
‘photocatal*” and ‘graphitic carbon nitride’ or ‘g-CsN,’ as subjects
since 2009, and (inset) the refined result by including the subject

‘contaminant’ or ‘pollutant’. Adapted from the ISI Web of Science,
dated Jun 10, 2017.
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number of g-C;N, samples have been synthesized since
2009; however, the key properties determining photocata-
Iytic performance have not been identified, the degradation
of persistent and emerging contaminants (rather than syn-
thetic dyes) in real, complex water matrices is largely un-
known, and a universally accepted standard for testing and
comparing the photocatalytic performance of different
2-C3N, samples has not been developed. Our perspective
proposes five critical questions related to the development
and application of g-C;N, for water purification that the
readers will be most interested in (Fig. 3). This perspective
aims to shed light on current research needs in this area
and guide future design and engineering applications of
the photocatalyst in practice.

Question 1: what are the benefits and potential pitfalls of
using g-C3;N, as a visible-light-responsive photocatalyst for
water purification?

2-C3N, samples are commonly synthesized from N-rich organic
precursors (e.g., urea, melamine, cyanamide, dicyandiamide,
thiourea) wvia thermal polycondensation, solvothermal
methods, and electrochemical methods.”® The backbone of
2-C3N, only contains earth-abundant elements of carbon and
nitrogen that enable inexpensive, large-scale material

—QI: Benefits and potential pitfalls?

| Q2: Current limitations and how to
improve future performance?

g-C;N,-based photocatalysts for | 03: A standard system for
sustainable water purification photocatalytic performance evaluation?

| 04: Key mechanisms determining
performance?

|_05: Challenges in engineering
applications?

Fig. 3 Five questions about g-C3;N4-based photocatalysts for
sustainable water purification that are addressed in our perspective.
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fabrication. g-C;N, can also be potentially synthesized from re-  Moreover, g-C3N, is thermally and chemically stable (e.g., resis-
newable or waste materials (e.g., urea from urine). Bulk g-C;N,,  tant to air oxidation up to 600 °C; insoluble in water, organic
e.g., the one synthesized from melamine-only, is responsive to  solvents, bases, and diluted acids), exhibits no reported toxicity
ultraviolet (UV) and visible light up to 460 nm, due to its band  to date, and its properties and performance are highly tunable
gap of 2.7 eV.”” This band gap originates mainly from nitrogen  for enhanced performance due to the polymeric nature of this
and carbon p, orbitals, which contribute to the formation of va-  material.”*® All these merits enable g-C;N, to be an ideal
lence and conduction bands, respectively.>®’® A range of  photocatalyst for sustainable water purification.

g-C3N, samples have been reported, e.g., mesoporous g-C3N,,” One dilemma that photocatalysis is facing is how to appropri-
doped g-C;N,,”*®* solvothermal g-C3;N,,** guanazole derived ately tailor the band gap of a photocatalyst. Reduction of the
g—C3N4,85 acid or base treated g—CgN4,86’87 and g-C;N,; nano- band gap enables harvesting photons with a lower energy or a
sheets,®® with a tunable band gap of 1.5-2.9 eV that are able to  longer wavelength, which promotes the utilization of more solar
harvest UV-visible or even near-infrared light up to 827  energy. However, harvesting lower energy photons does not nec-
nm.**%% Dopants with different electronegativity compared  essarily translate into improved photocatalytic performance, be-
to C or N induce band gap variations,*® and a strong quantum  cause photogenerated charges (ie., electrons and holes) with a
confinement effect for g-C;N, nanosheets and a reduced  reduced energy level, or reduced oxidizing or reduction power,
electron density of protonated g-C;N, result in an increased cannot activate O,/H,0, oxidize contaminants, and/or inactivate
band gap.*”® Solvothermal g-C;N, or guanazole derived  pathogens effectively. For example, a g-C3N, sample with the
2-C3N, was prepared from a distinct precursor (e.g., cyanuric  lowest reported band gap of 1.5 eV showed an 8.4-fold decrease
chloride, guanazole) or through a different reaction pathway  of reactivity for Rhodamine B degradation in contrast to another
(e.g., a solvothermal reaction) compared to thermal polycon-  g-C;N, sample with a band gap of 2.1 eV, though both samples
densation, and the material may have a unique structure and a  were synthesized from triazole precursors.® Fig. 4 summarizes a
resulting band gap.””®***> The broad band gap indicates that ~ number of g-C;N, samples and reference photocatalysts with
g-C3N, can potentially utilize up to 8-62% of solar energy (cal-  their reported band gaps and band energy levels, in comparison
culated based on solar spectral irradiance, AM 1.5, terrestrial  with the reduction potentials £, of ROS. Fig. 4 clearly shows that
global 37° south facing tilt), in contrast to the widely studied  some g-C;N, samples with a reduced band gap cannot produce
TiO, that can only use 4% of the solar energy. The application ~ ROS (ie., O, /HO,) or oxidize contaminants under thermody-
of g-C3N, for water purification can potentially boost the reac-  namically favorable conditions. These samples may be respon-
tivity for contaminant degradation and pathogen inactivation  sive to low energy photons and generate separated charges, but
with significantly reduced energy and chemical footprint,  the charges tend to recombine rather than promote contaminant
which promotes sustainable water and wastewater treatment.  degradation and pathogen inactivation.

V vs. NHE
-1.5- 148 == Conduction Band
10 [ -1.00 -1.05 T 095 <148 == Valence Band
- o - 4 0.82 -
. 0.80 067 0.69 -067 T 063 - .0.70 == Midgap states
05 F - T N 055 050
G| VO (YU UGN SVUINN WU NP N, . SN U . Y 0O xS Ui 0,0, -0.33V
00k 1.78 240
. 2.70 2.66 0.22
L Zov-260 - —eVo J_265_ L _oV__|_ 56— d— - L _ L 040 S 035 __ g45. ___ 0H0,028V
05FE | evize T 290 ~ T~ 1 g3 ev 1 1- 21\9/4 = e o= = F = T=G60 m  — Hy0,-OH0.38V
I T D s e A O - e At <y s 7ot D It s o IO A 10
1.0 B 7= 5= pops= s s guees -2-?/2<e----e =q==|==r=q=-=F==--07M,0,089V
» e
3 1.1
264
L - 24
1.5 - 1,50 - 20 322 eV 179 oy
20F " T 182 150 e R °
==l ] 1.99 -
Fommmmmmmmmmm o T &-sm 212~ 1 - - - -t -1-<l--F---- OHH0232V
25} 237 % 239
I 270 .
3.0 r - 250 2190
35} s
- Q@ < < 3 3 %
<S‘)’/ % d“o‘ 6‘)0 oo« oo« % <% % % % % Q % % % QO <s’so 6}0 2
% % Z O] o o)
5 %2 2 2 % % o B e X %o Q2 T BT
e R N N 5 XA 0 B = T 4
AL A AL AL L ALY
Z % 0 0 o o 0% g L Y
o @ e ) or @ © fa) < © >
o ¥ [ 4 & |4 ° 2 g’ o 0(3'
A oy F 7 ey ®
¥ £ 4

