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ARTICLE INFO ABSTRACT
Editor: Meiping Tong Solar-driven photocatalytic generation of HyO over metal-free catalysts is a sustainable approach for value-
added chemical production. Here, we synthesized chlorine-doped graphitic carbon nitride (Cl-doped g-C3N4)
Keywords: through a solvothermal method to effectively produce HyO, with a rate of 1.19 + 0.06 uM min~! under visible
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light irradiation, which was improved by 104 times compared to pristine g-C3N4. Continuous net production of
H,0, was realized at a rate of 2.78 + 0.10 uM min~! up to 54 h with isopropanol as the hole scavenger, whereas
H>0; production was only sustained for ~ 6 h without scavengers. Both molecular simulations and advanced
spectroscopic characterizations elucidated that the Cl dopant increased the charge transfer rate, decreased the
bandgap, and reduced the activation energy of the rate-limiting step of O reduction, all of which favored Hy02
production. This work implemented a novel metal-free photocatalyst for sustainable H>O2 production and
elucidated the mechanism for promoting H2O, production that can guide future photoreactive nanomaterial
design.

1. Introduction as odor elimination, pollution control, water purification, disinfection,
and many others (Myers, 2007; Campos-Martin et al., 2006; Melchionna

Hydrogen peroxide (H205), a liquid compound widely used as bleach et al., 2019). The global market size of HyO, was 1.44 billion dollars in
and an oxidant, is considered one of the 100 most important chemical 2020 even though various industries were negatively impacted by the
compounds (Myers, 2007). It has broad environmental applications such COVID-19 pandemic, and the rising demand for HyO, from the
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healthcare industry is fueling the market growth at an annual rate of
5.7% from 2020 to 2028 (Grand View Research, 2021). Ever since the
1940 s, the large-scale production of HoO5 has been almost exclusively
relying on the anthraquinone autooxidation process (Campos-Martin
et al., 2006). During the process, an anthraquinone is reduced by H; to
the corresponding hydroquinone in the presence of catalysts, then the
hydroquinone is autoxidized back to the anthraquinone in the presence
of O3 and produces H20,. Although HoO5 can be efficiently synthesized
during the reaction cycles, the processes of solution regeneration, im-
purities removal, and HyO extraction requires significant energy and
chemical input, which is unsustainable. In addition, chemicals and sol-
vents used for the anthraquinone autooxidation process are considered
as hazardous materials. Thus, there is a pressing need in developing
simpler and greener protocols for HyO, production, especially for on-site
H,0; production based on the needs. Solar-driven photocatalysis has
thus been explored as a promising approach for H,O4 generation since it
can potentially utilize solar energy, water, and oxygen gas as the only
energy and chemical input to improve the sustainability of chemical
synthesis (Fukuzumi et al., 2018).

Photocatalytic HyO5 production over metal-containing semi-
conductors, such as TiO, ZnO, CdS, BiVO4, and WOs, has been widely
studied (Baran et al., 2019; Hirakawa et al., 2016; Kim et al., 2016;
Nosaka and Y. Nosaka, 2017; Shiraishi et al., 2013). For example, Kim
et al. deposited Au nanoislands of various sizes on TiO; films to accel-
erate electron-hole separation (Kim et al., 2019). Although Hy0, was
efficiently generated under ultraviolet (UV) light irradiation, the pro-
duced Hy0; suffered from UV light induced decomposition. Moreover,
UV light only makes up roughly 4% of solar terrestrial radiation and thus
solar energy cannot be effectively utilized by pristine TiOy (Li et al.,
2016). According to the simulation of Goliaei et al., TiOy supported
AgoAuy clusters were predicted to be good candidates for adsorbing
visible and infrared light to generate HyO, (Goliaei and Seriani, 2019).
However, noble metals were needed and the decomposition of H2O3 on
the surface of metals was commonly observed (Shiraishi et al., 2014a;
Wei et al., 2018a).

