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The sluggish charge kinetics in photocatalysis is a severely limiting factor for the efficient molecular oxygen for
water purification. Here, we report the conversion from amorphous to the crystalline phase of nitrogen-enriched
carbon nitride (C3Ns) via a molten salt strategy, enabling the ordered arrangement of dipole moments and
reinforcing spontaneous built-in electric fields that harness directional separation and transfer of photogenerated
charges. This unique combination of crystallinity enhancement, defective cyano groups grafting, and interlayer
K"/Na' doping synergistically boosts the built-in electric fields and the interlayer shuttling of photogenerated
carriers. The interlayered K*/Na*-N3 bridge site in C3N5 is able to activate the surface neighboring C and N
atoms for boosting the rate-determining step of the photocatalytic molecular oxygen’s redox reaction to produce
singlet oxygen sustainably. The engineered C3Ns demonstrates exceptional degradation activity for various
persistent pollutants by releasing singlet oxygen even under harsh environmental conditions. Remarkable, our
material displays an unprecedented pollutant removal efficiency with a 100 % degradation rate for up to 15 days
of operation with negligible performance attenuation under outdoor sunlight. This successful engineering of the
built-in electric field offers a new strategy for organic photocatalysts and the design of advanced materials for
efficient and sustainable environmental remediation.

activation performance of pristine g-CsN4 [15,16]. To overcome these
challenges, the strategic engineering of g-C3N4 with optimized molec-

1. Introduction

Reactive oxygen species (O3, eOH, 10,, and H50,) induced via
molecular oxygen (O») activation have been confirmed to play a crucial
role in water purification [1-3]. In recent years, many efforts have been
devoted to boosting O, activation in photocatalysis [4-6], offering ad-
vantages such as being environmentally friendly, simple to operate,
inexpensive, and requiring mild reaction conditions. In the photo-
catalytic O activation, photogenerated electrons combine with Og
adsorbed on the catalyst surface to form eO3, which can be further
oxidized or reduced to various reactive oxygen species [7-10]. Polymer
metal-free carbon nitride (g-C3N4) is a promising photocatalyst for Oy
activation due to its suitable band structure, excellent visible-light
response, chemical stability, and simple synthesis method [11-14].
However, the sluggish charge kinetics limits the photocatalytic Oy
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ular structures and atomic arrangements to induce spontaneous built-in
electric fields (SBEFs) has recently emerged as a promising approach
[17,18].

Asymmetric cell structures have a dipole moment derived from
delocalized electron cloud distribution [19,20], which generates SBEFs,
leading to directional separation and migration of photogenerated
charges [21]. Recently, Huang’s work reported that g-CsN4, composed
of heptazine units, possessed in-plane SBEFs due to a uniform distribu-
tion of triangular nanopores and a local asymmetric structure [22].
However, according to our density functional theory (DFT) computa-
tional results, no dipole moments exist in the highly symmetrical units of
g-C3Ny, implying that this material is not an ideal photocatalyst for
generating SBEFs. In addition to the unique advantages of g-C3Ng, the
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nitrogen-rich carbon nitride (C3Ns5) photocatalyst is arranged in an
asymmetric triazole and triazine framework with a dipole moment of
2.66 D due to charge delocalization [19]. This advantage over g-C3Ny4
allows us to engineer built-in electric fields in C3Ns to enhance the
behavior of carrier dynamics and further boost photocatalytic
performance.

Generally, the C3N5 synthesized by traditional methods presents an
amorphous structure with plane distortion embodied by activating the n
— 7n* electron transition [23-25]. However, the planar distortion
partially cancels the structural units’ dipole moments, weakening the
SBEFs [26]. Recently, Zhu’s group showed that the improved crystal-
linity of polymer semiconductors could form giant SBEFs and increase
the driving force of photogenerated carrier separation and transfer
[27,28]. Therefore, transforming C3Ns from amorphous to highly crys-
talline could enable the ordered arrangement of dipole moments,
thereby achieving robust SBEFs. Moreover, the molten salt process, with
strong mass transfer capacity and appropriate mobility at moderate
temperatures, is currently the most viable approach to achieving high
crystallization of amorphous organic semiconductors [29,30]. There-
fore, we hypothesize that crystallized C3Ns could be synthesized via a
molten salt strategy, resulting in enhanced SBEFs mediated by ordered
dipole moments, supporting an optimized carrier dynamics behavior.