Fig. 4 Band structures of typical g-C3N4 samples and reference photocatalysts, and reduction potentials E(', of ROS generation.>® g-C3N,4 samples
include bulk g-C3N, (undoped),”® mesoporous g-CzN,4,”° S-doped g-CsN,,”° B-doped g-C3N,4,8* O-doped g-C3N,4,82 C-doped g-C3N,4,8t P-doped
g-C3N4,8° solvothermal g-C3N4,8%* guanazole g-C3sN4 85 BA g-CsNy (synthesized from barbituric acid (BA)),°* acid-treated g-CsN, (protonated),®”
base-treated g-CzN4 g-C3N, nanosheets,®° TiO,,°° WO3,°® BiVO,,%” BiOX (X = Cl, Br, and/or 1),*? and AgsP0,.°® NHE represents normal hydro-
gen electrode. Reduction potentials E('] are determined under the following conditions: 1 bar or 1 atm of O,, 1 M of O, ", H,O,, and "'OH, pH 7, and
25 °C.
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The chemical stability of g-C;N, should also be evaluated
for long-term photocatalytic water purification. Unlike many
stable inorganic photocatalysts (e.g., TiO,, ZnO) that are not
susceptible to photocorrosion, g-C;N, is a polymer and could
be decomposed into organic carbon, organic nitrogen, CO,
CO,, NO,, NO, ", and/or NO;™ in photocatalytic oxidation. Holes
and electrons are produced in the photoreaction; however, the
holes are much less mobile than the electrons (i.e., diffusion
length of several nanometers vs. micrometers),” and the holes
could oxidize the g-C;N, matrix prior to its migration to the
photocatalyst surface and reaction with contaminants/patho-
gens. One study explored the photoreduction of isotope-labeled
3C0, on g-C;N,, and it provided solid experimental proof that
the product **CO came from "*C0,."” No '>CO was detected,
which may suggest that g-C;N, was photostable in the reaction
(g-C5N; was not isotopically labeled with **C). To the best of
our knowledge, only one reference reported the photostability
of g-C3N, in a 5 h NO oxidation experiment (W-type fluorescent
lamp, 6000 Ix, 1 > 380 nm), and 9 wt% of g-C;N, was expected
to be decomposed under continuous photocatalytic oxidation
for 1 year.'® However, the NO oxidation experiment was only
conducted for a short duration, the observed g-C;N, self-
degradation in a gas phase reaction may not be representative
of aqueous phase reactions in water purification, g-C;N, with
distinct properties (e.g., porosity, surface area, dopants, surface
functional groups) may show various photostability, and con-
taminant/pathogen properties and complex water matrices may
significantly impact g-C;N, self-degradation. For instance,
2-C;N, with an enlarged surface area could promote hole mi-
gration to the material surface, and a contaminant that shows
a strong interaction with g-C;N, could scavenge the holes read-
ily. The photocorrosion of g-C3N, could be inhibited under
both scenarios. To systematically evaluate photocorrosion, total
organic carbon and nitrogen should be measured in photocata-
lytic reactions. More specifically, g-C3N, could be isotopically
labeled with **C or "N in synthesis, and it will facilitate identi-
fying the origin of reaction products. It is critical to understand
the photostability of g-C;N, before its engineering implementa-
tion for the treatment of real water and wastewater.

The potential adverse impacts of g-C;N, to humans and eco-
logical systems are also largely underexplored. Many metal and
non-metal nitrides (e.g., BN, Si;N,, TiN) have been approved by
the U.S. Food and Drug Administration (FDA) for use in food
contact surfaces,' which suggests that the emerging photo-
catalyst g-C3N, could also exhibit little to no toxicity. One study
reported that g-C;N, in the form of nanosheets showed great
biocompatibility because it did not inhibit the growth of murine
fibroblasts.”® Our preliminary study also supports this argu-
ment: g-C;N, did not inhibit the growth of Escherichia coli (E.
coli) and Staphylococcus epidermidis in the dark, though the
photocatalyst inactivated both microorganisms effectively under
visible light irradiation due to ROS production and their attack
on the bacteria (data not shown). However, systematic toxicity
evaluation of g-C;N,, especially in the form of nanoparticles,
nanorods, and nanosheets, should be conducted in microorgan-
isms, plant cells, and/or mammal cells to understand the poten-
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tial risks of g-C3N, to humans and ecological systems in engi-
neering applications. In addition, the toxicity of self-
decomposed g-C;N, and its daughter products in photocatalytic
reaction should also be considered, because self-decomposition
could release toxic, soluble organic fragments from g-C;N,.

Scalable production of g-C3Nj, is also of great interest for its
engineering application. The current yield of g-C;N, in thermal
polycondensation is 5-30 wt% based on our previous studies,
depending on precursor selection, and the fabrication of g-C;N,
nanosheets with improved photocatalytic performance has a
much lower yield (4-6 wt% yield compared to the precursor).
Yuan et al. reported, for the first time, that a g-C;N, sample with
a high yield (~61 wt%) was prepared by heating melamine in a
vacuum-sealed environment (3-10 mbar).'”® However, the
2-C3N, yield prepared by solvothermal or electrochemical
methods is unknown, and how to improve the yield in different
synthetic methods is underexplored. In addition, the economic
cost, energy consumption, and environmental impacts should
be evaluated for material fabrication, e.g., by life cycle assess-
ment, prior to the application for water purification.

Question 2: what factors are the major hurdles limiting the
photocatalytic performance of g-C;N, for water purification
and how can its performance be improved?

Increasing the surface area, charge separation, solar energy
utilization, and ROS production of g-C;N, are believed to in-
crease the photocatalytic activity of a material and enable its
industrial-scale water purification in the future. The im-
proved surface area of a photocatalyst usually promotes its re-
activity, because the material provides more reaction sites
and reduces the recombination of photogenerated electrons
and holes. The holes are much less mobile than the
electrons,” and the increased surface area could facilitate
hole migration to the surface and subsequent reactions,
rather than hole recombination with electrons and conse-
quent energy dissipation. g-C;N, synthesized from the ther-
mal polycondensation of melamine or dicyandiamide, a typi-
cal N-rich precursor, generally shows a limited surface area
(<10 m* g') (Fig. 5a). Urea-based g-C;N, exhibits an in-
creased surface area, as well as photocatalytic activity, likely
due to a large amount of gaseous by-product emission (e.g.,
NH;, H,0) in thermal polycondensation. Several strategies
have taken advantage of the gaseous by-product formation by
introducing a precursor with low thermal stability to create
pores and improve the surface area. For example, NH,Cl was
blended with dicyandiamide for g-C;N, synthesis, and the
precursors yielded g-C;N, nanosheets with a significantly in-
creased surface area (52.9 vs. 2.9 m> g™") (Fig. 5b)."** A more
sophisticated supramolecular approach, also known as soft
templating, was introduced to increase the surface area of
2-C3N,. Briefly, the precursors form a supramolecular com-
plex via hydrogen bonding (e.g., melamine and cyanuric
acid), and they produce porous g-C;N, after thermal polycon-
densation because one precursor (e.g., cyanuric acid) is ther-
mally unstable and decomposes into gaseous by-products.
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Fig. 5 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of (al and a2) g-CsN, synthesized from melamine,”” (b1
and b2) g-C3N,4 nanosheets synthesized from dicyandiamide and NH4CL'%* (c1 and c2) porous g-CsN,4 synthesized from melamine and cyanuric
acid via a supramolecular method,”” (d1 and d2) g-CsN, nanosheets synthesized via thermal exfoliation,® (el and e2) g-CsN, nanosheets

synthesized via liquid exfoliation,°®

and (f1 and f2) mesoporous g-CsN, synthesized using silica as a hard template.’®” Reproduced from ref. 77,

90, 104, 106 and 107 with permission from the American Chemical Society, the Royal Society of Chemistry, and Wiley-VCH.