Recently, graphitic carbon nitride (g-C3Ny4) has emerged as a prom-
ising photocatalyst for broad chemical, biomedical, and environmental
applications due to its visible-light responsibility, low cost, superior
stability, and high biocompatibility (Ong et al., 2016; Zheng et al., 2017;
Zhou et al., 2021). In 2009, Wang et al. first reported the great potential
of g-C3N4 for photocatalytic water splitting (Wang et al., 2009). Shen
et al. applied g-C3N4 for biofilm control and realized environmental
pathogen inactivation under visible light irradiation (Shen et al., 2021).
Tsukamoto et al. discovered the photocatalytic activity of g-C3N4 for
H20;, generation (Shiraishi et al., 2014b). However, pristine g-C3N4
suffers from insufficient light absorption, poor charge transfer, and fast
recombination of photoinduced electron-hole pairs, thus exhibiting only
moderate photocatalytic activities. In this regard, there is an urgent need
to advance the photocatalytic performance of g-C3Ny4 for HoO5 produc-
tion (Zhu et al., 2021). Recently, heteroatom doping with metal ele-
ments, such as Na, K, Fe, and Cu, and nonmetal elements, such as S, O, P,
and Cl, has been used to enhance the photocatalytic performance of
g-C3Ny4 for NO removal, organic degradation, and hydrogen evolution
(Li et al., 2019, 2018; Long et al., 2020; Wang et al., 2019; Xiong et al.,
2018; Yang et al., 2020; Yi et al., 2020; Zhu et al., 2020). Specifically,
due to its moderate electronegativity, Cl is believed to be the desired
dopant in regulating the electronic structure of g-C3N4, promoting
charge carrier utilization efficiency, and enhancing oxygen adsorption
(Guo et al., 2019; Long et al., 2020).

In this work, we introduced Cl dopant into the g-C3N4 framework via
a facile solvothermal synthesis method. Under visible light irradiation,
the HyO4 generation rate over Cl-doped g-C3Ny4 (denoted as MCC) was
104 times higher than that of pristine g-C3N4 (denoted as M). The long-
term photocatalytic performance of MCC was also evaluated, and the
H,0, generation rate remains as 2.78 - 0.10 uM min ™" throughout 54 h.
Integrating advanced microscopic and spectroscopic characterizations
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with density functional theory (DFT) simulations, we highlighted the
critical role of Cl dopant on the energy band structure, charge carrier
transfer, and oxygen protonation of g-C3N4 and elucidated how Cl
doping promoted H02 production in photocatalysis. This work sheds
light on developing effective metal-free photocatalysts for solar-driven
H»0; production. It will pave the way for on-site HoO, generation and
its applications of disinfection, medical care, hygiene practices, food
sanitation, and water purification, especially in developing countries,
remote areas, and regions after natural disasters.

2. Experimental section
2.1. Chemicals and reagents

Chemicals and reagents utilized include melamine (99%, ACROS
organics), cyanuric chloride (99%, ACROS organics), 0.1 N HySO4
(Sigma-Aldrich), N,N-diethyl-1,4-phenylenediammonium sulfate (DPD,
98%, Sigma-Aldrichp), peroxidase from horseradish (POD, lyophilized
powder, ~150 U mg~!, Sigma-Aldrich), hydrogen peroxide (30% in
water, Sigma-Aldrich), sodium sulfate (>99%, Sigma-Aldrich), phos-
phoric acid (85% in water), potassium phosphate monobasic (>99%,
Fisher scientific), potassium phosphate dibasic anhydrous (>99%,
Fisher scientific), ethanol (99.5%, Sigma-Aldrich), sodium hydroxide
(>98%, Sigma-Aldrich), boric acid (>99.5%, Sigma-Aldrich), per-
fluorinated resin solution containing Nafion 1100 W (5 wt% in lower
aliphatic alcohols and water, contains 15-20% water, Sigma-Aldrich),
N,N-dimethylformamide (>99%, Sigma-Aldrich), acetonitrile (Fisher
scientific, HPLC grade), isopropyl alcohol (Sigma-Aldrich, HPLC grade).

All reagents were used as received without further purification.

2.2. Synthesis of g-CsN4

MCC, the Cl-doped g-C3N4, was synthesized by a solvothermal
method (Cui et al., 2012). 15 mmol cyanuric chloride and 7.5 mmol
melamine were put into a 100 mL of Teflon-lined autoclave and mixed
with 60 mL of acetonitrile. After mixing for 12 h, the autoclave was
sealed and maintained at 180 °C for 96 h and then cooled down to room
temperature naturally. The obtained product was washed by acetoni-
trile, ultrapure water (18.2 MQ-cm at 25 °C), and ethanol sequentially to
remove impurities, and then dried at 60 °C. For comparison, M, the
pristine g-C3Ny4, was synthesized via the thermal polycondensation of
melamine based on the method described in our previous study (Zheng
et al., 2016). Cl-removed MCC was obtained via the thermal treatment of
MCC at 500 °C under N protection for 1 h (Xie et al., 2016).

