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Herein, a series of structure modified polymeric carbon nitride (PCN) started from the same precursor were
prepared by a step-by-step method. The photocatalysts show different catalytic performance in degradation of
Rhodamine (RhB) and methyl orange (MO). The doping treatment endows photocatalysts improved activity for
decomposing RhB molecules. Subsequently heterojunction formation by incorporation of Ag-related species fa-
cilitates the degradation of the MO molecules, but it seems like at the expense of the activity of RhB molecules
decomposition. By combining studying the evolutions of micro-structure, electronic structure, and spatial charge
separation of each sample, we found that the photoluminescence reflected spatial charge separation effect cannot
be used to fully explain aforementioned trends of the photocatalytic activity. In this background, we system-
atically studied the roles of each individual active species that influenced photocatalytic performances for each
sample, and a reasonable degradation mechanism on the basis of roles of different active species is proposed to
interpret the above photocatalytic phenomena in detail. Furthermore, we believe that this work not only presents
a facile route to modify catalyst for enhancing photocatalytic performance, but the more important is that, it
reveals the enhancement mechanism from the viewpoints by combining both effective charge separation and

proportion evolution of active species.

1. Introduction

Converting the infinite solar energy to accessible chemical energy
form is the persevered objective for human being, and thus it has ob-
tained intensively exploration in both scientific and industrial commu-
nities persistently [1,2]. Since Honda and Fujishima discovered the
photocatalytic effect by using TiO5 and Pt co-catalyst in 1972 [3], the
unprecedented advances have been taken by modification of appro-
priate carriers to build efficient photocatalytic system [4]. Typically,
among enormous inorganic semiconductor-based photocatalysts that
possess suitable band gaps like metal oxides [5], metal sulfides [6],
oxynitrides [7] and so forth, present good photocatalytic activity but
simultaneously bring side effects that are not tolerant, such as toxicity
and environmentally unfriendly issues [8]. In the recent decade, poly-
meric carbon nitride (PCN) as a photocatalyst material [9] has con-
ducted a great tendency in the field of organic pollution degradation and
water splitting for sunlight harvest utilization because of its metal-free,

stable, wide visible light absorption band, low cost and facile synthesis
[10]. Nevertheless, for pristine CN, relatively high recombination of
light excited electron-hole pairs gives rise to the insufficient photo-
catalytic activity [11]. Recently, the introduction of surface defects
[12,13] and synthesis of PCN-based heterojunction [14,15] have been
widely applied for optimizing the performance. It can be clearly seen in
table S1 that decorating PCN-based composites can enhance the pho-
tocatalytic performance [16], but the degradation mechanism of pho-
tocatalysis is still in debate [17,18]. For example, it is noted that even for
degradation of the same dye, the active species rankings in photo-
catalysis changed irregularly by structure modifications. Specifically for
RhB degradation by PCN-based composites, Feng and co-workers
demonstrated that «OH and h' play the key role when employing
P@PCN-15 as a photocatalyst [19]. Tan and co-workers reported that
¢03 and h' are the main active species in the heterojunction of mpg-
C3Ny4/BiPOy4 [20]. Jiang and co-workers found that using TagNs/g-C3Ny4
as a photocatalyst, h™ and "OH are the primarily contributive species
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[21]. Furthermore, Shi and co-workers reported that the contribution of
active species in organic pollutants degradation is varied with the
change of light source wavelength from NIR light to visible light [22]. It
can be obviously seen that the mechanism behind the enhanced pho-
tocatalytic performance cannot be interpreted by just a simple effective
charge separation model [23-25]. Therefore, unraveling the role of
active species and related mechanisms is of great importance for guiding
more efficient researches in photocatalysis. In this work, as a prime
photocatalytic activity concern, the active species evolution for RhB
molecules degradation process is discussed in detail. Subsequently, the
performance of the MO molecules degradation is a subsidiary indicator.
On this basis, we have designed a 4-step route to finally obtain a perfect
photocatalyst with improved performances, and acquired relatively
systematic conclusion for the photocatalytic mechanism. The effective
charge separation is extrinsic factors that influenced photocatalysts
performance, and the reasonable proportion of active species is intrinsic
factor for affecting photocatalytic degradation activity.