In this context, we have successfully synthesized highly crystalline
C3N5s rod-shaped aggregates (HCN) with defective cyano group grafting
and interlayer alkali K*/Na® doping using a NaCl/KCl molten salts-
based process. We found that HCN crystallinity induces a well-ordered
arrangement of dipole moments and ensures robust SBEFs for harness-
ing photogenerated charge separation and directional transfer. The
defective cyano group with strong electron extraction increases the
structure’s polarization rate and electron density, strengthening the
SBEFs. The interlayered K*/Na"-N3 bridge site significantly reduces the
work function, facilitates interlayer shuttling of photogenerated car-
riers, and activates the surface neighboring C and N atoms, resulting in
the enhanced adsorption and activation of Oy while boosting the rate-
determining step for Oy to generate singlet oxygen (*O5) through pho-
tocatalytic redox reactions. Sustainably released 'O, is exploited to
degrade various refractory pollutants, including imidacloprid, thiame-
thoxam, thiacloprid, endinidamine, phenol, and dichlorophenol.
Remarkably, our HCN exhibits a remarkable enhancement in the pho-
tocatalytic degradation for those pollutants compared to pristine C3Ns
and maintains 100 % pollutant removal efficiency for up to 15 days of
continuous operation under outdoor sunlight. This work offers a new
perspective on governing carrier dynamics behaviors and the local
electronic environment in organic photocatalysts.

2. Experimental section
2.1. Preparation of C3N5 and HCN

C3Ns was prepared by thermal polymerization based on Zhang’s
previous research [24]. About 2.0 g of 3-amino-1,2,4-Triazole powder
was placed into a semi-covered ceramic crucible. The crucible is heated
to 520 °C at a 5°C/min rate in a muffle furnace, held at 520 °C for 3 h,
and then cooled to room temperature.

C3N5 (60 mg) was mixed with NaCl (430 mg) and KCl (170 mg) and
ground into a uniform solid mixture. The selection of this C3N5/NaCl/
KCl weight ratio was based on the research of Cheng et al. [37]. The
mixture was then calcined at 550 °C in Ny for 2 h. After natural cooling,
the obtained product was washed with 70 °C hot water to remove metal
salts. The final sample is recorded as HCN.

2.2. Photocatalytic measurement
The photocatalytic degradation activity of samples was evaluated by

the degradation of different pesticides, including imidacloprid, thia-
methoxam, thiacloprid, and endinidamine. Specifically, 30 mg catalyst
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was dispersed in a jacketed beaker containing 50 mL of 10 ppm pesticide
aqueous solution under ultrasonication for 10 min. The adsorp-
tion—desorption equilibrium was achieved by stirring at room temper-
ature for 30 min. The beaker was maintained at 25 + 0.5 °C with cooling
circulating water and was irradiated at A > 420 nm visible light using a
300 W Xe lamp (PLS-SXE300D, Beijing Perfectlight Technology Co., Ltd)
with a light intensity of 100 mW cm ™2 2 mL of reaction solution was
sampled for analysis at intervals of 3 min after removing the photo-
catalyst through filtration. The pesticide concentration was evaluated
using UV-HPLC (Agilent semi preparative HPLC, G1322A, C-18column).
In addition, free radical capture experiments were conducted under the
same conditions, during which 10 mM of ascorbic acid (LAA), 10 mM of
furfuryl alcohol (FFA), 10 mM of triethanolamine (TEOA), and 5 mM of
isopropanol (IPA) were added to the solution to capture O3, 102, h*and
eOH, respectively.

2.3. Continuous flow experiments

The schematic of the custom-made photo-flow device is presented in
Fig. S22. The flow reactor was composed of four interconnected quartz
tubes 20 cm in length, 1.5 cm in diameter, and 0.1 cm in wall thickness.
Each quartz tube was packed with 100 mg of HCN photocatalyst, and
both ends consisted of two layers of 4.5 pm filter membrane of 1.5 cm
diameter with 0.5 cm thick cotton sandwiched between the filter
membrane, thus guaranteeing that the HCN could be stabilized inside
the tube without loss. Outdoor sunlight was used to irradiate this
reactor, while a peristaltic pump provided a flow rate of 6 ml/h of 10
mg/L IMD solution. The concentration of IMD was measured by taking a
liquid every 2 h from 10:00 AM to 8:00 PM in July in Shihezi, Xinjiang.
To ensure the even distribution of the catalyst and prevent its deposition
at the bottom of the quartz tubes or the filter membranes during the
reaction, we controlled the angle between the plate and the ground to be
15 degrees. Additionally, the liquid flow direction in the quartz tube was
set from bottom to top. Furthermore, right before the start of each day’s
experiment, we shook the quartz tubes to disperse the photocatalyst
fully.

