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Photocatalytic reduction of nitrate is a promising green strategy to remove nitrogen pollutants from water
bodies. However, it is a considerable challenge to directly reduce nitrate using photogenerated electrons. In
this work, a g-CsN4/Ag-nanoparticle composite demonstrating high catalytic activity toward nitrate is
constructed using an ion
chromatography and nuclear magnetic resonance characterization, Ag nanoparticles were found to

in situ photodeposition method. Based on photoelectrochemical,
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exhibit strong surface catalytic activity for reducing NO3z~ to NO,~, while g-CsN4/Au-nanoparticles

DOI: 10.1039/d5ra00782h exhibited no photocatalytic reduction activity toward NO=~. Additionally, the effects of dissolved oxygen
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1. Introduction

The massive use of nitrogenous fertilizers in agricultural
production and the rapid development of the nitrogen industry
have resulted in serious nitrate (NO; ) contamination of
underground water and natural water bodies."”® NO;~ can be
converted into toxic nitrosamines when ingested by the body,
which can induce cellular cancer, malformations and
embryotoxicity.*” Thus, removal of NO;~ from water is critical
for ensuring environment safety and human health. Compared
with traditional methods such as adsorption,®® ion
exchange,'>"* electrodialysis,”*™* and biological denitrifica-
tion,"*® photocatalytic reduction of NO;™ to N, gas is a prom-
ising technology.”'®* However, NO;  is chemically stable
because of the N=0 and two N-O bonds with bond energies of
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on the photocatalysis system of nitrate reduction are analyzed for the first time.

607 and 230 kJ mol ", respectively. The reduction potential is
extremely high for typical semiconductor photocatalysts; e.g.,
for the first reaction of NO;~/'NO;>7, it is —0.89 V (vs. standard
hydrogen electrode, SHE). Moreover, most reported photo-
catalytic systems are TiO,-based photocatalysts requiring
various hole sacrificial agents, especially formic acid, which
results in high production of ‘CO,™ radicals after oxidation by
photogenerated holes and has strong reducibility toward nitrate
(E(CO,7/°'CO,7) = —1.81 V vs. SHE) and high selectivity for
N,."** To replace reducing additives for potential application,
high conduction band semiconductors with a higher driving
force of photogenerated electrons have been studied to reduce
NO; . For example, ZnS,* LiNbO3,>* Pd/GdCrO;,** and ZnSe/
BiVO, (ref. 27) showed photocatalytic efficiency and consider-
able N, selectivity with added sacrificial agents. However, they
all require strong UV light illumination owing to their wide
bandgaps. Moreover, UV light can be strongly absorbed by NO; ™~
and NO, , which will be excited to excitation states, thus
facilitating their reduction.?®

Development of photocatalysts with a narrow bandgap, i.e.
improving the utilization of visible light, is a developing
research direction for promoting practical application.”**® At
present, only few materials, such as oxygen vacancy-enriched
P25 decorated with Ag/Cu nanoparticles® and graphitic
carbon nitride (g-C;N,) decorated with Ag nanoparticles,** have
been reported to exhibit photocatalytic reduction of nitrate
performance under visible light, although the selectivity for N,
is low with NO,  as the primary product. Furthermore,
revealing their working mechanisms is of great significance for
the future design of visible light-sensitive photocatalysts.
However, the mechanism is not clear to date. Additionally, all
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previously reported experimental systems worked in an aqueous
solution in the absence of dissolved O,. However, for practical
application, the presence of dissolved O, in natural water
bodies cannot be neglected. Nevertheless, the effects of dis-
solved O, on the photocatalytic reduction of nitrate have not
been studied.

Herein, we prepared composite photocatalysts of g-C3;N,
decorated with Ag nanoparticles (Ag-NPs) and Au-NPs (denoted
as CNAg and CNAu, respectively). The surface catalysis activity
of Ag-NPs was found to be the dominant mechanism for effi-
cient photocatalytic reduction of nitrate. Moreover, the negative
influence of dissolved O, in inhibiting nitrate reduction and
positive influence in improving oxidation capacity were
revealed, providing further guidance for practical applications.

2. Experimental details
2.1 Materials

Urea, silver nitrate, methanol, anhydrous ethanol were
purchased from Sinopharm Group Chemical Reagent Co., Ltd.
All reagents were of analytical grade and used without further
purification. Deionized water (18.2 MQ) used in all experiments
was produced using a Millipore Direct-Q system.

