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Defect-activated ultrathin graphitic carbon nitride nanosheets (g-CsN4) show an enhanced visible light
absorption, better charge-separation, and facile charge transport properties. These are requisites for the
designing of an active photocatalyst. Conventional methods used for layer exfoliation and defect
activation require strong acids, reducing agents, or ultrasonic treatment for a sufficiently long duration.
Furthermore, single-step approaches for layer exfoliation and defect incorporation have hardly been
reported. Herein, we have shown atmospheric plasma enabled fabrication of g-C3zN4 nanosheets. This
approach is simple, low-cost, less time-consuming, and a green approach to exfoliate layers and activate
multiple defects concurrently. The protocol involves plasma discharging at an air—water interface at 5 kV
for 30-150 min. Atomic force microscopy (AFM) reveals a layer thickness of 96.27 nm in bulk g-C3N4.
The thickness becomes 3.78 nm after 150 min of plasma treatment. The exfoliated layers emerge with
nitrogen-vacancy sites and self-incorporated defects as probed by positron annihilation spectroscopy
(PAS) and X-ray photoelectron spectroscopy (XPS). The defect activated layers show visible light
absorption extended up to 600 nm. It is demonstrated that a non-uniform change in the band gap with
the plasma treatment time results from quantum confinement in thin layers and Urbach tailing due to
defects acting in opposition. Further, steady-state and time-resolved spectroscopy shows the
contribution of multiple defect sites for a prolonged lifetime of photoinduced carriers. These defect-
activated ultrathin nanosheets of CN serve as an active photocatalyst in the degradation of rnodamine B
(RhB) under white LED illumination.
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modifications, defect and facet engineering to modify g-C;N,
suitably for better activity, intrinsic modifications involve layer
exfoliation and defect activation.*® Exfoliated g-C;N, nanosheets
display much improved and unique electronic and physical

1. Introduction

In recent years, graphitic carbon nitride (g-C;N,) has evolved as
an excellent two-dimensional (2D) metal-free photocatalyst in

water splitting, air and water pollutant removal, and CO, reduc-
tion.’* The photocatalytic efficiency of bulk g-C;N, is constricted
by its poor visible-light absorption, fast-carrier recombination
and long diffusion paths of photoinduced carriers.*” Intrinsic
structural modification can help g-C;N, in overcoming these
difficulties. Among the different strategies such as doping,
composite and  heterojunction  formation, structural
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properties different from their bulk counterparts.®** Some of the
distinguishing features are the high surface area, short-diffusion
lengths of photoinduced carriers, high electron mobility, and
long carrier lifetimes.>'* Intrinsic defect incorporation into the
nanosheets can significantly improve absorption of visible to NIR
light, prohibits facile carrier recombination, and provides
numerous surface-active sites.**> These modifications make g-
C;N, a suitable candidate for areas such as photochemical H,
energy generation, water purification, memory devices, and bio-
imaging applications.**®

Conventional methods for layer exfoliation are ultra-
sonication, chemical, thermal oxidation, etc.®*'® A thermal
oxidation method of bulk g-C;N, results in nanosheets of an
average thickness of 2.33 nm. However, the major flaw of this
technique is the reasonably low product yield as g-C3N,
decomposes into gaseous products.’ In the solvent-mediated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exfoliation process, g-C3N, is dispersed in solvents such as
isopropyl alcohol (IPA), N-methyl-pyrrolidone (NMP), water,
ethanol, or acetone, and ultrasonically treated for 10 h. The
resultant nanosheets acquire a thickness of 2 nm in propanol.®
In water as a dispersing medium, the ultrasonically exfoliated
nanosheets attain a thickness of 2.5 nm."* The drawback of the
ultrasonication process is that it consumes a large amount of
time. The chemical exfoliation process involves dipping g-C;N,
in concentrated H,SO, for a period of 8 h. The process generates
ultrathin nanosheets of a thickness of 0.4 nm.’ The waiting time
for chemical exfoliation is lengthy and extreme care is required
in handling the acids.

Another promising strategy to improve the photocatalytic
activity of a 2D layered material like g-C;N, is the incorporation
of defects into the system. A successful defect incorporation
into g-C3N, requires the use of ammonium chloride, NaBH,,
KOH, or KSCN, and thermal annealing in an inert atmosphere
(Hy).>*>'72° 9-C3N, enriched with nitrogen and carbon vacancy
sites possesses numerous surface reactive sites, show enhanced
visible absorption, and improved charge carrier dynamics
useful for designing an improved photocatalytic system.