3. Results and discussion
3.1. Synthesis and characterization of the as-prepared photocatalysts

The synthesis process started from bulk C3Ns obtained by the ther-
mal polymerization of 3-amino-1,2,4-Triazole. The crystallized C3Ns
rod-shaped aggregates (HCN) photocatalyst was further synthesized via
a molten salts (NaCl/KCl) process (Fig. 1a). The mixed salts could
significantly reduce the melting point of the C3N5 precursor and lead to a
liquid synthesis [31]. Moreover, the hybrid precursors appeared in a
molten state at high temperatures. During the annealing process, C3Ns
underwent bottom-up three-dimensional (3D) vertical growth on the
molten mixture due to the Kirkendall effect caused by the different
diffusion rates between the molten salts and C3Ns. After water washing
and desalting, the HCN rod-shaped C3Ns aggregates were successfully
synthesized.

We confirmed the successful synthesis of C3Ns by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM)
imaging results in Fig. 1b, 1d, and Fig. S1. The electron microscopy
results show the amorphous aggregates and the total amorphous region
due to plane distortion. As-prepared HCN consisted of well-crystallized
rod-shaped aggregates (Fig. 1c, le, and Fig. S1b). Moreover, the high-
resolution TEM image of HCN in Fig. 1le clearly shows distinct lattice
fringes with a spacing of 0.28 nm assigned to the interlayer distance of
carbon nitride [32]. In contrast to the selected area electron diffraction
(SAED) pattern of C3Ns, HCN showed a clear single crystal diffraction
pattern (Fig. 1d and 1e), evidencing the high crystallinity of the mate-
rial. In addition, elemental mapping analysis by energy-dispersive X-ray
(EDX) spectroscopy showed a uniform distribution of C, N, O, K, and Na
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Fig. 1. (a) Schematic illustration of the HCN synthesis route. TEM and HRTEM images of C3N5s (b, d) and HCN (c, e). The insets show the SAED patterns of the two
samples. (f) UV-Vis DRS spectra, inset is a photograph of samples with the same mass. (g) FTIR spectra. (h) K2p and Cls spectra. C K-edge (i) and N K-edge (j)

NEXAFS spectra. (k) XRD patterns.

in HCN (Fig. S1c). These morphological and elemental mapping results
confirm our initial hypothesis, demonstrating that molten salts provide a
microenvironment for restructuring C3Ns from an amorphous distorted
plane to a crystalline ordered lattice while successfully introducing K"
and Na* doping.

The crystal structure transformation in C3N5 was directly reflected in
its optical absorption properties obtained from UV-Vis diffuse reflec-
tance spectroscopy (UV-Vis DRS) (Fig. 1f). The amorphous mediated
planar distortion in C3Ns results in n-n* electronic transitions, as
demonstrated by the strong absorption peak at ~ 490 nm [24]. C3N5 also
showed an additional absorption edge at ~ 430 nm, attributed to n-n*
electron transitions [33]. In contrast, HCN displayed a uniquely
extended absorption edge at ~ 470 nm originating from enhanced n-n*
electron transitions, and the absorption peak at ~ 490 nm disappeared

due to the absence of n—-n* transitions. In brief, the UV-Vis DRS analysis
suggests that the molten salts process straightened the C3Ns-distorted
plane, matching the observations from HRTEM results.