Our previous study indicated that the surface area was signif-
icantly enhanced 8.0-fold, from 9.8 m* g (melamine-based
g-C3N,) to 78.8 m> g ' (melamine-cyanuric acid-based
g-C3N,) (Fig. 5¢).”” Thermal exfoliation and liquid exfoliation
are two most widely studied approaches that have been used
to produce g-C3N, nanosheets with a much higher surface
area to improve the photocatalytic activity.'® Briefly, as-
synthesized bulk g-C;N, is subjected to post-thermal treat-
ment in air (e.g., 500 °C) or ultrasonication in a solvent with
a favorable surface energy (e.g., water, isopropanol) to pro-
duce g-C;N, nanosheets. The surface area of the nanosheets
was as high as 306 or 384 m> g™' after thermal exfoliation
(Fig. 5d) or liquid exfoliation (Fig. 5e), respectively.’”'*® The
hard templating approach, which is almost identical with the
conventional casting process, utilizes hard templates that are
resistant to thermal treatment (e.g., silica nanoparticles, or-
dered mesoporous silica, anodic aluminum oxide, and cal-
cium carbonate) to design a range of structures and geome-
tries of g-C;N; and to construct hierarchical pore
architectures.”> Well-defined pore sizes and distribution of
g-C3N, were achieved via this approach, as well as a signifi-

This journal is © The Royal Society of Chemistry 2017

cantly improved surface area (517 m”> g™') (Fig. 5f)."°” How-
ever, post-treatment of removing the hard templates via cor-
rosive, toxic chemicals (e.g., HF, NH,HF,) to create pores may
limit large-scale, sustainable material fabrication of g-C3N,.
Improving charge separation promotes more photogenerated
electrons and holes for reactions. In addition to increasing the
surface area of g-C;N, by creating a porous structure or fabricat-
ing nanoscale materials, functionalization of a photocatalyst
also leads to promoted charge separation. Elemental doping of
non-metals (e.g;, O, C, N, P, S, B, and halogens) and metals (e.g.,
Fe, Zn, Cu, and Ni), as well as molecular doping (e.g., electron-
donating or electron-withdrawing organic molecules), has been
shown to promote the delocalization of m electrons in the
g-C3N, structure and thus improve charge separa-
tion,>**?°1>>7%71 The introduction of defects (e.g., nitrogen or
carbon vacancies)'”* ™" or structural distortion'**'** vig post-
thermal treatment in hydrogen, ammonia, or argon gas of
synthesized g-C3;N, also exhibits improved charge separation.
Steady-state and time-resolved photoluminescence (PL), photo-
current analyses, and density functional theory (DFT) calcula-
tions have been used as experimental and simulation tools to
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demonstrate the improved charged separation of tailored
2-C3N, structures. The steady-state PL quantum yield (QY) was
4.8%, 5.5-19.6%, and 14.5-96% for bulk, nanosheet, and nano-
particulate (quantum dot, QD) g-C;N,, respectively (Table
$21).%51147120 Time-resolved PL measurements are believed to be
more informative than steady-state PL analyses, because fluores-
cence lifetimes are typically independent of the probe concentra-
tion during analysis.'*""**> The average fluorescence lifetime
(AFL) of representative photocatalysts in time-resolved PL mea-
surements are summarized in Table S3,f and the AFL of g-C;N,
was comparable to those of other widely studied photocatalysts
for water purification (i.e., TiO,, WO3, BiVO,). Bulk g-C3N,
showed a wide range of AFL (2.42-9.86 ns), depending on the
precursor (e.g., dicyandiamide, melamine, urea) and measure-
ment  conditions (e.g, excitation and  emission
wavelengths).5879%1237128 nodifications of g-C3Ny, e.g. P-dop-
ing, protonation, the creation of an open structure, and exfolia-
tion into nanosheets, increased the AFL to 3.927-18.4 ns, which
could be related to improved charge localization in the g-C;N,
matrix.f>¥79%125127 1y general, a long AFL in photo-
luminescence improves the likelihood of a photocatalytic event
occurring," and the tailored g-C;N; samples exhibited en-
hanced photocatalytic activity. In contrast, the introduction of
barbituric acid, quinoline, nitrogen defects (via hydrogenation),
and dopant K and/or OH into the g-C;N, structure decreased
the AFL to 0.58-3.3 ns'**'?*12%12% hyt the photocatalytic activity
of these samples was still enhanced. The decrease of AFL sug-
gests a new deactivation mechanism involving nonradiative re-
combination, presumably by transferring charges to new local-
ized states (e.g., the formation of heterojunctions)."*® PL
provides evidence of the extent and rate of radiative recombina-
tion in photocatalysis; however, many other factors could influ-
ence the photocatalytic performance simultaneously.

Functionalization and post-thermal treatment of as-
synthesized g-C;N, in a controlled atmosphere were also ob-
served to improve the visible light response by harvesting
more photons of a longer wavelength.”® In addition, g-C3N,
synthesized via a solvothermal method using cyanuric chlo-
ride with melamine or cyanuric acid in acetonitrile resulted
in a reduced band gap of 1.8-2.3 eV (responsive to 1 < 539-
689 nm).**"*° The band gap reduction could have resulted
from a unique chlorine doped g-C;N, structure. Very recently,
a new precursor of triazoles has been used to synthesize neg-
atively charged g-C;N,4, and a significantly reduced band gap
of 1.5-2.1 €V (responsive to 2 < 590-827 nm) was observed.*’
The development of g-C3;N, with a reduced band gap allows
the material to harvest and potentially utilize much more so-
lar energy compared with its bare counterpart with a band
gap of 2.7 eV (responsive to 1 < 460 nm). Special attention
should be paid to the improved visible light response not be-
ing necessarily translated to improved photocatalytic activity,
because of the limited oxidizing power of the valence band
and reducing power of the conduction band, as discussed in
the answer to Question 1.

"OH is the most powerful oxidant in water,"*" and it de-
grades most organics non-selectively at near diffusion-limited

1
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rates (second-order rate constants of 10°-10"° M s71),1327134
In general, it is desired to increase the concentration of ‘OH
in AOPs for effective contaminant degradation and minerali-
zation, though the strong oxidant ‘OH may result in by-
product formation (e.g., bromate'*®). Most g-C;N; samples
have been recognized not to produce ‘'OH via direct hole oxi-
dation of water since the valence band of most g-C;N, sam-
ples is less positive compared with the reduction potential of
‘'OH/H,O (2.32 V at pH 7 and 1.99 V at pH 14). Though
2-C;N, is able to produce a series of other ROS (ie., O,/
HO,', '0,, H,0,) or even ‘OH by O, reduction at the conduc-
tion band, the photocatalytic activity for contaminant degra-
dation could be limited due to (i) low reactivity of the other
ROS with contaminants (second-order reaction rate constants
of 10°-10" or <10®* M s* for 'O, or O, /HO, with or-
ganics)"**"*” and (ii) limited production of ‘OH. Acid-treated
2-C;N, (protonated) and base-treated g-C;N, (NaOH doped)
were developed in recent studies, and their valence band
edges were determined to be 2.37 and 2.27 eV, respec-
tively.®>®” The shift of the valence band to a more positive en-
ergy level could potentially promote the production of ‘OH
via hole oxidation of water at the valence band. Besides,
base-treated g-C3;N, may also have sufficient surface hydroxyl
groups that could be activated by photogenerated holes to
produce ‘OH for photocatalytic reactions."*

Nanosheets, nanorods, and nanoparticles of g-C;N, have
attracted great attention in recent years because of their signifi-
cantly increased surface area, charge separation rate, and crys-
tallinity, as mentioned before.'>"*® The quantum confinement
effect of nanoscale g-C3N, shifts the conduction and valence
bands in opposite directions and increases the band gap of the
material.’* Its impact on photocatalytic water purification per-
formance could be controversial - the quantum confinement
effect increases the redox ability of separated charges for reac-
tions;”® however, it limits the utilization of visible light of a lon-
ger wavelength. Though many nanoscale g-C;N, samples have
been synthesized and characterized to date, experimental and
theoretical understanding of how the polymeric structure of tri-
azine units and the length of conjugating units tune the band
gap and charge separation of g-C;N, is still lacking. The poly-
merization of g-C;N, building blocks showed an increased UV-
visible absorption edge from melamine (235 nm), to melam
(285 nm), to melem (296 nm), and to melon (460 nm), which
might suggest that the length of conjugating units tailors the
band gap.** g-C;N, with different polymeric structures, e.g.,
poly(triazine imide) and triazine-based g-C;N,, also exhibited
distinct band gaps of 2.2 and 1.6-2.0 eV,"**'*" respectively, in
contrast to melon (2.7 eV). A systematic approach is needed to
prepare, characterize, and simulate nanoscale g-C;N, with a de-
fined size and shape, and the key parameters can be identified
to improve its performance for water purification.