Some of the above-mentioned reports have deliberated on
exfoliation of g-C;N, and some reports focused on the forma-
tion of defects. However, a single step process for simultaneous
layer exfoliation and defect formation in g-C;N, is not found in
any of these reports. Therefore, herein, for the first time, we
have reported application of atmospheric pressure plasma at an
air-water interface for simultaneous layer exfoliation and defect
generation in g-C;N, nanosheets.

The air-liquid interfacial plasma adopted here is different
from that of plasma-induced etching used for the surface
treatment of nanomaterials. Plasma etching requires a low-
pressure vacuum chamber inside which the substrate or
sample, and an electrode are kept. Plasma is generated on the
electrode inside the chamber by a radiofrequency generator.
When gases such as O,, N, etc. are purged into the chamber, the
gases are ionized. These ionized gases directly bombard the
sample surface leading to its etching. For example, Bu et al.
used oxygen plasma for introducing a surface N-OH group by
oxygen doping.”* Ji et al. used oxygen and nitrogen plasma for
surface treatment of g-C;N,.*> While oxygen plasma treatment
etches the surface of g-C;N, and introduces the oxygen func-
tionality, nitrogen plasma treatment remediates nitrogen
vacancies present in the sample. Except for surface modifica-
tion, the plasma treatment does not lead to any layer exfoliation
or other morphological changes.*** In contrast to these tech-
niques, herein, air-liquid plasma is generated by applying
a high voltage of 5 kV in air just above a dispersed solution
containing g-C3;N,. The air-liquid plasma exfoliation process
offers the following advantages in comparison to conventional
techniques:

1. It is a green approach as it occurs without the aid of
chemicals.

2. A single-step approach leads to both layer exfoliation and
defect activation.

3. Unlike an ultrasonication/chemical process, the atmo-
spheric plasma approach requires a reasonably shorter time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In our study, we have performed positron annihilation
spectroscopy (PAS), and X-ray photoelectron spectroscopy (XPS)
as probing techniques to identify the incorporated defects in g-
C;3N,. The ultrathin structure provides a better charge transport
through the layers. The incorporated defects enhance visible
absorption and serve as charge accumulating sites for facili-
tating better charge separation, which are ultimate requisites
for designing a better photocatalytic system.'*° Finally, the
impact of layer exfoliation and defect activation on the optical
transition and charge carrier recombination dynamics is
studied with absorption spectroscopy, and steady-state and
time-resolved photoluminescence (PL) spectroscopy. Thus, with
a reduced layer number, extended absorption and generated
vacancies, the air-liquid plasma exfoliated g-C;N, has prom-
ising potential for photocatalytic applications.

2. Experimental

The atmospheric pressure air-plasma reactor consists of two
electrodes and a glass beaker containing 40 mg of bulk g-C3N,
(CN) in 100 mL de-ionized water. The stainless-steel electrode
(grounded) is submerged in water, while the copper electrode
placed at a distance of 2 mm above the water surface is used for
plasma generation. For the generation of plasma, a high AC
voltage of 5 kV is applied to the copper rod. Plasma is generated
for 30 min to 150 min above the liquid surface. During this
time, the aqueous dispersion of CN is continuously stirred. The
exfoliated products are named CN30, CN60, CN90, CN120, and
CN150. The exfoliated nanosheets are separated from unexfo-
liated CN through centrifugation. Starting with 40 mg of pris-
tine CN, the yield after 30 min plasma-treatment (CN30) is 50-
55% (20-22 mg). As the plasma exfoliation time increases, the
amount of exfoliated CN nanosheets in the dispersion also
increases. Hence, the yield is high for the sample CN150, which
is nearly 75% (30 mg). Of note, there was a mass loss of ~3-5%
during recovery of exfoliated nanosheets after centrifugation.
The final product after washing is dried in an oven to obtain the
exfoliated nanosheets in a powder form.

The crystalline structure of the prepared photocatalysts is
examined with X-ray diffraction (XRD) in a Bruker D8 Advanced
X-ray diffractometer under a Cu Ka X-ray beam of A = 0.154 nm.
An optical emission spectrometer (Andor SR303i-A, fitted with
an iDus DV420A-OE CCD detector, focal length: 0.3 m) with a slit
width of 100 pm and grating 300 groovesper mm is used to
identify the emission of various plasma species. The morphology
of the samples is viewed with a transmission electron micro-
scope (TEM, JEOL Ltd.) at an operating voltage of 200 kV. A semi-
contact mode atomic force microscope (AFM, NTEGRA Prime) is
used for imaging the morphology of the nanosheets. UV-visible
diffuse reflectance spectra (DRS) are recorded in a Shimadzu
UV-2600 spectrophotometer. The reflectance spectra are recor-
ded by mixing a requisite amount of samples with BaSO,. The
reflectance is converted to absorption by following the Kubelka-