Organic elemental analysis showed that the N/C ratio of HCN was
quite close to C3Ns (1.77 vs. 1.67, Fig. S2), indicating that the molten
salt process had a less significant effect on the composition and molec-
ular structure. In contrast, the specific surface area of HCN increased to
92.68 cm?/g compared to 5.30 cm?/g for C3Ns (Fig. $3). This high
surface area is attributed to voids left by removing molten salt by water
washing, suggesting the creation of an abundance of active sites for
catalytic reactions [34]. The Fourier transform infrared (FTIR) spectra of
HCN and C3Ns have similar characteristics, indicating the preservation
of the triazole and triazine frameworks (Fig. 1g) [35]. A clear peak at
around 2179 cm ™! corresponds to the stretching vibration of cyano
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groups. This peak results from the reaction between the molten salt and
the triazine moieties during thermal polymerization, which induces the
breakage of triazine moieties and the formation of defective cyano
groups [36]. In contrast to C3Ns, there are two new peaks in HCN. One
peak at 998 cm™! was indexed to the N-K/Na bonds. Another peak at
1158 em ™! corresponds to the asymmetric vibration of K/Na-NCy groups
[37], thus revealing that K" /Na® ions were integrated within the HCN
interlayer through nitrogen atom coordination between adjacent layers.
High-resolution K 2p and Na 1 s X-ray photoelectron spectroscopy (XPS)
spectra in Fig. 1h and Fig. $4b directly confirm interlayer alkali K*/Na™
doping. Notably, the deconvolution of the C 1 s XPS spectra in HCN
yielded two peaks at 287.8 and 284.8 eV (Fig. 1h), corresponding to the
binding energy of aromatic N-C=N substances with sp2-hybridized
carbon atoms and graphitic carbon, respectively. Besides, the distinct
binding energy peak at 286.3 eV in HCN, originating from defective
cyano groups [38], was also consistent with FTIR results.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy
analysis was performed to probe the samples’ local atomic and elec-
tronic structure [39,40]. The C K-edge NEXAFS spectra of C3N5 and HCN
exhibited characteristic excitations, including 1 s — ©* out-of-plane C=C
at about 285.3 eV and 1 s — ©* N-C=N at about 287.9 eV (Fig. 1i).
Notably, HCN presented two new characteristic excitations between
295.2 and 301.4 eV, likely associated to interlayer K*/Na™ doping [37].
The N K-edge NEXAFS spectra showed similar features for both mate-
rials at approximately 399.3, 401.1, and 402.1 eV (Fig. 1j) attributed to
1S = T*N.C=N; T*heterocyclic N-N Of triazole and n*c.y resonance, respec-
tively. Compared with C3Ns, HCN had a stronger excitation peak at
401.1 eV due to the introduction of cyano groups into the C3N5 frame-
work in the molten salt environment [37]. The X-ray diffraction (XRD)
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pattern showed two characteristic peaks at 13.3° and 27.8°, corre-
sponding to the in-plane structural ordering (100) and interlayer
stacking (002) of C3Ns, respectively (Fig. 1k) [35,41]. The (002) peak of
HCN became weaker and broader, suggesting a reduced interlayer
stacking order, possibly due to the larger HCN nanorod size and
enhanced condensation and crystallization by the molten salt process
that increased mobility. The (100) peak of HCN shifted to a lower
diffraction 20 value (8.2°), indicating an increase in the interlayer
stacking distance, attributed to the doping by K'/Na® with larger
atomic sizes than carbon and nitrogen. In summary, these results
showed that interlayer K'/Na™ doping and defective cyano groups were
successfully introduced without the influence of the molecular structure
of C3N5.

3.2. Characterization of SBEFs

The asymmetric triazole and triazine frameworks comprising the
amorphous C3Ns photocatalyst have dipole moments forming SBEFs.
However, dipole moments interacting between the structural units in the
distorted plane cancel each other out, resulting in a weakened total
SBEFs [42,43]. Notably, the results above showed that the molten salt
process can cause the C3Ns to change from an amorphous to a crystalline
state. This, in turn, causes the distorted planes of the C3Ns to straighten
and the dipole moments to align constructively, resulting in fully acti-
vated SBEFs. To further support this hypothesis, we used theoretical
calculations to compare the dipole moments of distorted planes with
various structural units and those with flat planes. The calculation re-
sults show that the dipole moments were enhanced with the increase in
the number of structural units (Fig. 2a and Fig. S5). Meanwhile, the
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Fig. 2. (a) Dipole moments with different numbers of structural units shown as insets. (b) Schematic of the promotion effect of SBEFs for the separation of pho-
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dipole moments in the planar structure were stronger than those in the
distorted plane. Furthermore, we also investigated how the dipole mo-
ments are affected by introducing defective cyano groups into the planar
structure (Fig. 2a). The computational results showed that the incor-
poration of defective cyano groups with strong electron-withdrawing
ability further amplified the dipole moments. Based on these results,
we investigated the effect of dipole moments on the carriers’ kinetic
behavior.