2.2 Synthesis of g-C;N, and g-C;N, decorated with Ag, Au,
and Pt nanoparticles

2.2.1 g-C;N, preparation. Graphite phase carbon nitride
was prepared by placing 10 g of ground urea in a ceramic
crucible, followed by heating at 550 °C with a heating rate of 5 °©
C min~" in a muffle furnace for 3 h.*®

2.2.2 Metal nanoparticle decoration. g-C;N, (30 mg) was
dispersed in 50 mL of deionized water (18.2 MQ) and ultra-
sonicated for 30 min; then, 5 mg of AgNO; and 4 mL of meth-
anol were added with ultrasonication for 10 min. The mixture
was poured into a quartz photoreactor and continuously
bubbled with argon, followed by irradiation with Hg light for
5 min, 30 min, 60 min, and 120 min; the achieved samples were
denoted as CNAg-5, CNAg-30, CNAg-60, and CNAg-120, respec-
tively. Similarly, Au and Pt nanoparticle-decorated g-C;N, were
prepared by modifying their metal precursors with Hg light for
30 min.

2.3 Characterization

The samples were characterized through X-ray diffraction (XRD,
Bruker D8 Advance) using CuKo radiation (A = 1.54178 A).
Transmission electron microscopy (TEM, JEOLJEM-2010) char-
acterizations were performed at 200 kV. UV-vis diffuse reflec-
tance spectra were performed on a UV-vis spectrophotometer
(UV3600-MPC3100). Photoluminescence spectra were recorded
on a spectrometer (OmniFluo990LSP) under an excitation
wavelength of 310 nm at room temperature.

2.4 Photocatalytic reduction and analysis

Photocatalysis experiment was carried out in a container with
a glass sleeve (0.2 L, Quartz). The light source was placed on top
of the quartz reactor, and the outer layer was cooled with water.
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Potassium nitrate was used as a nitrate source for degradation.
The initial concentration of nitrate (100 mg L™") was 10 times
the maximum permissible concentration limit in drinking
water. The catalyst concentration in the solution was 1.2 g L™,
and methanol was used as a hole sacrificial agent. A 300 W
xenon lamp (Microsolar 300) was used as the light source for the
photocatalysis experiment. The solution was kept under
constant stirring conditions during the whole experiment. After
every 60 min, 1 mL of solution was extracted and filtered for ion
chromatography measurements (Dionex Aquion and Dionex
ICS-600).

The NO;™ conversion rate (Cyo,-, %) and N, selectivity (Sy,,
%) were evaluated using eqn (1) and (2), respectively.

C(NO; ) = % x 100% (1)
S(Nz) _ [NO37]0 — [[E(O)j:}};: Eigz:}t — [NH4+}I x 100% (2)

where [X], and [X], are concentrations of various nitrogen
species initially and at ¢ time, respectively.

2.5 Electrochemical measurements

Firstly, the catalyst ink was obtained by dispersing 3 mg of cata-
lyst in 90 pL of anhydrous ethanol and 10 pL of Nafion, followed
by sonication for 10 min. Subsequently, 5 pL of the catalyst ink
was coated on an L-shaped glassy carbon electrode and dried to
obtain the working electrode. The Ag/AgCl electrode was used as
the reference electrode and the Pt electrode as the counter elec-
trode. The electrochemical impedance spectroscopy (EIS) results
and Mott-Schottky curves of the catalysts were measured using
an electrochemical workstation (CHENHUA, CHI660E, China) in
0.25 M K,SO, solution. Cyclic voltammetry (CV) and linear
scanning voltammetry (LSV) were performed in 0.25 M K,SO, and
0.2 g per L KNO; solutions. For photoelectrochemical tests,
a 300 W xenon lamp was used as the light source.

3. Results and discussion

The morphology of the achieved CNAg composite was deter-
(Fig.

mined using TEM 1 and S1f). Under a longer

Fig. 1 (a) TEM image, (b) high-resolution image, and (c-f) EDS
mapping of C, N and Ag elements of CNAg-30.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photodeposition duration, the size of Ag-NPs gradually
increased (Fig. S21). Fig. 1a shows the morphology of CNAg-30
under a photodeposition of 30 min; Ag-NPs of about 10 nm
were loaded onto lamellar-structured g-C;N,. The lattice
spacing of the exposed crystal faces of Ag-NPs was 0.21 nm,
which was attributed to the (200) crystal faces, in accordance
with the Fourier-transform image (Fig. 1b). Energy-dispersive X-
ray maps (Fig. 1c-f) show the uniform distribution of C and N in
2-C3N, and the successful loading of Ag-NPs.