. C 1—Ryx)’
Munk (KM) function, which is F(R.) = (ZT)’ where
R
Re = Rsa—mple. For a positron annihilation spectroscopy (PAS)
BaSO,
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study, two identical pellets of thickness ~1 mm and diameter
15 mm are taken to make the sample-source-sample sandwich.
In the present experiment, a ~10 mCi *?NaCl positron source is
enclosed in 1.5 mm thick nickel foil. Identical, 12% efficiency,
HPGe detectors (PGC 1216sp of DSG, Germany, energy resolu-
tion of 1.15 keV at 514 keV of *Sr radioactive source) were used
for the measurements of coincidence Doppler broadening (CDB)
spectra of the electron-positron annihilated 511 keV gamma
rays. About 10’ numbers of coincidence data are recorded for
each sample in a dual ADC based - multiparameter data
acquisition system (MPA-3 of FAST ComTec, Germany). The
standard fast - fast coincidence assembly is constructed using
two BaF, scintillators coupled with XP2020Q photomultiplier
tubes as two gamma ray detectors for the measurements of the
sub-nanosecond positron annihilation lifetime (PAL). The PAL
setup has a lifetime of 200 ps using a ®°Co source with an
appropriate positron window. X-ray photoelectron spectroscopy
(XPS) analysis is carried out in an ESCALAB Xi+ (Thermo Fischer
Scientific Pvt. Ltd., UK). The X-ray source Al ko with a pass energy
of 50 eV is used for a narrow scan (for individual elements).
Photoluminescence (PL) spectra are monitored with a Fluromax-
4 spectrometer (Horiba Scientific). Time-resolved photo-
luminescence (TRPL) spectra are recorded in a picosecond time-
resolved luminescence spectrometer (Edinburgh Instruments,
model: FSP920).

3. Results and discussion

The experimental set-up is shown in Fig. 1a. The exfoliated
products had a slight variation in colour, shown in Fig. 1b. The
different ionized species in the plasma and their interaction
with the liquid surface are shown schematically in Fig. 1c.
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Fig. 1 (a) Experimental set-up for plasma discharge, (b) colour varia-
tion in CN when treated with plasma for different time durations, (c)
schematic of different species formed near the air-liquid interface
during plasma discharge experiment. The blue line is a symbolic
representation of the interface. (d) OES spectrum showing the pres-
ence of different plasma-generated species in air.
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Optical emission spectroscopy (OES) detects the presence of N,,
N,", OH, and NO species in the plasma as shown in Fig. 1d,
which is in agreement with the previous report.>

AFM is taken as a direct tool to measure the size and thick-
ness of the nanosheet after plasma exfoliation, as shown in
Fig. 2.

The lateral size of the nanosheet decreases from 351 nm in
CN to 118 nm in CN150. AFM height-profile reveals a reduction
in the average thickness from 96.27 nm in bulk CN to 3.78 nm in
CN150. This indicates that the plasma exfoliation process
successfully separates the layers. Moreover, the reduced lateral
size means breaking up of the CN chains at the bridging N atom
joining the s-heptazine rings.

The crystallinity of CN is preserved after plasma treatment,
as revealed from X-ray diffraction (XRD). There are no notice-
able differences in the XRD peak positions between untreated
and plasma-treated samples. The pattern records two peaks at
27.7° and 13° corresponding to the (002) and (100) planes,
respectively (Fig. 3a). The (002) plane measures the interlayer
separation, and the (200) plane measures the separation of the
two s-heptazine units of CN.*** The TEM images of CN150 are
shown in Fig. 3b-d. A nanoflake region in Fig. 3c is taken in
a high-resolution mode and is shown in Fig. 3d. As Fig. 3d
shows the nanosheets contain nearly 12-13 layers with an
interlayer separation of 0.33 nm.