2. Experimental section
2.1. Synthesis of polymeric carbon nitride (PCN)

In this work, five types of PCN-based catalysts were fabricated for
comparison as shown in Scheme 1. It can be seen that all the samples
were derived from the same original precursor with structure modifi-
cation step by step. Firstly, the polymeric carbon nitride bulk was syn-
thesized in a typical procedure by melamine as initial precursor calcined
in a quartz tube furnace [26]. Typically, 10 g melamine powder was
uniformly dispersed in a covered Al,O3 crucible, subsequently heated at
550 °C for 4 h with ramping rate of 5 °C /min, obtaining polymeric
carbon nitride bulk powder (denoted as PCN as shown in Scheme 1b and
Fig. S1-0).

2.2. Synthesis of annealed samples

The PCN powder was put into crucible to anneal at 500 °C for 2 h (at
a rate of 5 °C/min). The obtained sample was slightly deep yellow,
which was collected as a new catalyst for the subsequent work (denoted
as annealed-500 as shown in Scheme 1c and Fig. S1-ii).

The annealed-500 sample was reannealed again at 450 °C for 1 h
with the ramping rate of 5 °C/min started from room temperature. The
reannealed sample is the powder presented pure white color as can be
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seen in Scheme 1d and Fig. S1-iii, and it is denoted as reannealed-450
throughout the whole paper.

2.3. Preparation of heterojunction samples

The synthesis of AgaCO3-CN (Scheme le and Fig. S1-iv) was through
the following method: 0.1 g reannealed-450 was dispersed into 140 ml
deionized water with 0.5 h stirring, then the suspension was sonicated
for 1 h to make the reannealed-450 uniformly dispersed, subsequently,
4.35 ml AgNOj solution (0.05 mol/L) was added to suspension dropwise
and stirred for another 1 h to enable Ag" uniformly adsorbed on the
reannnealed-450 surface during a dark condition. The 5 ml NaHCO3
solution (0.05 mol/L) was added into the mixture drop by drop with 2 h
stirring. The final product was purified by centrifugation and washed
with sufficient deionized water several times, then dried with the
lyophilizer in vacuum for 24 h. The corresponding High loading
AgoCO3-CN used the same method obtained, which just improved the
load of the Ag>COs.

The Ag-CN heterojunction (Scheme 1f and Fig. S1-v) was prepared
through the phase transformation synthesis, of which the AgyCO3-CN
synthesized at the previous step was put into an open crucible and
calcined in air at 220 °C for 10 min (ramping rate 5 °C/min) in a quartz
tube furnace, then taken it out immediately. The transformation from
AgoCO3 to Ag was confirmed by the XRD results, and it will be discussed
in detail later.

2.4. Characterization

The quartz tube furnace (OTF-1200X) was employed to calcine
products in air condition. The powder diffraction of x-rays was detected
on a Bruker D8 Advance X-ray diffractometer with Cu Ka radiation. The
morphology of the catalysts was captured by a field emission scanning
electron microscope (SU-70, Hitachi). The transmission electron mi-
croscope images, EDX and elemental mapping were recorded by FEI
Talos-F200s. Atomic force microscopy (AFM) image was operated by a
Bruker Dimension FastScan. Fourier transform infrared spectra were
conducted with a Nicolet-is10 of the Thermo Fisher Scientific. The XPS
measurements were performed on K-Alpha of the Thermo Scientific.
Atomic force microscopy test was operated by a Bruker Dimension
FastScan. The nitrogen adsorption—desorption isotherms were acquired
on Tristar 3020 (Micromeritics Instrument (shanghai) co., LTD). The
UV-Vis adsorption spectra were gathered measured by a UV-1800
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Scheme 1. Scheme illustration of the fabrication of PCN-based composites photocatalyst.
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spectrophotometer. The photoluminescence (PL) measurements were
recorded with a Horiba HR Evo system, and the excitation laser wave-
length was 325 nm with x 40 UV lens.