Fig. 2b illustrates severe charge recombination due to partial dipole
moment offset induced by planar distortions in C3Ns. This effect results
in extremely small energy band bends and weak driving forces for the
directional separation of photogenerated charges. Furthermore, when
HCN featured a crystalline ordered plane while introducing defective
cyano groups, it showed a spatially uneven charge distribution, resulting
in strong SBEFs throughout the photocatalyst. The strongly oriented
SBEFs could lead to a considerable energy band bending in HCN, pro-
moting charge separation and transfer and further improving photo-
catalytic activity. In addition, the molten salt process also introduced
K'/Na" doping into the C3Ns interlayers. The interlayer K"/Na™ doping
significantly decreases the work function (Fig. 2c), boosting photo-car-
riers’ migration. Interestingly, the work function of interlayer charge
transport was also weakened by the straightened plane; however, this
effect was not observed when defective cyano groups were introduced.
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This means that with K"/Na™ ions as the migration channels, the photo-
carriers can quickly shuttle between the straightened layers to reach
external catalytic sites, promoting photocatalytic efficiency.

To further gain deeper insights into the surface charge modulation
induced by the enhanced SBEFs and interlayer K™/Na' doping, we also
explored the surface potential distribution at the surface of C3Ns and
HCN using Kelvin probe force microscopy (KPFM) combined with a
sample light illumination system (Fig. 2d and Fig. S7) [44-46]. In
darkness, the surface potential difference between C3Ns and HCN with
respect to the substrate was 16 and 40 mV, respectively. Under illumi-
nation, these values increased to 18 and 140 mV, respectively. The
significantly larger change in the surface potential for HCN upon illu-
mination indicates a larger accumulation of photo-generated charges on
its surface. The surface potential derived from KPFM is proportional to
the built-in electric field [28]. As shown in Fig. S8, the surface potential
difference of HCN under illumination outperforms most of the photo-
catalysts previously reported, indicating its outstanding SBEFs. Conse-
quently, introducing enhanced SBEFs and interlayer alkali K'/Na®*
doping could significantly enhance the directional migration of photo-
generated charges and decrease the transfer resistance between
straightened layers. These two processes play a decisive role in the
favorable kinetic process of photocatalytic O activation.
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3.3. Carrier dynamics behavior

To investigate the impact of the enhanced SBEFs and interlayer alkali
K'/Na® doping on carrier dynamics, we also used electrochemical
impedance spectroscopy (EIS) and photocurrent response to probe the
charge transfer resistance and carrier density. We observed a smaller
semicircular radius in the EIS Nyquist plot for HCN compared to C3Ns5
(Fig. S9), indicating lower charge transfer resistance in HCN. Further-
more, HCN showed an 8-fold increase in photocurrent density compared
to C3N5 (Fig. 3a), implying a significantly higher separation efficiency of
photogenerated charges. Photoluminescence (PL) results in Fig. 3b show
that HCN has a considerably lower PL intensity emission at 482 nm
compared to its C3Ns counterpart, attributed to inhibited charge
recombination due to the intensified SBEFs [47]. Since efficient diffu-
sion of photogenerated carriers to the semiconductor’s surface active
sites is critical for photocatalysis [48], we further investigated this
process by surface photovoltage spectroscopy (SPV) [49]. The SPV
signal intensity is correlated with the density of photogenerated charges.
As shown in Fig. 3c, HCN presents a remarkable SPV signal in the
300-470 nm, confirming an effective photogenerated charge carrier
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separation and migration. In contrast, C3N5 shows practically no SPV
response.