2.3. Characterization of g-C3Ny

The morphological, optical, physical, and chemical properties of
different g-C3N4 samples were characterized. Transmission electron
microscopy (TEM, FEI Talos™ F200X) and scanning electron micro-
scopy (SEM, JEOL 6700 F) were used to characterize the morphology
and element distribution of the g-CsN4 samples. For TEM analysis,
samples suspended in ethanol were dropped on 400 mesh copper grids
with ultrathin carbon films supported by a lacey carbon film and dried at
room temperature. High-angle annular dark-field scanning transmission
electron microscopy with energy dispersive X-ray spectroscopy
(HAADF-STEM-EDS) mapping was conducted under the 200 kV mode.
For SEM characterization, sample suspensions were cast onto sample
stubs, and SEM micrographs were collected at 10 kV by a secondary
electron detector. Optical absorption spectra of the g-C3N4 samples were
recorded by a Varian Cary 500 Scan UV/Vis system. Specifically, the
optical bandgaps of the g-C3N4 samples were evaluated from the
Kubelka-Munk equation and the Tauc plot (Li et al., 2021; Tauc et al.,
1966; Zheng et al., 2016).
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where K, S, and R refer to the absorption coefficient, the specular
reflectance, and the diffuse reflectance, respectively, and F(R) is the
Kubelka-Munk function. Assuming the scattering coefficient remains as
a constant and F(R) is proportional to the absorption coefficient, the
Tauc relation is:

y=[F(R)hv]" = A(hv — E,); @

where h and v refer to the Planck constant (6.63 x1073* Js) and the
photon frequency, respectively. A is the proportionality constant, and n
is Y since the g-C3Ny4 is an indirect bandgap semiconductor. By plotting
the curve of y versus hv and extrapolating the linear portion of y to
y = 0, the bandgaps of g-C3N4 samples were determined.

Surface functional groups of the g-C3N4 samples were determined by
attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR, iSO10 Nicolet Thermo), from 4000 to 525 em~! with a
resolution of 4 (0.421 cm™! data spacing). The bonding environment
and surface elemental composition of the g-C3N4 samples were charac-
terized by X-ray photoelectron spectroscopy (XPS). A PHI 5400 system
with an Mg Ka source (1253.6 eV) was used for analysis under ultrahigh
vacuum conditions (pressure <1078 Torr). Ejected photoelectrons were
measured with a hemispherical energy analyzer operated at 58.7 eV
constant pass-energy. Peak positions were referenced to Cls (284.5 eV),
and CasaXPS was used to determine the chemical composition and
atomic concentrations at the surface (up to ca. 10 nm).

Electrochemical measurements were conducted in a three-electrode
system equipped with a Gamry Potentiostat to evaluate the charge
transfer resistance of the g-C3N4 samples. An indium tin oxide (ITO)
glass coated with samples, Pt wire, and Ag/AgCl KCl (3 M) were used as
the working, counter, and reference electrodes, respectively, and 0.5 M
NaySO4 solution (pH 6.43) was used as the electrolyte. The ITO glasses
were cleaned by sonication in acetone, ultrapure water, and ethanol
sequentially, and dried at room temperature. 10 mg of g-C3sN4 samples
were suspended in a mixture with 180 pL of ethanol and 20 pL of Nafion
by sonication. Then the suspensions were dropped onto the pre-cleaned
ITO glasses to make sure the effective area was 1 cm? The electro-
chemical impedance spectra (EIS) were collected in the dark over a
frequency range of 5 mHz to 100 kHz with an amplitude of 10 mV at the
zero potential (Han et al., 2019; Liang et al., 2015; Wei et al., 2018b).

2.4. Determination of H20» concentration

The accumulated concentration of H,O5 was measured by the DPD
method (Bader et al., 1988). The fresh DPD reagent and POD reagent
were prepared weekly by dissolving 0.1 g of DPD in 10 mL of
0.1 N HySOy4, and 10 mg of POD in 10 mL of ultrapure water, respec-
tively. Both DPD and POD reagents were stored in the dark at 4 °C. For
analysis, a 400 pL aliquot of the sample was mixed with 100 pL of
25 mM phosphate buffer (pH 6), 15 pL of the DPD reagent, and 15 pL of
the POD reagent. Absorbance was measured at 551 nm (UV-vis spec-
trophotometer, Hach DR 6000) and the resulting HyO» concentration
was determined via a calibration curve generated with known concen-
trations of HyO,. The standard H,O5 solutions were prepared from the
dilution of 30 wt% H»0O5 solutions (Sigma-Aldrich) as the stock, and the
H,0; concentration in the stock was determined by measuring HyO4
absorbance at 240 nm and the molar absorption coefficient of 38.1 M~
em~! (Goldstein et al., 2007). The detection limit of the DPD method
was on the order of 1077 M.