In addition to tailoring the properties of g-C;N, alone,
composites of g-C;N, with metal nanoparticles (e.g., Au,'*
Ag,'*¥14 pa'*> %) semiconductors (e.g., TiO,,"*”*° Zno,"°
BivO,""), and conductive materials (e.g.,, carbon nano-
tubes,'”” graphene oxide,"**'** carbon nanodots'***”) have
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Fig. 6 Schematic illustration of different semiconductor heterojunctions for photocatalytic reaction: (a) all-solid-state semiconductor-semicon-
ductor Z-scheme heterojunction; (b) all-solid-state semiconductor-conductor-semiconductor Z-scheme heterojunction. S I, S Il, CB, VB, and ROS
represent semiconductor |, semiconductor Il, conduction band, valence band, and reactive oxygen species, respectively. The conductor between

semiconductors can be metals or carbon.

also been extensively explored. The integration of other func-
tional materials promotes charge separation, increases
photon harvesting and utilization, and enhances ROS produc-
tion. Specifically, g-C;N, and another semiconductor, with
different energy levels of the conduction band and the va-
lence band, are able to form heterojunctions when they are
in contact with each other, and an all-solid-state Z-scheme
heterojunction attracts great attention because it can harvest
low energy photons without compromising the redox ability
of photogenerated electrons and holes (Fig. 6). For the
Z-scheme heterojunction, photogenerated electrons from
semiconductor II with a less-negative conduction band trans-
fer to semiconductor I with a less-positive valence band via
direct interfacial contact or a conductive metal as an electron
mediator, and are further excited to the conduction band of
semiconductor I. Photogenerated holes in semiconductor II
are left behind in its valence band.”’ 2-C3N, can be either
semiconductor I or II. Though the Z-scheme heterojunction
is promising for the improvement of photocatalytic activity,
the mechanisms are still not clear.

Future studies should focus on the improvement of photo-
catalytic performance with a reduced cost of material fabrica-
tion, less energy and chemical consumption, and minimized
adverse environmental impacts. The mechanistic understand-
ing of improving the charge separation, reducing the band
gap, tailoring the band energy levels, ROS production, as well
as the Z-scheme heterojunction needs further exploration via
the integration of experimental and simulation tools, e.g., ad-
vanced material characterization, DFT calculations, molecular
dynamics simulations. Notably, theoretical simulations are
indispensable as a complementary approach for experiments,
and they will significantly advance the knowledge in photo-
catalysis. Theoretical simulations can be used for rational
material design and understanding the key mechanisms that
determine the physical, chemical, optical, and electronic
properties of g-C;N,. DFT simulations have been first used to
understand the thermochemistry of g-C;N, in synthesis, and

This journal is © The Royal Society of Chemistry 2017

predict the most thermodynamically stable form of g-C;N,
(melon instead of the graphitic, heptazine-based struc-
ture).”>>* Next, DFT simulations have been applied to under-
stand the molecular structure, band gap, band structure, and
charge separation of tailored g-C;N, samples, including but
not limited to doped g-C;N, (by C, O, P, S), protonated
2-C3N,, g-C3N, with defects or a distorted structure, g-C3N,
nanosheets, and g-C;N, composites,’”55188108,114,1587165
Zheng et al. designed the molecular structure of C- and
P-doped g-C3N, via DFT simulations, predicted the material
properties, and compared the band energy levels with the re-
duction potential of ROS.”” The result suggests that the
C-doped but not the P-doped structure can produce ROS un-
der thermodynamically favorable conditions and enhance
photocatalytic contaminant degradation. The C-doped struc-
ture also localizes holes to improve charge separation. The
experimental results, e.g., PL, reaction kinetics of contami-
nant degradation, were in good agreement with the simula-
tion results, and therefore DFT simulation is a viable tool for
rational material design to predict photocatalyst properties
and oxidation performance for contaminant removal. Last
but not least, DFT and molecular dynamics simulations can
predict the adsorption and reaction pathway of contaminants
in photocatalysis,'®®'®” which will shed light on the mecha-
nism for contaminant removal and further advance the
photocatalytic performance for water purification.

Question 3: how should we appropriately evaluate the
photocatalytic performance of g-C;N,?

The photocatalytic performance of g-C;N, has been tested in a
variety of systems, with different light sources, reactor types,
photocatalyst concentrations, contaminants, and water matri-
ces. Table S11 compares the photocatalytic activity of represen-
tative g-C;N -based photocatalysts; however, it also indicates
that a standard approach for reporting the activity is lacking
across different research groups. A range of light sources,
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including xenon lamps, fluorescent lamps, and light emitting
diodes (LEDs), with different light intensities and wavelengths
(e.g., visible light 2 > 400 or 420 nm) have been selected for
evaluating the photocatalytic activity.”>’”**® Under ideal condi-
tions, the quantum yield of a photocatalytic reaction, i.e., the
rate of reaction over the rate of photon absorption, should be
determined to compare the photocatalytic activities of different
photocatalytic systems, because it represents the true reactivity
of a photocatalyst."® However, the quantum yield is extremely
difficult to determine due to the challenges in distinguishing
photon absorption from photon scattering and transmission.>”
For most of the time, formal quantum efficiency, i.e., the rate
of reaction over the incident light intensity (of either mono-
chromatic or multichromatic light), is used in practice.** We
recommend measuring and recording the photon fluence and
light intensity of the light source, and reporting the photocata-
Iytic activity with respect to the photon fluence (m> (mol of
photons)™) or light intensity (m” J™') instead of pseudo-first-
order reaction rate constants (s*), to facilitate the comparison
between different research groups. Most researchers only focus
on the reactivity of g-C3N, under visible light irradiation (2 >
400 or 420 nm); however, its reactivity under UV light irradia-
tion should also be considered, because g-C;N, can also har-
vest and utilize UV light for contaminant degradation in practi-
cal engineering applications. We recommend testing the
photocatalytic activity of g-C3N, under the irradiation of both
visible light and the reference spectrum AM 1.5 that represents
the overall yearly average of solar irradiation for mid-latitudes.

Photoreactors with suspended or immobilized g-C;N, were
used for performance evaluation. Slurry reactors with
suspended photocatalysts always exhibit an enhanced mass
transfer rate; however, quantitative analyses should be
conducted to determine whether the measured photocatalytic
activity is limited by intraparticle or interparticle mass trans-
fer rates.””"’*'”! The photocatalyst particle size and mixing
rate can be tailored to increase the mass transfer rate. The
photocatalyst concentration in a slurry reactor may also im-
pact the measured reactivity, and the reaction rate does not
necessarily increase proportionally with the increase of the
photocatalyst concentration, likely due to the scattering and
shielding of photons by the photocatalyst.