The role of enhanced SBEFs and interlayer alkali K/Na' doping on
the carriers’ separation and transport dynamics was further elucidated
using femtosecond time-resolved spectroscopy (fs-TAS) analysis [50]. As
shown in Fig. 3d and 3e, the negative broad absorption at 440 ~ 580 nm
was assigned to the ground state bleach (GSB). The positive broad
feature at longer wavelengths was attributed to excited state absorption
(ESA) due to trapped photogenerated electrons (e) [51]. Notably, HCN
had the strongest and longest-lived absorption for ESA compared to its
C3Ns counterpart. To better understand the relationship between
shallow and deep trapping, Fig. 3f and 3i showed the decay kinetics at
626 nm fitted with a tri-exponential function. The time constants (t; and
Ty) represented the recombination of free photogenerated e” and holes
(h™) and shallow electron trapping, respectively [52,53]. The longer
time constant (t3) was attributed to unfavorable deep trapping states
that deactivated the free " and h™ suppressing photocatalytic efficiency.
Notably, HCN with t; = 116.8 ps and 73 = 1519 ps exhibited the longest-
lived species than C3Ns (t1 = 15 ps and 12 = 902 ps). We attribute this
result to free e trapped by shallow states, effectively prolonging the
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lifetime of the photogenerated charges [53], which in turn enhances
photocatalytic Oy activation. The fs-TAS results are consistent with the
PL, SPV, and photoelectrochemical results discussed above. In other
words, the improved carrier migration shows that the enhanced SBEFs
and interlayer K*/Na™ doping provide a strong driving force and shuttle
channels for rapid carrier diffusion to the photocatalyst surface for redox
reactions.

3.4. Photocatalytic pollutant degradation

The photocatalytic Oy activation performance was evaluated using
refractory neonicotinoid pesticides, which are widely persistent con-
taminants in agricultural wastewater, posing a significant risk to water
resources and ecosystems [54,55]. The adsorption experiment results in
Fig. S10 confirmed negligible imidacloprid (IMD) adsorption on both
photocatalysts. Control experiments confirmed IDM’s remarkable pho-
tostability, showing no signs of degradation under illumination alone
without a catalyst. After 12 min of light illumination, C3Ns only
degraded 2 % of IMD while HCN reached an astonishing 100 % degra-
dation under the same conditions and timeframe (Fig. 4a). Although
HCN exhibits lower light absorption above 420 nm compared to C3Ns,
its superior photocatalytic activity is due to its excellent carrier dy-
namics. The built-in electric fields, interlayer alkali doping, and defec-
tive cyano groups collectively enable superior photocatalytic
performance. As shown in Fig. 4b, the experimental data were perfectly
described by the first-order kinetic equation [-In(C/Cg) = kt], where C
and Cy were the concentrations at time t and initial concentration at t =
0. HCN showed the highest apparent rate constant k of 0.371 min ™},
about 280 times higher than that of C3Ns (1.31 x 10 min~1). We
propose a possible degradation pathway of imidacloprid on HCN,
illustrated in Fig. S11, revealing a progressive decrease in the in-
termediates’ toxicity. Notably, the intermediate concentration produced
by HCN-mediated degradation of IMD decreased with the degradation
time, but it is difficult to achieve complete mineralization, while in-
termediates accumulated for CsNs due to its lower catalytic activity
(Fig. S12 and 13). To our knowledge, the photocatalytic degradation of
IMD over HCN reported here shows the highest apparent rate constant k
among all photocatalysts reported so far (Fig. 4c and Table S4). In
addition to IMD, we further demonstrated the exceptional photo-
catalytic activity of HCN and its broad applicability in the degradation of
other neonicotinoid pesticides, including thiamethoxam and thiaclo-
prid, as well as phenol and dichlorophenol, both containing a refractory
benzene ring (Fig. 4d and Fig. S14). We specifically selected these
compounds due to their widespread occurrence and resistance to con-
ventional removal methods, which make them excellent models for
evaluating novel advanced photocatalytic systems’ efficiency.

Due to the significance and broad impact of efficient photocatalysts
for pollution remediation, we investigated the performance of our HCN
material under real-world conditions. For this, we implemented a
custom-built continuous photo-flow device depicted in Fig. 4e. The HCN
photocatalyst exhibited exceptional stability, still retaining 100 %
degradation efficiency of IMD after 15 days of continuous operation at a
flow rate of 6 mL h™! under outdoor sunlight. Notably, although the
sunlight intensity changes significantly between 10:00 AM and 8:00 PM
(Fig. S15), the degradation rate of IMD consistently reaches 100 %. This
robust performance is mainly due to the four quartz tubes connected in
series, allowing enough light exposure time to degrade IMD completely.
We evaluated HCN’s performance, demonstrating excellent reusability
by retaining 90 % efficiency over six consecutive cycles of IMD degra-
dation (Fig. 4f). FTIR results of HCN before and after IMD degradation
experiments confirmed its chemical stability (Fig. S16). Moreover, HCN
showed a robust performance under different conditions, including
variations in pH, co-existing anions, and different water quality varia-
tions (Fig. S17). These results evidenced HCN’s potential and competi-
tiveness as a metal-free photocatalyst for the sun-driven degradation of
organic pollutants.
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3.5. Photocatalytic O, activation