2.5. Photocatalytic H,O4 production

Photosynthesis of HyO5 was first conducted in a jacketed beaker
under the irradiation of a 1000 W xenon lamp equipped with a water
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optical filter to remove infrared light. A long-pass optical filter
(A > 400 nm) for simulating the visible light in solar irradiation or an
AM 1.5 G filter for simulating the average sunlight irradiation for the 48
contiguous U.S. states over one year was used. Outdoor experiments
were also conducted at midday (11:00 am to 5:00 pm, May 9th, 2018)
on the George Washington University campus, with sky conditions
ranging from clear to partly cloudy and an ambient temperature of
25 °C. The artificial light source of white light emitting diodes (LEDs,
7 W) was also used for evaluating HyO, production. The photon fluences
and irradiances of light sources were recorded by a spectroradiometer
(AvaSpec ULS2048L) and reported in Table S1. For all HoO, generation
tests unless specified, dissolved oxygen in the air was used as the reac-
tant at the ambient temperature and pressure, the pH values of the ex-
periments were controlled at 7 by using 15 mL of 1 mM phosphate
buffer solutions, the photocatalyst loading was maintained at 1 g L™},
and no scavenger was used. To improve the performance of HyO2 pro-
duction, 10% (v/v) isopropanol was introduced as the hole scavenger for
some tests (Su et al., 2010). To understand the impact pH on HyO9
production, tests were also conducted at pH 3, 7, and 9, respectively, by
using a 10 mM phosphate buffer, phosphate buffer, and borate buffer,
respectively. The photosynthetic reactions were conducted under mag-
netic stirring at 500 rpm. All experiments were performed with at least
three independent replicates.

The solar-to-chemical (SCC) conversion efficiency () was evaluated
under the irradiation of simulated sunlight (xenon lamp, AM 1.5 G) and
outdoor sunlight by the following equation (Teng et al., 2021):

AGu,0, X Nuyo0,
Lir X Sip X Lay

n (%) = x 100%; 3

Where AGy,p, represents the free energy for H,0, formation
(117 kJ mol ™), nu,0,is the molar amount of generated HyO2 (mol) and
t;- is the irradiation time (s). The irradiation area (S;-) is 1.26 x 1073 mz,
and the overall irradiation intensity (Is5) of the simulated AM 1.5 global
spectrum and outdoor sunlight (250-700 nm) is 129 and 312 W m’z,
respectively (Table S1).

2.6. Computational simulation

A 6 x 6 supercell (Fig. S1) of nitrogen-bridged heptazine was
adopted to model the pristine g-C3Nj. Its structure was optimized by the
density functional theory (DFT) (Hohenberg and Kohn, 1964) before its
bandgap was evaluated by the same method. Unless otherwise specified,
all DFT simulations in the present study were carried out by CP2K
quantum mechanics software (VandeVondele et al., 2005) with
Goedecker-Teter-Hutter (GTH) pseudopotential (Goedecker et al.,
1996), Heyd-Scuseria-Ernzehof (HSE06) exchange-correlation func-
tional (Krukau et al., 2006), polarized-valence-double-{ (PVDZ) basis set
(Woon and Dunning, 1994). Moreover, a generalized implicit solvation
model (Bani-Hashemian et al., 2016) with a dielectric constant of 78.4
was applied to mimic the aqueous environment. Since the protonation
state of the Cl-doped g-C3N4 and its hydrogenated derivative (after
removing Cl) could be critical to O, binding, the first step of catalyzed
H0; production, we utilized the ChemAxon package to estimate their
pKa values by solving the Hammett-Taft equation (Csizmadia et al.,
1997).

3. Results and Discussion
3.1. Characterization of Cl-doped g-C3Ny4

The morphology and microstructure of the g-CsN4 samples were
investigated with HAADF-STEM (Fig. 1) and SEM (Fig. S2). Compared to
the g-C3N4 synthesized by thermal polycondensation (M, Fig. S2 left), g-
C3Ny4 synthesized by the solvothermal method (MCC, Fig. S2 right)
primarily showed a nanofibrous structure. The SEM indicated that the
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Fig. 1. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) of Cl-doped graphitic carbon nitride (MCC) and its energy

dispersive X-ray spectroscopy (EDS) mapping of (b) C, (c) N, and (d) Cl.