2.5. Photocatalytic performance test

Rhodamine B and Methyl Orange molecules degradation measure-
ments were evaluated to illuminate the photocatalytic activity in a
closed Pyrex glass that was top-irradiation reactor using 300 W xenon
lamp with a 400 nm cutoff filter. 15 mg catalysts were dispersed in 90 ml
5 ppm (or 10 ppm) RhB (or MO) solution. During a certain interval, 1 ml
suspensions were taken out and centrifuged to get rid of the catalyst. The
organic dye solution degradation evolution was recorded by UV-Vis
spectrophotometer.

3. Results and discussion
3.1. Characterization of physical properties

The crystal structures of various CN-based composites were charac-
terized by XRD (Fig. 1a). It can be obviously seen that two evident peaks
appeared in the PCN sample, one is the strongest diffraction located at ~
27.62° and the other is relatively weak peak at ~ 12.77°, corresponding
to the characteristic interlayer stacking reflecting conjugated aromatic
systems (002) and in-planar units packing of the tri-s-triazine (100)
[27], respectively. After the annealing treatment, the strongest diffrac-
tion peak gradually shifts to a high angle degree at ~ 27.97°, indicating
the shrink of the inter-plane distance [28]. Furthermore, it is noted that
the full width of half maximum (FWHM) of the (002) peak decreases
after annealing treatment, indicating the natural defects in PCN
decreased, and it is worth noting that the defects degree does not show
obvious increase even after mixing with Ag-species compound (ac-
cording to the FWHM evolution). Meanwhile, the relatively weak peak
at ~ 12.77° becomes less distinct, suggesting that the break of hydrogen
bonds of interlayer framework and the decreasing PCN layers [29].
Despite the fact that it is barely to detect Ag relevant diffraction peaks in
heterojunction samples (pink and green curves in Fig. 1a), the diffrac-
tion peaks of AgoCO3 and Ag can be obviously observed by loading
higher Ag-related compound (Fig. 1b) using the same preparation
methods [30]. Therefore, the XRD result indicates that the phase
transformation from AgyCO3 to Ag was succeed, and Ag>CO3 and Ag
were respectively loaded on PCN samples (Scheme 1e and f).

The morphology evolution of the modified samples was observed by
SEM and TEM. It can be seen SEM images in Fig. S2 that the PCN is
undergone a dramatic oxidation etching process from solid bulk to petty
filmy sheets during the annealing treatment (Annealed-500 and
Reannealed-450) [31]. However, it can be found that the relative thick
bulk structure was rebuilt after Ag2COs3 incorporated into reannealed-
450 (Ag2CO3-CN) and the structure of phase transformation sample
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—Ag,CO,-CN
——Ag-CN
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(Ag-CN) is almost unchanged.

The reannealed-450 and heterojunction samples were also observed
by HRTEM. As shown in Fig. S3, the result of reannealed-450 is similar
to other works on oxygen etching treated CN [32]. Surprisingly, the
distinct lattice fringe of CN can be observed clearly almost everywhere
for both Ag>CO3-CN and Ag-CN (~0.326 nm) as observed in Fig. 2b-c
and i-j, which can be assigned to (002) of CN [27]. This is in agreement
with XRD results.

To further confirm the elemental composition, the high-angle
annular dark field (Fig. 2a, h) and the corresponding elemental map-
ping images are employed in detail. As shown in Fig. 2d-g and k-n, the
elemental mapping of C, N, O and Ag is unambiguous presented in the
sample of AgoCO3-CN and Ag-CN, confirming the uniform elemental
distribution on the interface of the carrier.

Besides, the reannealed-450 present ultrathin thickness as scanned
by atomic force microscopy (AFM) (Fig. 3a and b), of which many small
flakes (from hundred nm to a few pm) with average thickness of
approximately ~ 1 nm can be observed, corresponded to 1-2 C-N atomic
layers [33,34]. The ultrathin flakes may be very useful for facilitating
photocatalytic process through its surface active groups [35,36], and
AgoCO3-CN and Ag-CN are also benefited from this as they were syn-
thesized using reannealed-450 as precursor.