To confirm the crucial role of photocatalytic Oy activation in
degrading pollutants, we investigated the effect of Oy concentration on
the catalytic reaction rate. As shown in Fig. 4g and Fig. S18, the
degradation rates of IMD over C3Ns and HCN were significantly
inhibited when the dissolved O, concentration was reduced by flowing
inert gas through the solution. The degradation rates increased by
increasing the dissolved Oy concentration through continuous Og
bubbling. These results unequivocally demonstrate that the pollutant
degradation is driven by photocatalytic O, activation.

The superior Oy chemisorption ability of HCN was confirmed by
temperature-programmed desorption (TPD) results in Fig. 4h [56]. To
identify the active species behind this reaction, we performed trapping
tests by adding ascorbic acid (LAA), furfuryl alcohol (FFA), isopropanol
(IPA), and triethanolamine (TEOA) as quenchers of O3, 10,, «OH, and
h, respectively [57,58]. The results in Fig. 5a and Fig. $19 showed that
adding LAA, FFA, and TEOA significantly compromised the degradation
efficiency of imidacloprid (dropping it from 99 % to 8 %, 10 %, and 11
%, respectively). However, adding IPA barely affected the degradation
rate (from 99 % to 96.7 %). These observations, combined with the fact
that HCN has a valence band (VB) potential of 1.64 V vs. NHE that is not
enough to oxidize OH /eOH with a standard redox potential of 1.99 V
vs. NHE, lead us to conclude that O3, 102, and h™ are the main active
species in the photocatalytic degradation of IMD. The generation of
these oxygen-containing radicals is a direct consequence of Oy photo-
catalytic activation by HCN.

We conducted electron paramagnetic resonance (EPR) analysis to
provide direct evidence for the reactive oxygen species (ROS) produced
during O, photocatalytic activation.>” Results in Fig. 5b show a signif-
icant decrease in TEMPO signal intensity under illumination, confirming
the photogeneration of h™ that reacted and degraded TEMPO. The
1:2:2:1 and 1:1:1:1 peaks in Fig. 5c and Fig. 5d matched with DMPO-e03
and TEMP-'0,, respectively. These signals were not observed under
dark conditions, appearing only under light irradiation. The more sig-
nificant presence of h*, 03, and 10, in the HCN system than in C3Ns
perfectly confirms the higher photocatalytic activity of HCN. In Fig. S20,
the 1:1:1 DMPO-eOH peak signal was not observed in darkness or under
light. The EPR analysis and active species trapping test revealed that eO3
and 10, are the major ROS components responsible for IMD degrada-
tion, while eOH plays no significant role.

3.6. Mechanism of pollutant degradation

Based on the free radical quenching experiments and spectroscopic
characterization results, we propose the following photocatalytic O
activation mechanism for pollutants degradation on HCN depicted in
Fig. 5i, where the band structure was deduced from UV-Vis DRS and XPS
valence band spectra (Fig. S21). Visible light irradiation resulted in the
photogeneration of e and h' inside the photocatalyst. The large SBEFs
and interlayer K¥/Na™ doping boosted the separation and directional
migration of photogenerated e and h™ to the redox sites, respectively.
The conduction band (CB) potential of HCN (—0.67 V vs. NHE) was more
negative than the standard redox potential of O5/e03 (—0.33 V vs. NHE),
which implies that e” migrating to the CB can combine with O; to pro-
duce ¢03. There are two main pathways for generating 'Oy: energy
transfer from the photocatalyst to the triplet ground state of O, and
photogenerated h™ oxidation of O3 [58]. Free radical trapping exper-
iments combined with EPR results confirmed that photogenerated h*
had a dominant effect in the generation of '0,, supporting the second
pathway. The 10, produced during this process reacted with pollutant
molecules, causing their degradation.