nanofibers had a uniform width of ~50 nm and lengths of several mi-
crometers, which were consistent with TEM characterizations (Fig. 1a).
The EDS mapping of C (Fig. 1b), N (Fig. 1c), and Cl (Fig. 1d) exhibited
the homogenous distribution of Cl through MCC, and the atomic per-
centage of Cl was around 1.83%. Clearly, the subcritical polar solvent, i.
e., acetonitrile, served as an annealing fluid and provided a sufficient
thermodynamic force to polymerize melamine and cyanuric chloride
molecules to form nanofibers (Cui et al., 2012). As shown in Fig. S3, XPS
was used to study the surface composition and the chemical state of
MCC. The deconvolution of the C 1s signals produced two peaks
centered at 284.5 and 287.6 eV, which could be ascribed to C-C and
C=N, respectively (Teng et al., 2021). In the high-resolution N 1s
spectrum of MCC, the peaks centered at 398.2 and 399.7 eV were
indexed as sp%-hybridized aromatic nitrogen atoms (C=N-C) and ter-
tiary nitrogen (N-(C)3) groups, respectively (Shi et al., 2018). The atomic
ratio of carbon to nitrogen was 1.08 (Table S2), much larger than the
stoichiometry of graphitic carbon nitride with a perfect structure (0.75),
and it could be explained by the loss of amine groups or the introduction
of N vacancies (Liu et al., 2016). These results indicated that melamine
and cyanuric acid molecules did assemble to form extended aromatic
carbon-nitrogen frameworks. The atomic percentage of Cl detected by
XPS was 2.4%, consistent with the EDS mapping analysis. Moreover,
MCC exhibited clear Cl 2p signals with two pairs of Cl 2p3,, and Cl 2p; 2
peaks at 200.0 and 201.5 eV corresponding to C-Cl species, and 196.7
and 198.4 eV for the ionic Cl species, respectively (Gu et al., 2016),
which confirmed the introduction of Cl into the carbon-nitrogen
framework. FTIR spectrum (Fig. S4) was also used to study the

chemical structure and surface functional groups of MCC. The 776 cm ™

region was indexed as the breathing mode of triazine units, and the
1100-1600 cm ™! region was considered as the stretching vibration
mode of aromatic CN heterocycles (Moon et al., 2017; Wu et al., 2020).
Taking all together, Cl-doped g-C3N4 was successfully synthesized with a
nanofibrous structure, and the Cl dopant was covalently introduced to
the carbon-nitrogen framework.

3.2. H30; photosynthesis under the irradiation of various light sources
and in the presence and absence of a hole scavenger

The photocatalytic HyO» production on MCC and M under the irra-
diation of simulated visible sunlight (xenon lamp, A > 400 nm) is shown
in Fig. 2. In contrast to the negligible amount of H>0, produced on M,
MCC catalyzed H3O2 generation from water and air to a notable con-
centration (up to ca. 650 uM) in 6 h, with an average production rate of
1.19 + 0.06 uM min~!. The H,0, production rate was comparable with
other g-C3Ny-based photocatalysts (Table S3). HyO5 was produced via
photocatalytic oxygen reduction (O3 + 2¢ + 2 H" — H0,) rather than
water oxidation (2 HyO — Hy05 + 2 H' + 2e"), as confirmed by the lack
of HyO; formation under Na-saturated condition or in the dark (Fig. 2b).
Furthermore, MCC catalyzed the generation of H,O2 under various light
resources, including white LEDs, visible light (xenon lamp, A >400 nm)
simulated sunlight (xenon lamp, AM 1.5 G), and outdoor sunlight. As
shown in Fig. 3, the HyO, generation rate increased from 0.61
+ 0.05 uM min~! (1.45 + 0.12 umol h~1) under white LEDs irradiation
to 1.19 + 0.06 M min~! (2.86 + 0.14 ymol h™!) under visible light
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Fig. 2. Photocatalytic HoO, production
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sunlight sunlight

irradiation with the increase of irradiance from 10.5 mW cm 2 of white
LEDs to 12.8 mW cm 2 of visible light. Under simulated sunlight irra-
diation, the HpO, generation rate was further increased to 2.28
4+ 0.09 M min~! (5.47 4+ 0.22 pmol h™!) and the SCC was 0.112%,
although the irradiance difference between simulated sunlight
(12.9 mW cm™2) and visible light was negligible. Meanwhile, the irra-
diance of outdoor sunlight was the highest (31.2 mW cm™2), but the
H;0, generation rate decreased to 1.93 + 0.16 uM min~! (4.63
4 0.38 umol h™!) and the SCC was significantly decreased to 0.0384%.
These inconsistencies were induced by the different spectra of diverse
light sources (Zheng et al., 2016). Even though the bandgap of MCC is
around 1.6 eV (Fig. S5) and the optical absorption of MCC is up to
775 nm, the long-wavelength photons may not be efficiently utilized.
Most previous studies only focused on short-term HyO» production
via photocatalysis, i.e., up to several hours, while long-term HyO,