The chemical species composition is especially important to
contribute the overall photocatalytic performance, thus, the elaborate
chemical structures were further investigated by the FTIR and XPS,
respectively. As shown in Fig. 3c, several absorption bands (3000-3300
cm’l, 1200-1600 cm™ ! and 805 cm™!) could be assigned to the N-H
stretching vibrations, typical C-N heterocycles stretching mode and the
breathing mode of triazine units [37], respectively. It is noted that in
Fig. 3d, the annealed-500 and reannealed-450 have a weak signal
detected at ~ 1084 cm™!(the gray background region), implying the
oxygen related groups were possibly introduced after annealing process
[38]. Moreover, the FTIR spectra of heterojunction samples possessed
similar absorption bands with the reannealed-450, which means that
heterojunction samples did not fiercely change the stretching and
bending vibration of the samples except that decreased intensity peaks
between 1000 and 1350 cm™!. These results suggested that oxygen
element was smoothly doped into PCN by covalent bonds without
breaking the primary structure.

To further determine the evolution information of chemical structure
and oxidation state of the catalyst, the X-ray photoelectron spectroscopy
(XPS) was employed. As shown in Fig. S4, all samples are composed of C,
N and O elements, the heterojunction samples also contain Ag element,
which is in agreement with the EDX test (Fig. S5). It can be seen in
Fig. S6 and 7 that no obvious shifts in the binding energy of both C1s and
N1s spectra after the annealing treatment or Ag-species loading process,
disclosing that the core structure of CN melon units was relatively
chemical inertness [39].

Moreover, it can be found in Fig. 4a that the high resolution Ols

(b)

High loading Ag ,CO,-CN

-

=

é High loading Ag-CN

£

@

=

Q

-

= Ag,CO, (PDF#26-0339)

11 11l |l| il 1oy vee i we s

Ag (PDF#04-0783)

T T T T T

10 20 30 40 50 60 70
20 (Degree)

Fig. 1. (a) XRD patterns of the PCN-based samples and (b) the corresponding high loading heterojunction samples.
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Fig. 2. (a) and (h) HAADF images, (b) and (i) low-magnification, (c) and (j) high-magnification. (d)-(g) and (k)-(n) the corresponding HRTEM elemental mapping of

C, N, O, Ag of Ag,CO3-CN and Ag-CN, respectively.

spectrum of the PCN shows the core level at ~ 532.7 eV, ascribed to
absorbed H,0 [22]. No additional signal related to the N-O or C-O bond
can be observed for PCN. After annealing process, the other two core
levels at ~ 534 eV and 531.6 eV are clearly detected on the annealed
samples (Fig. 4b and c¢) [40]. These signals can be attributed to the
formation of the absorbed O3 and N-C-O species, respectively. Further-
more, it can be found that the peak (~531.6 eV) intensity of the
reannealed-450 is stronger than that of annealed-500, indicating the
increase of proportion of N-C-O bond. Interestingly, the new peak at ~
531.2 eV emerged for AgoCO3-CN shown in Fig. 4d after loading process
[41], which can be ascribed to the oxygen in AgoCOs. The Ag-CN is
derived from pyrolysis of Ag,COs, the phase transformation from
AgoCOs3 to Ag causes vanished of the peak at ~ 531.2 eV (Fig. 4e). The
evolution information of the catalyst is in agreement with XRD and FTIR
results. Furthermore, the heterojunction samples had similar Ag spectra

shown in Fig. 4f that had two individual peaks with the binding energies
of 368.2 and 374.2 eV, which were assigned to Ag 3d5/2 and Ag 3d3/2,
respectively [42].

The nitrogen adsorption-desorption isotherms of photocatalyst
samples are shown in detail (Fig. 5a). In the relative pressure from 0.6 to
1.0, all of them disclosing typical type IV isotherms as H3 type hysteresis
loops, indicating typical slit-formed mesoporous structure [43]. It can be
seen in table S2 that the Sggr of PCN, annealed-500, reannealed-450,
Ag>CO3-CN and Ag-CN is about 16.92, 152.75, 165.74, 74.29 and 74.30
my g}, respectively. It indicates that after sufficient annealing process,
both annealed samples exhibited remarkable large surface areas with
increasing pore volume. The decrease of surface area for the hetero-
junction samples can be ascribed to the loading of Ag-based compound
on reannealed-450 to form aggregation-like structure. The correspond-
ing pore size distribution plots (Fig. 5b) show an opposite evolution
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Fig. 3. (a) The AFM images of the reannealed-450 sample and (b) the corresponding enlarged image (The corresponding thickness curves determined along the white
solid line, respectively). (c) FTIR spectra of PCN-based samples and the corresponding enlarged spectra (d) between 1000 and 1650 cm ™.
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spectra of Ag 3d for the heterojunction samples.

trend compared to that of the BET result, and it further demonstrates the
microstructure evolution.