The layer exfoliation process of CN is speculated and dis-
cussed with the help of a schematic in Fig. 4. Our OES study and
previous report identify the presence of N,, N,*, OH, NO, HNO,,
and HNO; species in the air-discharged plasma.>® These species
diffuse from air into water and undergo several reactions. Out of
all the diffused species, NO, HNO, and HNO; sustain for
a sufficiently long duration in water and interact with dispersed
CN nanosheets.” Because of the high reactivity, O, and OH
ions have a shorter lifetime in water and do not bring any
significant changes to the CN nanosheet. Once diffused in
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Fig. 2 AFM images of bulk (CN) and plasma-treated samples (CN30,
CN60, and CN150) for different time durations (Axis and label colours
of CN150 are changed for better contrast).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD pattern of the samples. The nanoflake like morphology
of CN150 is reflected in (b) and (c) in TEM images. A part of (c) is taken
in high-resolution mode to observe the stacked layers with an inter-
layer separation of 0.33 nm (d).
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Fig. 4 Proposed mechanism for plasma-induced simultaneous (a)
exfoliation and (b) defect generation in CN nanosheets.

water, the plasma-activated electrons, HNO, and HNO;,
undergo the following sequence of reactions:*

1. Plasma discharged electrons (eplasma) €nter into the
aqueous medium and become solvated (eso)

€plasma + H2O — H+OH + €sol
2. At the interface, the following reactions are initiated by the
long-lived species.
NO + OH — HNO,
NO, + OH — HNO;

3. HNO, and HNOj, thus formed at the interface, diffuse into
the bulk volume and undergo the following set of reactions:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2N02 + 2H20 - NO3_ + HN02 + H30+

2NO, + 3H,0 — NO;~ + NO,  + 2H;0"

The concentrations of NO;~ and NO,™ species in water are
expected to show an increase with time. Since the ionic radii of
NO,  (0.192 nm) and NO;~ (0.179 nm) are smaller than the
interlayer separation in CN (0.33 nm in our analysis),* these ions
readily move into the interlayer gap and intercalate with the
layers, as shown in Fig. 4a. The coulombic repulsion between
these ions weakens the interlayer interaction of the nanosheets
and separates the layers. As the plasma discharging time
increases, more and more NO;~ and NO,™ ions are intercalated,
and as a result the exfoliation process gets accelerated. Besides
layer exfoliation, there occurs a breaking up of chains, as evident
from the decreased lateral size of the nanosheet from AFM. The
breaking of the chains is possibly led by a fraction of relatively
high-energy (~10 eV equivalent to 964.8 k] mol ') electrons
produced in the plasma.*” The energy of these discharged elec-
trons is higher than the bond dissociation energy of bridging
C-N (~458 kJ mol ") and aromatic C=N (~573.6 kJ mol )
bonds.”® The plasma discharged electrons enter into the water
and are involved in a series of reactions. Therefore, only a fraction
of these electrons directly interact with C-N and C=N bonds in g-
C;N,; and lead to the breaking of the chains and introduce
structural defects. The small fraction of these electrons does not
cause structural distortion, as directly evident from the unaltered
high crystallinity spectra of the plasma treated samples in XRD.
The mechanistic approach of defect generation and defect
incorporation is shown in Fig. 4b. The disruption of chains
generates nitrogen vacancies (N,) and leaves many unsaturated
carbon dangling bonds. These dangling sites readily bind with
NO,  and NO;™ ions and form -C-N-O- bonding and -C=N
bonding, as shown in Fig. 4b.***%

The results of AFM support our mechanism for layer exfoli-
ation. However, to probe the generation of vacancies and self-
incorporated defects, we pursued PAS and XPS. The types of
defects evolved in CN are investigated with PAS. The positron
annihilation lifetime parameters are obtained by deconvolution
of the positron annihilation lifetime spectrum using computer
programme PATFIT-88 with two components fitting (variance of
fit < 0.5 per channel).

Typical positron lifetime parameters for the four samples are
shown in Table 1. The short lifetime component (z,) arises from
the free annihilation of positrons from the bulk of the sample,
while the second positron lifetime (t,) is due to the annihilation

Table 1 The different positron lifetime parameters for the bulk and
plasma-treated samples

Sample 74 (ps) I, (%) 75(ps) I, (%)
CN 155+ 2 31+2 234 £ 6 69 + 2
CN30 157 £ 2 33+2 234£5 67 £ 2
CN90 155 + 2 45 £ 2 261 +7 55+ 2
CN150 156 + 2 24 £2 2315 79 £ 2

Nanoscale Adv., 2021, 3, 3260-3271 | 3263
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of positrons at the point defect site. The intensity of the second
positron lifetime (I,) is a signature of the relative amount of
such defects present in the sample. The value of I, is highest (79
+ 2%) for the sample CN150 suggesting maximum defects
present in this particular sample.