It is also very critical to select appropriate contaminants
for the photocatalytic activity evaluation. Organic dyes are al-
ways selected in the tests: about 85% of studies with a scope
of g-C3Ny-based photocatalytic water purification used or-
ganic dyes as the only contaminant surrogates, based on our
search. However, the dyes may be decomposed under direct
photolysis in contrast to photocatalysis."”> In addition, the
dyes may also transfer electrons to the conduction band of
2-C3N, and act as sensitizers under light irradiation (similar
to the dyes in dye sensitized solar cells),"”*"”> which can
complicate the interpretation of measured photocatalytic ac-
tivity. Moreover, some commonly used dyes (e.g., Rhodamine
B, methylene blue) are positively charged at circumneutral
PH so that they can strongly interact with negatively charged
g-C3N, via electrostatic attraction.”” In contrast to many con-
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taminants that are neutral or negatively charged (e.g, atra-
zine, sulfamethoxazole, carbamazepine, bacteria, viruses) at
circumneutral pH, the measured photocatalytic activity for
positively-charged dyes may over-exaggerate the photocata-
Iytic performance for the degradation of real contaminants.
Hence, we strongly do not recommend using dyes as contam-
inant surrogates for evaluating the photocatalytic perfor-
mance of g-C;N,, if the material is considered for water and
wastewater treatment. To date, the most widely used contam-
inant surrogates, excluding organic dyes, for g-C;N,-based
photocatalysis are phenolic compounds (e.g., phenol, chloro-
phenol, nitrophenol) and the antibiotic tetracycline (Table
S1t). To best compare the photocatalytic activity across differ-
ent research laboratories, we recommend selecting multiple
contaminants with distinct properties rather than one spe-
cific contaminant for degradation, to avoid substrate-specific
activity of some photocatalyst samples.””""®

Based on the previous discussion, we propose a standard
test system for evaluating the photocatalytic performance of
2-C;3N, for contaminant degradation. g-C;N, synthesized from
melamine or dicyandiamide at 550 °C in air, along with TiO,
P25, can be used as a benchmark photocatalyst for evaluating
the performance improvement of tailored, new g-C;N,. A
group of contaminants with different physical and chemical
properties (e.g., polarities, charges), not dyes, should be used
for the test under the irradiation of both visible light and the
reference spectrum AM 1.5 in a model aqueous system. The
contaminant concentration, photocatalyst loading, and solu-
tion pH and temperature should be kept the same for all
tests. A slurry reactor with minimized mass transfer limita-
tion should be considered. The photocatalytic activity should
be reported with respect to the photon fluence or light inten-
sity. Table 1 lists one suggested standard test system for eval-
uating photocatalytic activity.

Question 4: what key mechanisms are needed to understand
the photocatalytic performance of g-C3N,?

Tailored g-C;N, properties including an increased surface area,
a reduced band gap, a properly positioned band energy level,
and improved charge separation have been shown to enhance
the photocatalytic performance of g-C;N,. However, it is chal-
lenging to evaluate the contribution of each key property to im-
proved photocatalytic activity, because tailoring an individual
2-C;3N, property without changing the others is almost impossi-
ble during material synthesis, and some properties are interre-
lated with each other. For example, g-C;N, nanosheets, in con-
trast to their bulk counterpart, always exhibit enhanced
photocatalytic activity due to an increased surface area and pro-
moted charge carrier separation. Nevertheless, an increased
band gap of the g-C;N, nanosheets (Fig. 4)*° could lower their
reactivity under visible light irradiation, especially the response
to photons with a longer wavelength. Metal and non-metal dop-
ing has been shown to improve charge separation and visible
light utilization of g-C;N,; however, the doping sacrifices the ma-
terial surface area**'** and results in the photocatalytic activity
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Photocatalyst and Contaminant Water
loading Contaminants® concentration matrix Light source Reactor type = Reported reactivity
g-C3N, synthesized from Phenol 100 uM 1 mMof  Xenonlamp Slurry reactor, Pseudo-first order reaction

melamine or dicyandiamide
(1gL™)

TiO, P25 (0.1 g L)
Tailored g-C3N, (1 g L™)

Dichloroacetic acid
Tetramethylammonium
Trichloroethylene

phosphate (2 > 400 nm, minimized
buffer, pH and AM 1.5  mass transfer
7.0 global) limitation

rates with respect to the
photon fluence or light
intensity

“ Contaminant selection is based on ref. 176. Aromatic, anionic, cationic, and chlorohydrocarbon compounds with distinct molecular

properties and structures are chosen.

being difficult to predict. In addition, the doping level should be
optimized for improved reactivity because a dopant at a high
concentration could become a recombination center for charge
carriers. We suggest computational simulations for the mecha-
nistic evaluation of the effect of key material properties on the
photocatalytic performance of g-C;N, on a molecular scale, since
the simulations will provide quantitative comparisons that com-
plement experimental analyses and characterization. It is also
feasible to tailor the molecular structure of g-C;N, selectively in
the simulations to enable evaluating the contribution of an indi-
vidual material property to the photocatalytic performance.
Photocatalysis is a complicated AOP because many oxidative
species (e.g., ROS and holes) are involved in the reaction, and
the concentration of oxidative species and the reactivity be-
tween oxidative species and the contaminant (usually charac-
terized by the second-order reaction rate constant) determine
the performance for contaminant degradation. TiO, is a well-
characterized photocatalyst, and it is known to produce "OH, ei-
ther surface bound or water dissolved, for contaminant oxida-
tion."”” In contrast to conventional TiO,, ROS production of
2-C3N, is largely unknown, even though some specific ROS
(0,7/HO,', '0,, H,0,) have been identified to be important in
different photocatalytic systems.>® Specifically, given their con-
jugated polymer structures, g-C;N, and its derivatives might in-
volve the transition from the singlet-excited state to the lower-
energy triplet-excited state through intersystem crossing. How-
ever, only few studies explored the generation of the triplet-
excited state of g-C3N,, and indicated that the triplet-excited
state of g-C3N, promoted 'O, production.*® The triplet-excited
state of g-C3N, could also enhance contaminant degradation
via electron transfer reactions, similar to chromophoric
dissolved organic matter."”®'”® Sorbic acid could be used to de-
termine the concentration of the triplet-excited state and its
contribution to photocatalytic reactions.'”®'8"'8! The reaction
of sorbic acid with the triplet-excited state results in the isomer-
ization of sorbic acid, which is unique because the reaction
with ROS does not produce isomer products. Future studies
should focus on the mechanism of ROS generation and ROS-
contaminant reaction pathways in g-C;N, photocatalytic sys-
tems, including the contribution of the triplet-excited state.
The second-order reaction rate constant between the con-
taminant and ROS (in addition to ‘OH) is also very critical to
understand contaminant degradation or pathogen inactivation

This journal is © The Royal Society of Chemistry 2017

via the attack of different ROS, but it is not well-character-
ized."®® Probe compounds (PCs) and scavengers/quenchers (S/
Q) are often used to evaluate ROS production (e.g:, steady-state
concentrations of ROS) and the contribution of one or multiple
ROS to contaminant transformation kinetics."*'®* Competi-
tion kinetics experiments, evaluating the kinetics of a specific
ROS with the PCs and the contaminant in the same reaction,
have been used to determine the second-order reaction rate
constant between a specific ROS and the target contaminant
because the second-order reaction rate constant of ROS-PC is
well-documented."®*®> The success of these experiments relies
on the selective reaction of PCs or S/Q with the specific ROS,
and the concentrations of PCs and S/Q are also important; the
PC concentration has to be sufficiently low to negligibly reduce
the steady-state concentration of ROS (uM range), and the S/Q
concentration has to be sufficiently high to quench the target
ROS without interfering with the reactions between other ROS
and the contaminant (mM range).'®> For example, ‘OH is
highly reactive and non-selective to any PCs, and performance
evaluation of ROS other than ‘OH should be strategic when
‘OH is present, e.g.,, S/Q can be added into the system to
quench undesired ‘OH reactions.