Fig. 2a shows the X-ray diffraction pattern of the as-prepared
samples. The strong diffraction peak signal near 27.6° corre-
sponds to the interlayer stacking planes of the conjugated hep-
tazine frameworks.** After photodeposition of Ag for more than
30 min, the reduced Ag-NPs crystallized (PDF# 89-3722). Similar
crystallization of Au-NPs is shown in Fig. S3.1 Fig. 2b shows the
light absorption of the as-prepared samples. The absorption
peaks at 470 and 550 nm after loading Ag and Au nanoparticles
were attributed to the localized surface plasmon resonance
(LSPR) absorption of Ag- and Au-NPs, respectively. The forbidden
bandgap of g-C;N, was determined to be 2.8 eV from the Tauc
plot (Fig. 2¢) using the formula (ahv)"" = B(hv - E,), where n = 0.5
since g-C3N, is a direct bandgap semiconductor. The flat band
potential of g-C3N, was calculated to be —1.0 V (vs. SHE) based on
the Mott-Schottky curve (Fig. 2d). Next, the conduction band edge
of g-C3N, was deduced to be —1.2 V (vs. SHE), according to the
empirical formula that the semiconductor's conduction band
value and flat-band potential differ by 0.2 eV,*® which was
consistent with previously reported results.
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Nitrate photocatalytic reduction performances were evalu-
ated (Fig. 3a). Pure g-C3;N, showed no reduction effect. The
CNAu composites showed no considerable photocatalytic
reduction performance either. However, after loading Ag-NPs,
the CNAg composites showed significant photocatalytic reduc-
tion efficiency toward nitrate. Especially, CNAg-30 exhibited the
optimal nitrate reduction rate, and total nitrates were degraded
within 1 h. Nevertheless, N, selectivity was only about 38%
(Fig. 3b) and the predominant reduction product was NO, ™
(Fig. S4t), indicating that the reduction driving force was
limited under xenon lamp irradiation, which contains limited
UV light. The XRD patterns of the samples before and after the
cyclic photocatalytic reaction were basically unchanged
(Fig. S51), indicating the relative stability of the as-prepared
photocatalyst.

The photocatalytic mechanism of CNAg toward NO;~ was
revealed by comparing the photoelectrochemical response. A
previous work claimed that the adsorbed hydrogen (H*) was the
reason for the photocatalytic activity of CNAg.*” However, if H*
plays a role in NO; ™ reduction, the CNAu composite could
reduce NO; ™ as it can produce H* too.*® To reveal the function
of H*, g-C3N, decorated with Pt-NPs was synthesized (Fig. S67).
However, no nitrate reduction was observed in the CN-Pt
system. Thus, H* should not be the real reason for the photo-
catalytic reduction of NO,; . Other possible mechanisms
include specific surface catalytic activity, surface plasmonic hot
electrons, or enhanced separation efficiency of photogenerated
carriers. The CV curves of CNAg and CNAu in the dark with/
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(@) XRD and (b) UV-vis spectra of different samples. (c) Mott—Schottky and (d) Tauc plot of g-C3N4.
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without NO;™ illustrate that CNAu has no catalytic effect on
NO;~ (Fig. 4a); however, CNAg shows considerably increased
catalytic activity with an onset potential of about —0.9 V (vs. Ag/
AgCl). LSV curves for different light illumination conditions
demonstrate that all the photocatalysts showed a light response
(Fig. 4b), with the CNAg composite demonstrating the highest
increase in current after light illumination, which is more
clearly depicted in Fig. 4c. Under chopped light illumination,
the photocurrent of CNAg was significantly higher than that of
CNAu or bare g-C3;N,. The slow response speed of the photo-
current demonstrated that the photocurrent is induced by the
reduction of nitrate owing to the slow reaction dynamics.
Additionally, the recombination probability of photogenerated
carriers decreased after decoration with the metal nanoparticle,
especially Ag-NPs, which was demonstrated by photo-
luminescence (PL) spectroscopy (Fig. 4d). Moreover, the surface
photovoltage reveals that the CNAg composite can induce
higher separation efficiency of photogenerated charge carriers
(Fig. 4e), which can generate higher photocatalytic perfor-
mance. Electrochemical impedance spectroscopy (Fig. S7t)

N, Selectivity (%)
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(a) Nitrate removal dynamics of different samples and (b) removal rates and N, selectivity after 3 h of photocatalysis.