3.2. Electronic properties

Furthermore, the evolution of internal electronic structure is also
significant to give us new insights into what happened to photocatalytic

activity. Since PCN is a well-known direct band gap semiconductor, the
light can be efficiently absorbed when the energy of excitation photon is
resonance for the band edge. As UV-vis absorption spectra can probe
subtle difference of electronic structure of PCN, it can help us be aware
of the evolution of modified electronic structure. It can be clearly shown
in Fig. 5c that the light-harvesting ability of both annealed samples is
reduced in the range from 400 to 550 nm (red and blue curves)
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Fig. 5. (a) Nitrogen adsorption-desorption isotherms of PCN-based samples. (b) The corresponding pore size distribution plot. (¢) The UV-Vis absorption spectra and

(d) the corresponding derived optical band gaps spectra of PCN-based samples.

spectra of heterojunction samples.

compared to that of the PCN (black curve), but the absorption of het-
erojunction samples is enhancement in visible light region [44] (purple
and green curves). Using Kubelka-Munk theory, the light absorption
spectra derived optical band gaps are evaluated. Fig. 5d directly reflects
the evolution of the band gap with different treatments step by step. The
annealed samples gradually shifted to high energy level from ~ 2.85
(PCN) to 3.05 (annealed-500) and 3.13 eV (reannealed-450), and the
band gaps of both Ag>CO3-CN and Ag-CN shifted to ~ 2.95 eV.

In this work, the photoluminescence (PL) spectra of PCN-based
samples were measured by monochromatic UV laser with 325 nm
excitation wavelength. As shown in Fig. 5e, it can be found that PCN
exhibits a strong PL signal located at ~ 470 nm and it blueshifts to ~
430 nm during the sufficient annealing treatment (reannealed-450).
Meanwhile, the peak of both heterojunction samples slightly redshifts to
~ 436 nm (Fig. 5f) when Ag-related species loading on reannealed-450.
The evolution of the PL emission peak position is also in agreement with

(e) The PL spectra of PCN-based samples and (f) the corresponding enlarged PL

the trend of band gap shift. Furthermore, it is noted that the rate of
recombination of excited electron-hole pair performs drastic decrease
from annealing process to the metal loading treatment as reflected by
the decreased PL intensity. This result indicates that oxygen doping
assisted surface modification enables an effective recombination sup-
pression of excited electron-hole pairs, and more importantly, forming
heterojunctions are more efficient for photo-excited charge transfer for
further suppressing electron-hole recombination, resulting more effec-
tive electron-hole separation.

3.3. Photocatalytic performance

With the suitable band gaps to effectively excite electron-hole pairs,
PCN-based photocatalysts are able to generate H; though splitting water
[45], bacteria disinfection [46], as well as degradation of organic pol-
lutants [47]. The recent research shows that PCN may even be used as a
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microwave absorbing material in the field of wireless communication
and anti-radar detection [48]. In this work, the photocatalytic activity of
samples is firstly elaborated by decomposing the RhB under visible light.
As shown in Fig. 6a, the photocatalytic performance in degradation of
RhB for annealed-500 and AgoCOs3-CN (red and green curves) is com-
parable, while the activity of reannealed-450 to that of Ag-CN (blue and
orange curves) is comparable, and the latter two samples show much
superior activities than that of the former two. Therefore, the macro-
scopic photocatalytic performance in degradation of RhB does not show
the monotonous enhancement trend with chemical modification pro-
cess, meaning that the photodegradation activity is not just as a simple
function of structural modification process. Specifically, PCN performs
relatively poor photocatalytic ability as only ~ 50% RhB were decom-
posed after 30 min. After annealing process, ~95% pollutant molecules
were decomposed in 30 min using annealed-500 as the catalyst. The
reannealed-450, manifests higher photo-degradation performance,
would only take about 12 min to decompose the same RhB molecules
(95%). Although the AgyCO3-CN composite was derived from
reannealed-450, photocatalytic activity (30 min, 95%) reduced by more
than half compared with that of the reannealed-450 (12 min, 95%).
However, by phase transformation treating of Ag2CO3-CN to form Ag-
CN (Scheme 1f), the photocatalytic performance is dramatically
improved to a level (15 min, 95%) almost comparable to that of the
reannealed-450 (12 min, 95%). To evaluate the potential practicality
photocatalysis, the renewability and stability measurements have been