Many PCs and S/Q have been developed and used in photo-
catalytic systems to date.'®® Azide and 1-histidine are typical S/Q
for '0,.””'®” Furfuryl alcohol (FFA) is the most widely used PC
for '0,, and its concentration is recommended to be below 110
UM to minimize the interference of added FFA on the steady-
state concentration of '0,."®* Aliphatic alcohols, e.g., t-butanol
and isopropanol, are often used as S/Q for ‘'OH, and terephthalic
acid (TPA) is used as a PC for "OH because it can form a highly
fluorescent product, 2-hydroxyterephthalic acid, during the re-
action."®”'®> Other PCs are also used for quantifying ‘OH, in-
cluding coumarin, benzoic acid, and p-chlorobenzoic acid
(pCBA), but TPA is advantageous: it is only susceptible to "OH
oxidation rather than direct electron transfer oxidation due to
its high activation energy.'® Using TPA for quantifying ‘OH
could potentially avoid the interference of other oxidative spe-
cies (e.g., holes). Benzoquinone (BQ) and superoxide dismutase
(SOD), as S/Q, react fast with O, " (second-order reaction rate
constants of 10°-10° M s71);”7"3718% however, special attention
should be paid when SOD is used because it produces H,0,
that may interfere with photocatalytic reactions. 2-Methyl-6-(4-
methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazine-3(7H)-one
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(MCLA), nitro blue tetrazolium chloride (NBT), and 3'-(1-
[(phenylamino)-carbonyl]-3,4-tetrazolium)-bis(4-methoxy-6-ni-
tro) benzenesulfonic acid hydrate (XTT) are often used as PCs
for O, "."**'%° The reaction of MCLA-O, " results in the emission
of a photon at 457 nm for O, " quantification, though it should
be a caution that the presence of 'O, can interfere with the reac-
tion."® NBT or XTT reacting with O, forms a deep-blue
diformazan form that can be quantitatively determined by a col-
orimetric method.'*° H,0, is a long-lived ROS, and catalase can
serve as an S/Q in photocatalytic reactions.”” The H,0, concen-
tration can be ex situ quantified via colorimetry, by reacting
with N,N-diethyl-p-phenylenediamine (DPD) and horseradish
peroxidase to form a pink-colored species.'*

The most significant challenge remaining in a photocata-
lytic system, in contrast to a photolysis system, is the evalua-
tion of hole generation and holes-contaminant interaction,
because the experimental quantification is difficult, espe-
cially in an aqueous solution. To date, the widely used
method for analyzing hole generation and the contribution
of hole oxidation to contaminant degradation is the quench
experiment (e.g., the addition of formic acid'®'); however, the
selectivity between the S/Q and the holes in the presence of
ROS is not understood. Electrochemical characterization has
been recently used to evaluate the contribution of hole oxida-
tion in a photocatalytic reaction via quantitative single-mole-
cule, single-particle fluorescence imaging; however, the sam-
ple preparation and experimental set-up are complicated.'®*
Holes are much less mobile than electrons and ROS,” and
contaminant oxidation by the holes is expected to occur on
or near the surface of g-C;N,. Therefore, both contaminant
adsorption on g-C3;N, and direct electron transfer from the
contaminant to g-C3N, are critical to determine contaminant
oxidation by the holes. Molecular simulations (e.g., DFT and
molecular dynamics simulations) are highly promising and
viable tools to investigate contaminant oxidation by the
holes, including both contaminant adsorption'®” and direct
electron transfer kinetics (e.g., transition state of the contam-
inant, activation energy of oxidation)."*****

In addition to photocatalytic contaminant degradation,
2-C;N, has also been observed to effectively inactivate microor-
ganisms (e.g;, Dbacteria, viruses) wunder visible light
irradiation."**'%>8 Therefore, g-C;N, is believed to hold prom-
ise for photocatalytic water disinfection. Though many mecha-
nisms have been proposed for pathogen inactivation,"*>*??% it
is still not clear how g-C;N, interacts with pathogens and kills
them. For example, what is the reaction pathway between the
ROS/holes and biomolecules of the pathogen (e.g., lipids, pro-
teins, polysaccharides, deoxyribonucleic acids (DNAs),
ribonucleic acids (RNAs))? What mechanism dominates patho-
gen inactivation, e.g., compromising the structural integrity of
the pathogen, interfering with metabolic pathways, preventing
pathogen replication, or the combination of any? Bacteria can
secrete extracellular polymeric substances (EPS) for developing
biofilms, to provide a favorable environment for pathogen sur-
vival under stress. Most previous studies of g-C;N,-based micro-
organism inactivation were conducted on planktonic bacteria,
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and hence there is a need to understand the efficacy and robust-
ness of g-C;N, for biofilm inactivation.>**** Moreover, the
unique 2D nanostructure of g-C;N, may pose additional stress
to the pathogens besides that from the ROS/holes. Direct con-
tact between g-C3;N, nanosheets and the pathogen surface (e.g.,
bacterial membrane, viral capsid or envelope) and/or direct
physical penetration or endocytosis of the g-C;N, nanosheets
into the pathogens may lead to pathogen disintegration, mem-
brane function compromise, adverse interactions with biomole-
cules, and eventually pathogen inactivation, similar to other
antimicrobial nanomaterials (e.g., graphene oxide, graphene,
carbon  nanotubes, transition metal carbides and
carbonitrides).’*>'° We believe molecular simulations can ad-
vance the fundamental understanding of biomolecule interac-
tions with g-C;N,, and the integration of simulations and experi-
mental approaches will provide guidelines for designing g-C;N,
with enhanced performance for pathogen inactivation.

With the development of disinfection for water purification,
including photocatalytic disinfection, one concern has
emerged: can pathogens develop antioxidant activity in disin-
fection, similar to antibiotic resistance? It is currently believed
that oxidative disinfection attacks multiple targets in patho-
gens, e.g., proteins, lipids, DNAs, in contrast to antibiotics that
usually act on a specific target.”'" Thus, it is much easier for
bacteria to develop antibiotic resistance, which could be
achieved through target modification.>'* In addition, the disin-
fection kinetics are fast, and the pathogens may not have suffi-
cient time to overexpress protective proteins (e.g., catalase,
superoxide dismutase) to scavenge ROS and protect them-
selves. Though pathogens are less likely to develop antioxidant
activity in disinfection, some ‘stronger strains’ do exist and
they have already acquired genes with intrinsic resistance to ox-
idative stress. For example, integrative conjugative elements for
B-lactam antibiotics and oxidative stress (ICEs-fox) in
L. pneumophila promote its resistance to oxidants (e.g., H,O,,
bleach).>"®* An MS2 virus exposed to ClO,, or even in the ab-
sence of ClO, pressure, was observed to produce disinfectant-
resistant strains due to the mutation of ClO,-stable amino
acids on the virus capsid and the development of a stable host
binding.”'* The mechanism of pathogen-ROS/hole interactions
and intracellular oxidative stress defense systems is still largely
underexplored. Therefore, more thorough studies should be
conducted to evaluate the antioxidant activity of pathogens in
disinfection, prior to effective and safe implementation of
photocatalysis for pathogen inactivation.