generation was largely underexplored. In our study, we evaluated HyO»
production under 54 h continuous irradiation of visible sunlight (xenon
lamp, A > 400 nm). In the system with water and air, substantial net
production of HoOy was only observed in the first 6 h of irradiation
(Fig. 2d). After that, the accumulated HoO, concentration reached a
plateau of 0.33 mM in 20 h. The conduction band energy level of MCC
was quantified with Mott-Schottky analysis (Fig. S6) and the valence
band edge (VBE) was determined in combination with bandgap analysis
(Text S1). The VBE of MCC was less positive than the reduction potential
of O2/H50 (0.829 versus 1.23 V with respect to NHE, Fig. S7). Hence
water oxidation was not thermodynamically feasible. Surprisingly, we
did not observe the loss of covalently bonded C-Cl (Fig. S3 and Table S2)
or the reduction of charge transfer rate after the 6 h reaction (Fig. S8).
MCC did not generate hydroxyl radical, the most powerful oxidant in
water, but it produced singlet oxygen with a steady-state concentration
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of 1.02 x 10712 M (Text S2), suggesting that one-electron reduction of
H,03 to hydroxyl radicals was inhibited and hydroxyl radical was not
responsible for destructing or decomposing the photocatalyst. These
seemingly contradictory results indicate that photocorrosion induced by
holes could occur at the defect sites of the photocatalyst but it did not
decompose C-Cl, the key structure for promoting HoO, production (de-
tails in Section 3.4). The fact that HyO, production leveled off after the
6 h reaction could also be explained by the comparable decomposition
and generation rate of HpO; in the phosphate buffer after HyO, accu-
mulation to a certain level (Shanley, 1953; Knotter et al., 1999). We next
introduced 10% (v/v) isopropanol as the hole scavenger for photo-
catalysis. The oxidation potential of isopropanol is 0.105V (Al-Azri
et al., 2015), less positive than the valence band of MCC (Fig. S7),
indicating that scavenging photoinduced holes by isopropanol is ther-
modynamically favorable. The HyO, production rate was not only
improved but also maintained at 2.78 +0.10 yM min~' (6.67
+0.24 pmol h™!) throughout 54 h (Fig. 2d), realizing continuous
accumulation of HyO». The timely quenching of photoinduced holes not
only suppressed the recombination of electron-hole pairs but also pro-
tected HoO- from further oxidation (Dotan et al., 2011; Hirakawa and
Nosaka, 2002; Liu et al., 2015). As a result, HyO9 generation was pro-
moted while its decomposition might be inhibited (Hirakawa and
Nosaka, 2002; Shi et al., 2017), leading to substantial net production of
H202.

3.3. Acidic condition promoting H202 photosynthesis

As shown in Fig. 3b, with the decrease of pH from 7 to 3, the HyO»
generation rate increased from 1.02+0.02yM min~! to 1.89

4+ 0.09 uM min~'. On the contrary, increasing the pH from 7 to 9 did not

have a statistically significant influence on the H>O» generation rate (i.
e, 1.02+0.02 versus 1.26 + 0.22 uyM min! at pH 7 and pH 9,
respectively). The higher concentration of protons at the lower pH was
believed to accelerate the protonation of adsorbed O, however, the
proton concentration was too low at both pH 7 and pH 9 to enhance the
rate of HoO5 production. According to molecular simulation (Fig. 4), the
pKa of Cl-doped moiety was predicted to be 4.7 (pKa;) and 2.7 (pKayp),
respectively. In contrast, the pKa; and pKay of the hydrogenated de-
rivative without the presence of Cl dopants were 7.6 and 2.8, respec-
tively. The calculated range of pKas between 3 and 8 is consistent with
that for the greatest variation of the HyO, production rate as observed in
our experiments (Fig. 3). When the pH value of the reaction system was
3, some of the chlorinated moieties and their hydrogenated derivatives
were doubly protonated. To further understand the faster HoO, gener-
ation rate at acidic conditions, the O binding affinity onto a g-C3Ny4
substrate was calculated by the following equation:

Epinging = Ecen + Eo, — Egenyo, ()]

L PK,=47 PK,=27
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Where Egen, Eo,, and Egenyo, refer to the energy of the g-C3Ny4 substrate,
O,, and g-C3N4/0O2 adduct, respectively. For the singly protonated Cl-
doped g-C3N4 and its hydrogenated derivative without Cl (Fig. 5a and
5b), their Epjngings were — 72.0 and — 80.5 kcal mol ™}, respectively. In
contrast, the doubly protonated moieties (Figs. 5¢ and 5d) afforded
remarkably positive Epjngings of 56.0 and 62.5 kcal mol ™}, suggesting
enhanced O, binding and faster HoO5 production at a lower pH. The
bound O, was probably first protonated before grabbing an electron
transferred from the g-C3Ny to trigger its desorption. One should note
that the slightly stronger binding with O, over the doubly protonated
hydrogenated g-C3N4 (62.5 keal mol™!, Fig. 5b) does not necessarily
mean a higher efficiency on HyO, production since over-binding could
impede product desorption. In addition, other factors including, reac-
tion temperature, the presence of UV irradiation, and the mass transfer
rate in the reaction system, could also play an important role in deter-
mining the performance of HyO9 photosynthesis.