Applied Surface Science 546 (2021) 149099

conducted. Ag-CN, as the typical photocatalyst prepared through 4
steps, still manifests good stability even after 4 successive RhB degra-
dation cycles (Fig. 6b).

To further investigate the photocatalytic activity of samples, methyl
orange (MO) is selected as another representative organic pollutant to
evaluate photocatalytic performance. As shown in Fig. 6¢, it is obviously
seen that the Ag-CN ranked 1st out of five samples according to the
performance in decomposing MO (90 min, 95%), much better compared
to that of the reannealed-450 (90 min, 30%) though it performs best in
decomposing RhB. It is also noted that for reannealed-450 (90 min,
30%), the performance in decomposing MO molecules is also much
worse than that of Ag,CO3-CN (90 min, 85%, though it is not good for
decomposing RhB). In other words, AgoCO3-CN possesses higher pro-
portion of radicals that facilitate the MO molecules decomposition, but
such active radical species may be not effective to decompose the RhB
molecules (Scheme 2, the detail will be discussed later). On the other
hand, PCN and annealed-500 still performed very weak photocatalytic
performance (90 min, ~12%) in decomposing MO molecules (The
detailed degradation process reflected by the optical absorption spectra
can be intuitively observed in Fig. S8). These results indicate that
different pollutants can be effectively decomposed by selected suitable
active species distribution.

Fig. 6d summarized the aforementioned photocatalytic perfor-
mances based on normalization. It can be intuitively found that the
evolution of photocatalytic activity would give us insights into the
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Fig. 6. (a) and (c) Comparison of the photocatalytic activities of PCN-based samples for decomposing the RhB and MO molecules in aqueous solution, respectively.
(b) The cyclic test of the RhB molecules degradation over the Ag-CN. (d) Summarized the aforementioned photocatalytic activity of PCN-based samples based on
normalization. The effect of a series of scavengers on the decomposition efficiency of the RhB molecules for (e) PCN, (f) Annealed-500, (g) Reannealed-450, (h)

Ag,CO3-CN and (i) Ag-CN, respectively.
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Scheme 2. The illustration of photocatalytic degradation mechanism of active species distribution of PCN-derived samples. The area of each solid line triangles
represents the whole amounts of active species (charge separation effect is as inversely proportional to PL intensity, which qualitatively reflects the amount of active
species). The area of each divided small triangle (the flags inserted) represents the amount of each active species specifically. Three solid line in each regular triangle
corresponds to different active species, and the thickness of the solid line correspond to the ability in decomposing dyes (the thicker, the better), thus, the
contribution for decomposing dyes by each active species is not only determined by the area size, but also determined by the thickness of the solid line

(weight factor).

relation between active species redistribution and corresponding per-
formance. For example, the higher proportion of the ‘Oz will facilitate
the RhB molecules decomposition effectively (Comparing the species
trapping experiments of Ag-CN to Ag2CO3-CN). The higher proportion of
the h™ can accelerate the MO molecules degradation availably
(Comparing the MO degradation activity and species trapping experi-
ments of Annealed-500 to Ag>CO3-CN). The phenomenon also can be
interpreted as the effect of electrostatic attraction. As RhB molecules and
‘03 are positively and negatively charged (as well as h* and MO mol-
ecules) [49], respectively, the effect of electrostatic attraction will
facilitate adsorption to enhance the degradation performance. Thus RhB
molecules can be efficiently decomposed by ‘O3 and MO molecules can
be effectively degraded by h™, respectively. These results guide us that
purposeful modifications can decompose specific pollutants effectively.
Take for example, the photocatalyst of reannealed-450 can be used to
specialize in decomposing RhB pollutant, and Ag-CN can be selected to
degrade mixture pollutant of RhB and MO. Meanwhile, it also indicates
that the simple effectively charge separation induced enhancement
mechanism is not sufficient to explain all photocatalytic degradation
phenomena, which is in agreement with the most published results re-
ported elsewhere [17,18].