Question 5: what should we pay attention to regarding the
engineering applications of g-C;N, for photocatalytic water
purification?

To promote efficient, robust, and safe g-C;N,-based photocata-
Iytic water purification, we propose to consider and evaluate
four aspects of photocatalysis prior to its engineering applica-
tions: (i) minimized toxicity and adverse impacts of treated wa-
ter, (ii) enhanced photocatalytic performance in complex water
matrices, (iii) stable long-term performance of the
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photocatalyst, and (iv) desired reactor design with improved so-
lar energy utilization for certain water purification scenarios.

¢-C3N, holds promise for removing a broad spectrum of
contaminants and pathogens in photocatalysis; however, most
efforts were focused on the degradation of parent contami-
nants and the reduction of pathogen viability in previous stud-
ies. In g-C3Ny-based photocatalysis, complete contaminant
mineralization may not be realized, likely due to the produc-
tion of weak ROS (e.g., 'O, and 0, '/HO,’) with a lower reduc-
tion potential and low reactivity in contrast to "OH. It is critical
to identify the intermediates and by-products in contaminant
photocatalytic transformation and the toxicity of these com-
pounds (e.g., mutagenicity, carcinogenicity, genotoxicity), be-
cause these compounds may pose risks and adverse impacts to
the quality of treated water. Promoting ‘'OH production for
2-C3;N, -based photocatalysis may increase the likelihood of
complete contaminant mineralization,”** and thus eliminate
the concerns about toxic intermediates and by-products. Never-
theless, special attention should be paid to limiting by-product
formation in the presence of ‘'OH, such as bromate produc-
tion."*® For the photocatalytic inactivation of pathogens, scru-
tiny of bioactivity degradation beyond pathogen viability
should be made. A recent study revealed that full-scale ozona-
tion under typical operational conditions showed negligible
degradation of intracellular antibiotic resistance genes (ARGs)
for wastewater treatment.>'® Similar to ozonation, photo-
catalysis also takes advantage of ROS oxidation for pathogen in-
activation, and may also exhibit limited inactivation of antibi-
otic resistance activities. Another study even indicated that sub-
lethal stress induced by photocatalysis enhanced ARG transfer
among E. coli.>'® Further optimization of g-C;N,-based photo-
catalysis (e.g:, dosage, light intensity, water quality, material
properties) is needed for promoting safe water purification, by
minimizing toxic intermediate/by-product production and en-
hancing bioactivity removal.

The potential toxicity and adverse impacts of g-C3N, and
its daughter products due to self-decomposition in photo-
catalysis should also be considered. Previous studies, includ-
ing our preliminary results, have suggested that g-C;N, is
likely to be non-toxic and biocompatible (in the dark), as
discussed in the answer to Question 1.°”°* However, detailed,
systematic assessment of g-C3Nj, is still lacking, and no study
reports the toxicity of g-C;N, daughter products from photo-
corrosion to date. Analytical instruments can be first used to
identify the daughter products of g-C;N, and their production
in photocatalysis. Next, g-C;N, and its daughter products will
be subjected to in vitro and in vivo assessment of their toxic-
ity. In the in vitro assessment, g-C;N, and its daughter prod-
ucts will be in direct contact with cells, and the interactions
with the cells include, but are not limited to, material/chemi-
cal uptake and processing, membrane perturbation, and ROS
generation.””” Phagocytic cells, including monocyte and
macrophage phenotypes, which are the first line of defense
in the human body against the invasion of foreign materials/
chemicals, should be chosen for the assessment.?*® The time-
scale and concentration of g-C;N, and its daughter products
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in the assessment should be optimized.?** The in vivo assess-
ment mainly focuses on various toxicity, e.g., hematological
toxicity, pulmonary toxicity, hepatotoxicity, nephrotoxicity,
and splenic toxicity, caused by g-C;N, and its daughter prod-
ucts.?*® The in vivo assessment should model all the potential
exposure and investigate the biodistribution profile and the
fate of g-C3;N, and its daughter products after ingestion. The
timescale of the in vivo assessment should be as long as pos-
sible, in contrast to that of the in vitro assessment, as the re-
sult of the in vivo assessment could reveal long-term conse-
quences of g-C;N, and its daughter products. Special
attention should be paid to the various structures and mor-
phologies of g-C;N, on toxicity (e.g., nanosheets).

Many previous studies evaluated the photocatalytic perfor-
mance of g-C;N, in a model water matrix, with well-controlled
pH and limited impurities. Nevertheless, the presence of natu-
ral water constituents, radical scavengers, and foulants may sig-
nificantly reduce the photocatalytic activity. Water pH may af-
fect the photocatalytic activity for contaminant degradation
and pathogen inactivation, likely due to the impact of the sur-
face interaction of g-C;N, and contaminants/pathogens, ther-
modynamics of ROS production, and reaction kinetics be-
tween ROS and the contaminants/pathogens. Many g-C3N,
samples are negatively charged at circumneutral pH,””**%2>!
and their adsorption to and oxidation of positively charged
contaminants are expected to be favorable. pH also tailors
ROS production, e.g., ‘'OH formation from direct hole oxida-
tion of H,O becomes thermodynamically favorable at elevated
pH, based on the Nernst equation. In addition, the reaction
kinetics of ROS with contaminants are also dependent on
pH; oxidation of protonated (substituted) phenols by 'O, is
ca. 10-100 times slower than that of their phenolate counter-
parts, based on the second-order reaction rate constant.”*
Dissolved oxygen is another important water quality parame-
ter that determines ROS production and subsequent contami-
nant degradation or pathogen inactivation,”** and photocata-
Iytic kinetics is always inhibited with limited oxygen supply.
Natural organic matter (NOM) can strongly bind to and foul
the surface of some photocatalysts (e.g., TiO,).>** Moreover,
NOM competes with contaminants/pathogens for the reac-
tion with ROS (e.g., competition for 'OH because ‘'OH oxida-
tion is non-selective),"****>*2¢ and thus the presence of NOM
could significantly reduce the photocatalytic activity for con-
taminant degradation and pathogen inactivation. Radical
scavengers (e.g., CO;>", HS") in water also quench ROS or pro-
duce radicals with lower reactivity (e.g., CO; ") and reduce the
reaction rate for contaminant and pathogen removal. Our
previous study was the first one to systematically evaluate the
performance of g-C;N, in simulated and real complex water
matrices, and we did not observe any reactivity inhibition
across a variety of water chemistries representative of drink-
ing water and wastewater treatment.”” The promising results
indicated that the g-C;N, samples in our study were not sus-
ceptible to the water impurities; however, further mechanistic
understanding is needed to evaluate future g-C;N, samples in
complex water matrices.
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Fig. 7 Compound parabolic collectors (CPCs) for photocatalytic water purification on a pilot scale or an industrial scale. Indirect light is reflected
by the parabolic collectors onto the absorber tube surface at the center. Photocatalysts, either suspended in water or immobilized on a tube
surface, facilitate contaminant degradation or disinfection under solar irradiation. Water is recirculated through the tubes for treatment.
Suspended photocatalysts require post-separation after treatment. Reproduced from ref. 235 with permission from Elsevier.