3.4. Cl dopant being critical to enhanced H;02 photosynthesis

Post-thermal treatment in a controlled atmosphere is an effective
method for removing impurity elements while maintaining the
morphology, crystal structure, and vibrational modes of g-C3N4 (Dillip
et al., 2017; Xie et al., 2016). To further investigate the role of the Cl
dopant in the Hy0, photosynthesis on MCC, we intentionally created a
Cl-removed g-C3N4 sample. Both XPS analysis (Fig. S3) and EDS map-
ping (Fig. 6) confirmed that post-thermal treatment successfully
removed the Cl element from MCC, but the morphology of the photo-
catalyst remained (Figs. 6a and 6b). Compared with MCC, the FTIR
spectrum of the Cl-removed g-C3N4 did not show a significant difference,
while the atomic ratio of carbon to nitrogen was increased from 1.08 to
1.22 and the atomic percentage of oxygen decreased from 11.7% to
2.3%. To exam the influence of oxygen, we tested the H,O5 production
efficiency of pristine and oxidized g-C3N4 nanosheets. The oxidized
g-C3Ny4 sample was produced by photocatalytic ozonation as reported in
our previous work, which has confirmed to exclusively introduce oxygen
dopants into the carbon-nitrogen framework (Li et al., 2021). As shown
in Fig. S9, the improvement of the H,O4 generation rate was negligible
although the atomic percentage of oxygen was increased from 1.0% to
7.8%. On the contrary, HyO, production was largely inhibited after
removing the Cl dopant (Fig. 2b), with the generation rate decreasing
from 1.19+0.06 pM min~! to 0.06 + 0.07 uM min~'. Taken all
together, Cl dopants are indispensable for HoO5 production.

What is more, the presence of Cl dopants modified the bandgap of g-
C3N4 even though the atomic percentage of the covalently bonded Cl
was as low as ~1.2% (Table S2). As shown in Fig. S5, in contrast to
sample M (Zheng et al., 2016), both MCC and Cl-removed MCC could
absorb visible light photons, with bandgaps of 1.60 and 1.07 eV,
respectively. As a result, MCC and Cl-removed MCC could absorb a
wider spectrum of photons and produce more photoinduced charge

b

pK, =28

p pK, =176

Fig. 4. Predicted pKa values for (a) the Cl-doped moiety and (b) its hydrogenated derivatives (also known as Cl-removed derivatives). The nitrogen, carbon, chlorine,

and hydrogen atoms are colored blue, cyan, brown, and white, respectively.
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i

doubly protonated

Fig. 5. Optimized O, binding structures on (a) singly protonated Cl-doped g-C3Ny4, (b) singly protonated hydrogenated g-C3N4, (c) doubly protonated Cl-doped g-
C3Ny, and (d) doubly protonated hydrogenated g-C3N4. The hydrogenated g-C3N, is equivalent to Cl-removed g-CsNy in our study. The nitrogen, carbon, oxygen,
chlorine, and hydrogen atoms are colored blue, cyan, red, brown, and white, respectively.

carriers than M. In addition, the thermal treatment process not only
removed the covalently bonded Cl atoms but also decreased the atomic
percentage of O from 11.7% to 2.3% (Table S2), together with a possible
change of C and N contents, which may explain the smaller bandgap of
Cl-removed MCC. The effect of Cl dopants on the interfacial charge
transfer of g-C3N4 was evaluated by the EIS. As shown in Fig. S8, MCC
exhibited the smallest semicircle thus it possessed the lowest
charge-transfer resistance (Wei et al., 2018b; Xi et al., 2019; Xu et al.,
2020; Zhao et al., 2014). However, when the covalently bonded Cl was
removed through annealing, the charge-transfer resistance increased
significantly, possibly inhibiting H,O5 production.

A two-step reaction pathway for g-C3N4-catalyzed HoO4 production
is proposed as shown in Fig. 7. Specifically, the first step is the breaking
of a C-O bond upon single protonation of Oy, while the second step is the
breaking of another C-O bond that leads to the desorption of the pro-
duced H30, from the g-C3Ny4 substrate upon further protonation. For
each of these two steps, its reaction energy, AG, and activation energy,
AG™, can be calculated by