3.4. Photocatalytic mechanism analysis

To reveal the mechanism that behind the photocatalytic performance
variation of the PCN-composites, the active species contribution was
further investigated. The species trapping experiments were carried out
in photocatalytic decomposing RhB molecules process. The certain
scavengers were added to the reaction system, where Ny avoiding

oxygen to produce superoxide anion radicals (‘Oz), triethanolamine
(TEOA, 10%) capturing holes (h") and isopropanol (IPA, 10%) scav-
enging for hydroxyl radicals (OH). It can be obviously found that the
dominant active species are totally different (Fig. 6e-i). Specifically, the
h™ and "03 are major active species in the PCN reaction system. The ‘O3
and h" are the primary active species in annealed-500 degradation
system. The obviously enhanced photocatalytic activity of reannealed-
450 is ascribed to the contribution of ‘Oz and ‘OH active species. Thus
it is known that the "O; active species becomes the most crucial
contributor after the annealing process, which are also in agreement
with Song’s report [50]. In fact, the oxygen atom doping in CN nano-
sheets structure facilitate the formation of ‘O3 because of the excited
electrons combining with O, more easily. The relatively poor perfor-
mance of AgaCO3-CN can be ascribed to that the h™ and "OH active
species dominate the degradation system. After converting Ag,CO3-CN
to Ag-CN, the photocatalytic activity is governed by the active species of
h"™ and ‘O3, and thus it performed enhancing degradation activity
comparing with Ag,CO3-CN (The details of degradation process re-
flected by the optical absorption spectra can be intuitively found in
Fig. S9).