The long-term performance of g-C;N, should be evaluated
before its implementation for water purification. Photo-
corrosion due to photocatalyst self-oxidation, photocatalyst
fouling and regeneration, and mass loss of the photocatalyst in
water purification need to be considered. The photostability of
g-C3N, should be evaluated under continuous light irradiation,
and the structure, morphology, elemental composition, surface
functional groups, oxidation state and bonding environment,
and transformation products should be characterized. This
photocatalyst can prevent the fouling of organic substances
(e.g., NOM) or biofilms, because of the generation of highly re-
active ROS for the oxidation of organics and the inactivation of
microorganisms.*"***** Nevertheless, metal adsorption, min-
eral precipitation (e.g., hardness species), and inorganic parti-
cle/colloid fouling can decrease its photocatalytic activity.”””
Physical and chemical cleaning and regeneration could be used
to restore the reactivity of the photocatalyst.>*® The mass loss
of g-C3;N, should be prevented in water purification; efficient
post-separation can improve photocatalyst retaining in a slurry
reactor, or a strong photocatalyst-support interaction and wa-
ter flow with desired shear stress can keep the photocatalyst
immobilized in the reactor.

Centralized, large-scale water treatment systems with the
implementation of photocatalysis could require either high
energy consumption when artificial light is used or high reac-
tor footprint when sunlight is used.*** Small-scale water
treatment systems, including small public water systems
(PWS) and point-of-entry (POE) and point-of-use (POU) treat-
ment devices, also serve a large number of U.S.
populations.>*® However, due to limited financial resources
and operational capacity, small-scale water treatment systems
are more likely to violate drinking water regulations than cen-
tralized, large PWS,""?**>** and the presence of persistent
and emerging chemical and biological contaminants further
challenges the safety of treated water. Photocatalysis for
small-scale water treatment provides high quality treated wa-
ter, reduces energy and chemical consumption, and requires
decent footprint, and we believe its application is desired for
rural areas, small communities, single households, and de-
veloping countries. Photocatalysis is also suitable for small-
scale advanced wastewater treatment for water reuse. Last

Environ. Sci.: Water Res. Technol.

but not least, photocatalytic reactor design remains as a ma-
jor barrier to preventing the industrial application of photo-
catalysis, and hence the development and optimization of re-
actors are urgently needed. To date, a variety of
photoreactors have been proposed, such as parabolic trough
reactors, compound parabolic collectors (CPCs, Fig. 7), in-
clined plate collectors, double-skin sheet reactors, and rotat-
ing disk reactors.”** CPCs are most suited to pilot-scale or
industrial-scale applications (>1000 L per day) due to their
high collection rate of solar radiation and well-known reactor
design methodology,*®?**?*> and they have been successfully
used for the photocatalytic degradation of PPCPs, pesticides,
and industrial chemicals, as well as disinfection.?*¢™>43
Industrial-scale studies (i.e., reactor size up to 800 L, solar
collection area up to 100 m*) have demonstrated the viability
of CPCs for the photocatalytic destruction of contaminants
and disinfection for small PWS or POE applications.>**">*°
The performance of g-C;N, in CPCs should be evaluated for
potential industrial-scale photocatalytic applications, and fur-
ther optimization of CPCs as well as the development of
photoreactors beyond current paradigms with improved solar
energy utilization, mass transfer rate, photocatalyst separa-
tion, and water treatment capacity is highly desired.

Conclusion, perspective, and outlook

2-C3N, is an emerging visible-light-responsive photocatalyst
that has attracted attention for sustainable water purification
in recent years. This material is believed to have several
merits that are ideal for water purification; it is synthesized
from earth-abundant precursors, stable, biocompatible with
no reported toxicity, and has highly tunable structures and
properties to enhance solar energy utilization and photocata-
Iytic performance for degrading persistent and emerging con-
taminants. Most previous studies were focused on the synthe-
sis and characterization of g-C;N, to understand how to
tailor the material properties to enhance its reactivity. The
band gap is an important optical parameter of g-C;N,, and it
determines the amount of solar energy that the material can
harvest and use. A reduced band gap corresponds to an ex-
tended use of visible photons at a longer wavelength;
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however, band energy levels have to maintain sufficient ther-
modynamic driving force for ROS production (especially ‘'OH)
and the resulting contaminant degradation and pathogen in-
activation. Charge separation needs to be enhanced to pro-
vide more charge carriers for effective photocatalytic reac-
tions. The increase of the g-C;N, surface area by creating a
porous or nanoscale structure not only improves charge sepa-
ration but also provides more available sites for the reactions.
The creation of a Z-scheme heterojunction of g-C;N, with an-
other photocatalyst can promote charge separation and uti-
lize low-energy visible photons without compromising the re-
dox ability of photogenerated electrons and holes.
Theoretical simulations, e.g., DFT and molecular dynamics
simulations, can predict the molecular structure, properties,
and photocatalytic performance of g-C;N, for contaminant
degradation, and the simulations can provide a guideline for
rational material design prior to the synthesis.

A standard approach is needed to compare the photocata-
lytic performance of g-C;N, across different research groups.
Organic dyes should not be used as contaminant surrogates,
and real contaminants are recommended for photocatalytic
tests. Multiple contaminants with distinct properties should
be used to avoid substrate-specific activity. Bulk g-C;N, syn-
thesized from the thermal polycondensation of melamine
and dicyandiamide can be used as the benchmark for photo-
catalytic activity comparison, and the catalyst loading, light
source and intensity, contaminant concentration, water ma-
trix, and reactor type should be specified. The measured
photocatalytic activity should be reported with respect to the
photon fluence or light intensity.

To understand the mechanism of photocatalytic reactions
with waterborne contaminants and pathogens, the amount
and type of oxidative species, e.g., ROS, holes, triplet-excited
state, and their contribution to photocatalytic reaction kinet-
ics should be determined. PCs can be used to quantify the
concentration of these oxidative species, and the addition of
S/Q can shed light on the significance of oxidative species in
the reactions. Special attention should be paid to the reaction
specificity between one oxidative species and its correspond-
ing PCs or S/Q. The experimental understanding of holes-
contaminant/pathogen interactions is challenging, and theo-
retical simulations are viable tools to provide insights.

To improve the effectiveness, robustness, and safety of
g-C;N, -based photocatalytic water purification, we will need
to evaluate the following aspects prior to engineering applica-
tions. First, the scalable production, photostability, and recy-
clability of the photocatalyst should be evaluated. The g-C;N,
yield from its precursors should be increased to improve the
atom economy, and thus reduce the cost for material devel-
opment. The photostability of g-C;N, needs to be explored
systematically to improve the long-term use of this material.
Enhanced separation of g-C;N, from treated water or g-C;N,
immobilization in the reactor will promote the recyclability
of the photocatalyst for continuous use. Second, the long-
term performance of the photocatalyst in complex water ma-
trices requires further understanding, by exploring the effect
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of pH, natural water constituents, radical scavengers, and
foulants (especially inorganics) on photocatalytic activity.
Third, the environmental impacts of treated water are critical
for a safe water supply, and the toxicity of the photocorrosion
by-products of g-C;N,, the toxicity of contaminant degrada-
tion products, and pathogen bioactivities (e.g., viability, anti-
biotic resistance, antioxidant activity) should be minimized
for the treated water. Last but not least, CPC photoreactors
are most suitable for pilot- and industrial-scale water purifi-
cation to date; nevertheless, photoreactor design needs to be
further advanced and optimized for enhanced solar energy
utilization, mass transfer rates, photocatalyst separation, and
water treatment performance. The commercialization of the
photocatalyst and photoreactor is also important for future
mass deployment of the technology. g-C;N,-based photo-
catalysis is ideal for sustainable small-scale water treatment
in rural areas, small communities, single households, and
developing countries, and it is promising to generate high
quality treated water, utilize inexhaustible renewable solar
energy, and reduce the capital, operation, and maintenance
cost of water practice.
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