AG = Epmduct = Eveactam: — En+ %)

and

act
AG™ = Etransiti(m - Ereacmm — Ep+ (6)

respectively, where Erqciant, Erransition> Eproduct, and Ey+ are the energy of
the reactant, transition state, product, and solvated proton, respectively.
A value of — 262.23 keal mol~! was adopted for Ey. as suggested by a
study of protonated water clusters embedded in a dielectric medium
(Tawa et al., 1998). Moreover, the DIMER method (Henkelman and
Jonsson, 1999) was utilized to locate the transition state between a
given pair of reactants and products by minimizing the curvature mode
of the potential energy surface. It was found that AG; = —
12.9 kcalmol ™' and AG;** = 4.4 kcalmol™* for the Cl-doped g-C3Ny,
while their counter parts for the Cl-removed g-C3N4 are AG; = —
13.8 kcal mol ! and AG,** = 4.6 kcal mol ', respectively. In contrast to
the similarity in the energy of the first step between the Cl-doped g-C3N4
and its Cl-removed derivative, they have distinct activation energies for
the second step. For the Cl-doped g-C3N4, AG,™ = 27.0 kcal mol ?,
which is much lower than AG,** = 33.2 kcal mol ™" for the Cl-removed
g-C3Ny4. Since AG, is substantially higher than AG,", the second
step was ascertained as the time-limiting step for H,O5 production. As a
result, the difference in AG,*" by ~6 kcal mol~! and thus a huge dif-
ference in the resultant charge transfer rate (Fig. S8) could lead to a
significantly faster HoO5 production over the Cl-doped g-C3Ny.
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Fig. 6. (a) Bright-field (BF) transmission electron microscopy (TEM), (b) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),
and energy dispersive X-ray spectroscopy (EDS) mapping of (c) C and (d) N of annealed Cl-doped graphitic carbon nitride. Cl was not detected.
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Fig. 7. Proposed reaction pathways for H,O, production catalyzed by (a) Cl-doped g-C3N4 and (b) its Cl-removed derivative. The nitrogen, carbon, oxygen, chlorine,

and hydrogen atoms are colored blue, cyan, red, brown, and white, respectively.
4. Conclusions and implications

In conclusion, Cl-doped g-CsN4 was successfully synthesized via a
facile method for producing HsO, efficiently. Under visible light

irradiation, Cl-doped g-C3N4 displayed noteworthy photocatalytic per-
formance by building up a cumulative HyO, concentration to 650 pM in
6 h without an organic scavenger. In contrast, only 2-5 uM of HoO2 was
produced over the undoped g-C3N4 under the same experimental
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conditions. Furthermore, the presence of isopropanol as the hole scav-
enger enhanced the rate of HyO2 generation by 2.3-fold, and HoO3 was
continuously produced for up to 54 h without leveling off. The imme-
diate consumption of holes by the scavenger promoted the separation of
photoinduced electron-hole pairs, protected produced HyO5 from
decomposition, and prevented the photocatalyst from photocorrosion.
The adsorbed O, over the g-C3N4 surface is reduced via two steps of
protonation for producing H,05, and the second protonation step is the
rate-determining one. With an integrated approach of molecular simu-
lations and microscopic and spectroscopic characterizations, the critical
role of Cl dopants in promoting HyO5 photosynthesis has been identified.
The Cl dopant improved the charge transfer rate, reduced the bandgap of
g-C3Ny4, and lowered the activation energy of the rate-limiting step of Oy
protonation.

H50, is one of the most common disinfectants and it shows broad-
spectrum antimicrobial activities against environmental pathogens. It
is also effective for removing hydrogen sulfide, reduced iron, reduced
manganese, etc. from water reservoirs and for water reuse. However, the
large-scale production of HO relies on the anthraquinone process and
involves the utilization of hazardous materials and chemicals. Our work
realizes continuous solar-driven photocatalytic generation of HyO with
chlorine-doped g-C3N4. This green and sustainable process is not only
promising in supplementing or partially alternating the centralized in-
dustrial process but also can be easily incorporated into small-scale
disinfection units. In developed countries, solar-driven photocatalytic
production of Hy04 exhibits broad applicability in the urban rooftop
design, where the collected rainwater can be disinfected for plant irra-
diation, building cleaning, toilet flushing, and pond refilling. In devel-
oping countries and rural communities, solar-driven photocatalysis is an
economical and technologically feasible method to produce HyO,
without the need for large infrastructures, expensive instruments, toxic
reagents, or high professional personnel. Our work not only provides
guidelines for advancing photocatalysis with non-metal doping but also
sheds light on the sustainable production of HyO, for practical engi-
neering applications.

Environmental Implications

Hy0, is among the most common disinfectants showing broad-
spectrum inactivating efficacy against viruses, bacteria, bacterial
spores, and fungi. It is also effective in removing hydrogen sulfide, iron,
manganese, etc. from reused water and water reservoirs. However, the
large-scale production of HyO, relies on the anthraquinone process and
involves the utilization of hazardous materials. Our work realizes
continuous solar-driven photocatalytic generation of H0, with
chlorine-doped g-C3sN4, which is promising in supplementing or partially
alternating the centralized industrial process. This work not only pro-
vides guidelines for advancing photocatalysis with non-metal doping
but also sheds light on the sustainable production of HyO5.
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