To further demonstrate the superiority of HCN to generate 10y, in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was used to monitor the O3 generated during the reaction
[59]. Ethanol was added as an h™ scavenger to prevent O3 from being
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Fig. 5. (a) Impact of different scavengers on IMD degradation over HCN. EPR spectra were recorded for (b) TEMPO-h*, (c) DMPO-e03, and (d) TEMP—102. In situ
DRIFTS spectra of C3N5 (e) and HCN (f) in O,-saturated ethanol and water. AG of the O, reduction to O3 by photogenerated e (g) and AG of the ¢O3 oxidation to 10,
by photogenerated h™ (h) over TCN and HTCN, respectively. (i) Proposed mechanism of photocatalytic O, activation for pollutants’ degradation.

further oxidized to 10, by photogenerated h™. While C3N5 did not show
apparent peaks under dark or light illumination conditions (Fig. 5e), as
well as HCN in the dark, peaks at 1231 cm™! and 1168 cm ™! appeared
under visible light illumination of HCN (Fig. 5f). These peaks attributed
to N-O and 03, suggested that photoactivated HCN facilitated Oy
adsorption at its N active sites as the reduction center, and then gener-
ated the intermediate eO3 species towards 10, transformation.

DFT calculations were performed to gain further insights into the
favorable formation pathway of 105 on HCN. DFT calculations’ results of

conditions.

intermediate species, transition states, and the corresponding Gibbs free

energies (AG) were obtained at each step of ¢O3 and 102 evolution by Oz

4. Conclusion

redox reactions on the surface of HCN and C3Ns. The neighboring N and

C atoms near K*/Na™ anions were selected as the primary reduction and
oxidation active sites, respectively. As shown in Fig. 5g and 5 h, the AG
of HCN for N-O, reduced to N-e03 and C-e03 oxidized to C-'0, were
increased by 5.4 and 8.8 eV, respectively, indicating a more favorable
conversion on the HCN surface than C3Ns counterpart. These results
explain the faster reaction rate experimentally observed for the O,
conversion to 'O catalyzed by HCN and its significantly superior per-

formance over C3Ns.

In short, this work features several novelty points: 1) The synergistic
enhancement of SBEFs in C3Ns5 by both the crystallization and the

introduction of defective cyano groups. 2) The dual role of interlayer
K*/Na' doping in promoting carrier migration and activating surface C
and N atoms. 3) Our engineered HCN demonstrates extraordinary
degradation activity for various pollutants by generating and releasing
10, through photocatalytic O activation. Moreover, our material ach-
ieves near 100 % pollutant degradation efficiency under different sce-
narios, including in a continuous photo-flow device for up to 15 days
with negligible performance attenuation under real outdoor sunlight

In summary, we successfully synthesized highly crystalline rod-
shaped C3Ns aggregates with defective cyano groups grafting and
interlayer alkali K*/Na' doping via molten salt. This unique structural
configuration significantly boosts the 10, generation through photo-
catalytic O activation, resulting in 100 % IMD degradation within 12
min with a superior reaction rate constant K (0.371 min’l). This ma-
terial shows exceptional stability, retaining 100 % degradation effi-

ciency for pollutants in water under sunlight for 15 days; remarkably,

the system achieved complete removal degradation at all times, even
despite varying sunlight intensity during the day. We systematically
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analyzed the entire photocatalytic O activation process, experimentally
and theoretically, revealing that the enhanced SBEFs are formed by
structural characteristics of the orderly arrangement of dipole moments
and the introduced defective cyano groups. Simultaneously, the inter-
layered K*/Na'-N3 bridge site promotes interlayer carrier migration by
significantly reducing the work function and activates the surface
neighboring C and N atoms to boost the rate-determining step of the
photocatalytic Oy’s redox reaction. The unique HCN structural config-
uration improves charge separation efficiency, promotes Oy chemi-
sorption, and enhances Oy conversion to 10, through redox reaction,
thereby significantly boosting photocatalytic Oy activation for the effi-
cient degradation of various pollutants, including refractory neon-
icotinoid pesticides, phenol, and dichlorophenol. This work provides a
new reference for engineering the SBEFs of metal-free photo(electro)
catalytic materials for solar-light-driven O5 activation, pushing our way
toward sustainable environmental remediation and beyond.
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