It is widely accepted that the structural modification causes the
variation of proportion of generated active species, meaning that each
step of structural modification leads to the generation of a high per-
centage of the specific active species [19-21,51-53]. Furthermore, ac-
cording to the aforementioned phenomenon that we verified, it can be
known that the effectively spatial separation of photo-excited e-h pairs
are presumably essential for enhancing the total amount of active spe-
cies when reaching the dynamic equilibrium [54]. Meanwhile, Guan and
co-workers also reported that employing TiO5 as an example to make an
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important contribution to a comprehensive understanding of the charge
transport inside the crystal and the preferred accumulation of electrons
and holes on the surface [55]. Thus, we propose a photodegradation
model illustrated in Scheme 2 according to the decomposition behavior
in organic dyes of RhB and MO, which reveals the enhancement
mechanism from the viewpoints by combining both effective charge
separation and proportion evolution of active species. Degradation of
organic pollutants mainly depends on active species (holes, ‘O3, ‘OH),
which the whole amounts of active species can be represented by a tri-
angle. The size of this triangle corresponds to the efficiency of charge
separation (the bigger, the better). In this triangle, we aim to distinguish
the degradation contribution of specific active species according to each
divided smaller triangle (the bigger, the higher). Meanwhile, the
different organic pollutants can be decomposed by specific active spe-
cies. For example, it can be verified that the holes (h™) is effective for
MO degradation and superoxide anion radicals ('O3) is effective for RhB
degradation. It can be based on this feature using the thickness of the
three sides of the triangle to represent the relationship between specific
pollutants and most suitable active species (the thicker, the better). The
routes of moving points in the triangle show the different modified
treatment processes step by step, which is insightfully reflected the
relationship between structure modified and the photocatalytic activity
evolution. In other words, each solid line regular triangle area represents
catalytic contributions of the whole active species (inversely propor-
tional to the PL intensity), and the area size of each divided smaller
dashed-line triangle (the different flags inserted) in each regular tri-
angles, represents the amount of each specific active species(Scheme
2al-a5 and 2b1-b5). The routes of moving points in Scheme 2a and b
show the different modified treatment processes step by step. Therefore,
Scheme 2 can let us directly understand that the overall photocatalytic
activity is not only determined by the total amounts of active species
produced (efficient charge separation), but also depends on the pro-
portion of each active species. For example, the degradation activity of
PCN is much worse than that of Ag-CN shown in Fig. 6d though they
possess the same active species rankings (Fig. 6e and i). The enhanced
photocatalytic activity of Ag-CN probably attributed to sufficient active
species amounts as reflected by Scheme al and a4 (decreased PL in-
tensity corresponds to effective charge separation). The enhanced pho-
tocatalytic activity of both annealed samples (red and blue points)
compared to the PCN (black point) is mainly attributed to increased
whole amounts of radicals (reflected by PL curves in Fig. 5e) and the
higher proportion of the O3 active species (Scheme al, a2 and a3).
AgoCO3-CN (pink point) and Ag-CN (green point) possibly possess
similar amounts of active species (reflected by PL curves in Fig. 5f). As
h' is the most efficient active species to degrade the MO molecules, and
both heterojunction samples have the highest proportion of h™ among
active species (comparing area size of blue triangles in Scheme b4 and
b5), as a consequence, the activity of Ag2CO3-CN and Ag-CN in degra-
dation of MO does not show obvious difference (90 min, 85% vs 95%,
respectively). On the other hand, as eO; is the most effective active
species for decomposing RhB, Ag-CN (12 min, 95%) shows much better
performance in degradation of RhB than that of AgoCO3-CN (30 min,
95%) due to the different proportion of ‘Oz (comparing area size of grey
triangles in Scheme a4 and a5. Moreover, the relationship between
evolution of PL intensity and difference of photocatalytic activity also
can be insightful realized. The PL intensity shows that photo-excited
carriers recombination is suppressed after annealing treatment. Ac-
cording to our group previous works [23], for PCN, photo-excited car-
riers in energy space are not effectively separated in real space, and it
can be reflected by the prominent PL intensity, indicating that the
recombination portion of photo-excited electron-hole pairs is relatively
high. On the contrary, any accessible atomic oxygenation sites may
cause the breaking of uniformly distributed density of charge states in
real space for both valance band and conduction band. Therefore, the
recombination of photo-excited carriers of annealed samples is effec-
tively hindered in both energy space and real space, and obviously
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enhancing the photocatalytic activity due to the effectively separated
electron-hole pairs. Nevertheless, for AgoCO3-CN and Ag-CN, although
they perform lower light excited electrons and holes recombination, the
charge effectively separation mechanism is not sufficient to interpret the
difference of decomposition behavior for RhB and MO. If we addition-
ally take account of the significance of the active species distribution,
the phenomenon can be reasonably explained. Here, based on the above
discussion, for each active species, the photocatalytic activity for
decomposing different dyes is illustrated in Scheme S1. Therefore, we
firmly believe that this work not only presents a facile route to enhance
photocatalytic performance of PCN-based materials, but the more
important is that it reveals the enhancement mechanism from the
combined viewpoints of effective charge separation and the significance
of redistributed proportion evolution of active species.

4. Conclusions

In summary, we propose a mechanism that gives insights into what is
happening to organic pollutants degradation behavior. Based on this, we
successfully designed a 4-step route to synthesize a PCN-based photo-
catalyst (Ag-CN) with extremely high efficiency in degradation of
various pollutant dyes. The essence of CN structural modification
induced photocatalytic activity variation (i.e. various dyes degradation)
is not only determined by the photo-excited e-h pair separation, but also
dominated by the redistribution of active species proportion. The
annealing treatment allows the PCN to obtain remarkable large surface
and pore volume, introduced oxygen element probably forming active
sites to enhance the photocatalytic activity. We show the apparent evi-
dence that though the incorporation of Ag,CO3 obviously improves the
performance of MO molecules degradation, it is actually at the expense
of the RhB degradation activity. Namely, it also can be interpreted as the
process of active species redistribution to increase the proportion of
radicals that facilitate the MO molecules decomposition, and the cor-
responding proportion of active species that decelerates the RhB mole-
cules degradation. Furthermore, the holes (h™) and superoxide anion
radicals ("O3) were further verified that are most effective for the MO
and RhB molecules degradation, respectively. Thus, the mechanism is of
great significance for purposefully conducting further investigation of
more and more potential behavior of PCN-based degradation, and even
applied to other materials.
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