reveals the CNAg composite has a lower impedance value,
which is favourable for the separation and transport of charge
carriers. Moreover, the zeta potentials (Fig. 4f) of CN and CNAu
are negative, whereas they are positive for CNAg. As NO;™ is
negatively charged, electrostatic repulsion will inhibit the
adsorption of NO;~ for CN and CNAu, while CNAg can benefit
adsorption, which can accelerate the photocatalytic reduction.
Thus, based on the significant positive shift of the onset
potential of NO;™ reduction without light illumination (Fig. 4a)
and no surface photovoltage at the wavelength of LSPR of the
Ag- and Au-NPs (Fig. 4e), the surface catalytic activity of Ag-NPs,
but not the plasmonic hot electrons, is believed to be the
predominant reason for the outstanding photocatalytic NO; ™~
reduction by CNAg. Furthermore, the Ag-NPs enhanced the
separation efficiency of photogenerated electrons and holes,
resulting in improved photocatalytic performance. Thus, the
small size and large number of Ag nanoparticles should benefit
the performance. Characterization results (Fig. 1, S1 and S2¥)
demonstrate that Ag nanoparticles with photodeposition of
30 min exhibited the optimal balance of size and density (i.e.,
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(@) CV and (b) LSV curves of the CNAg, CNAu under different conditions. (c) Photocurrent responses with chopped light illumination. (d) PL

curves, (e) surface photovoltage, and (f) zeta potential of the as-prepared photocatalysts.
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small size and large density), which can provide more reaction
sites that act as electron traps to accelerate the reduction
reaction.

Dissolved O, has always existed in the real application case;
however, the influence on photocatalytic nitrate reduction has
not been studied. Fig. 5a depicts the ion chromatography
measurement results recorded for a photocatalytic reaction of
6 h, in which the dissolved oxygen in the solution is not
excluded in the initial 3 h and removed via argon bubbling in
the next 3 h with CNAg-30 as a photocatalyst and methanol as
a hole scavenger. When dissolved oxygen is present, a chroma-
tography peak attributed to formic acid gradually increases with
the photocatalytic duration, which is further confirmed by NMR
hydrogen spectroscopy with a peak located near 8.15 ppm
(Fig. 5b).*** Although it has been widely reported that the
oxidation of formic acid by holes can generate ‘CO,  radicals,
which can efficiently reduce NO;~,*>** the degradation of NO;™
is not observed with dissolved O, based on the chromatography
peak intensity of NO;~ (Fig. 5a). This is probably attributed to
the consumption of photogenerated electrons by reacting with
dissolved O,, producing superoxide radicals ("O,”), and the
inverse oxidation of NO,~ by the resultant hydroxyl radicals
("OH) or single-linear oxygen (*0,).***” Argon bubbling was used
to rapidly remove dissolved O,. Thereafter, electrons and "CO, "~
could efficiently reduce NO; ™, resulting in a rapid reduction in
concentration. If the photocatalysis is started in the absence of
dissolved O,, no considerable formic acid and the consequent
"CO,"~ can be produced, and thus, NO;~ is reduced only by
photogenerated electrons with limited driving force, which is
determined by the conduction band of the photocatalyst. As
a result, a large amount of NO, ™~ (Fig. 5¢, NO,™ concentration is
represented in blue and NO;~ concentration in red) and low N,
selectivity (Fig. 5d) are obtained. However, if the photocatalysis
is carried out with dissolved O, for 3 h followed by subsequent
removal of O,, the reactivated photocatalytic reduction of NO;™
produces no NO, ™ and extremely high N, selectivity (Fig. 5d) as

(a) (b) H,04D,0 CH,OH
FA
’::‘ winoutno /| M o, NO; |6h ’;
O | withoutdo /|~ _|sh] o .
%‘ WithoutDO [\~ A |4n ‘% CHCOOH )
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| wmoo 2h = 25 ppm 1
With DO 1h
With DO Oh
) 12
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Fig. 5 (a) lon chromatogram of photocatalysis with and without dis-

solved O5. (b) *H NMR spectroscopy of photocatalytic production with
dissolved O5. (c) Evolution of NOs~ and NO,~ during photocatalysis
with and without dissolved O, and (d) NOz~ removal rate and N,
selectivity after 3 h.
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a result of the supplementary reduction capacity of "CO, "
radicals generated from formic acid. Thus, the dissolved O,
demonstrates a critical inhibition of photocatalytic reduction of
NO;, although it can help produce 'CO,” to improve the
catalytic activity and N, selectivity. As a result, in future
research, the design of a photocatalyst or device without influ-
ence of dissolved O, would be the biggest bottleneck in practical
applications.

4. Conclusions

In summary, Ag- and Au-NPs were in situ grown on g-C;N, for
nitrate reduction. Ag-NPs showed improved surface catalytic
activity and carrier separation efficiency, which significantly
enhanced photocatalytic NO;~ reduction. Additionally, CNAg
could oxidize methanol to formic acid and, consequently, to
'CO, " radicals in the dissolved O, atmosphere, which could
improve the reduction dynamics and N, selectivity. However,
the dissolved O, in practical cases would be a critical bottleneck
owing to the consumption of photogenerated electrons. The
work provides new perspectives for subsequent development of
solar-driven removal of nitrate from contaminated water.
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