Fig. 5a shows the area-normalized coincidence Doppler
broadening (CDB) spectra of the samples with an area
normalized CDB of 99.9999% pure Al sample.** The maximum
peak intensity corresponds to p; = 11 x 10 ° m,C, where m, is
the rest mass of the electron and c is the velocity of light. Using
the relation & = p;?/2m,, the momentum value of 11 x 10> m,c
corresponds to the kinetic energy (K.E.) of the electron of 31 eV,
which is very close to the kinetic energy of the 2 s electron of
nitrogen ~37 eV. Thus, the peak at 11 x 10~ m,C is because of
the annihilation of positrons with the 2 s nitrogen electron.* In
Fig. 5a, CN30 and CN90 show a reduced peak intensity as
compared to bulk CN. The peak intensity increases in CN150
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Fig. 5 (a) Ratio curves of the area-normalized CDB spectra of pure

and plasma-treated samples with respect to 99.9999% pure Al (b)
CDB spectra of plasma-treated samples with respect to pure CN.

—~~
Q
~
—
O
~

View Article Online

Paper

and becomes stronger than that of bulk CN. A decrease in the
peak intensity suggests the formation of nitrogen-related
vacancies. Therefore, from Fig. 5a, we have inferred that CN30
and CN90 have higher numbers of nitrogen vacancies than bulk
CN. For a further understanding, we have measured area
normalized CDB spectra of plasma-treated samples with respect
to bulk CN (Fig. 5b). The graph in Fig. 5b shows a large deep for
the sample CN30, which signifies nitrogen open volume defects.
At 150 min, the curve is nearly flattening, likely due to the
incorporation of new nitrogenated species in the CN structure.
Thus, Fig. 5a and b signify the maximum generation of nitrogen
vacancies in the CN nanosheet in the first 30 min of plasma
treatment. However, as the plasma treatment time increases,
self-incorporated nitrogenated groups (defects) fill up these
vacancies, which are arguably NO,” and NO;~ from water.
Because of these self-incorporated defects, we have seen an
increase in peak intensity in Fig. 5a, and flattening of the
spectrum in Fig. 5b for CN150.

Another probing technique to quantify the surface
composition is XPS. The XPS spectrum of CN, CN30, and
CN120 is shown in Fig. 6. Fig. 6a-c shows the C 1s XPS spec-
trum from untreated and plasma-treated samples. After
deconvolution, the C 1s peak of bulk CN generates three peaks
at binding energies (B.E.) of 284.76 eV, 288.01 eV, and
288.76 eV. The results of the fitting are shown in Table S1.f
The peak C1 at 284.76 €V is the reference carbon peak. The
second peak (C2) at 288.01 eV comes from sp> hybridized
aromatic -C-N=C bonding. The third peak (C3) at 288.76 eV is
attributed to O-C=0 bonding. The deconvoluted N 1s spectra
of bulk and plasma treated CN are shown in Fig. 6d-f. In bulk
CN, the deconvoluted peak at 398.5 eV corresponds to sp”
hybridized two-coordinated nitrogen (N,c) in the C-N=C
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Fig. 6 Surface compositional analysis using XPS. Deconvoluted C 1s and N 1s spectra of CN (a and d), CN30 (b and e), and CN120 (c and f).
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bonding. The peak at 399.5 eV refers to sp® hybridized three
coordinated nitrogen (N3¢) in N(C); bonding, and the 400.9 eV
peak is due to C-NH bonding.** The N(C); refers to either
tertiary or bridging nitrogen atoms.**

Fig. 7a shows the various C-N- bond cleavage processes as
the plasma treatment time increases from 30 min to 120 min.
Fig. 7b—d show the shifting in the C2 peak, N,¢, and N3¢ peak as
a function of plasma treatment time. In Fig. 7b, we see a shift in
the C2 peak as time increases. After 30 min of treatment, the
system is activated with intrinsic nitrogen-vacancy defects on
the ring and on the bridging sites. The nitrogen-vacancy defects
create positive charge on the carbon sites (Fig. 7a (1, 2)). Hence,
the B.E. of the C2 peak in CN30 is shifted by 0.09 eV as
compared to that of pure CN, as in Fig. 7b. In CN120, the
shifting is 0.06 eV from that of pure CN. As time increases to
120 min, an excess amount of NO,  and NO;~ binds with the
unsaturated carbon atoms, shown in Fig. 7a (3).*** Therefore, it
seems that the positive charge on carbon, developed due to the
nitrogen-vacancy, is neutralized by the self-incorporated ions.
But as the NO,  and NO;  groups in the system are more
electronegative than carbon, they induce a positive charge on
carbon, as shown in Fig. 7b. This results in a marginal blue shift
in the B.E. peak in CN120. Fig. 7c and d show the B.E. shift of
N,c and Nj¢ peaks. As shown in Fig. 7c, the ring N, peak in
CN30 and CN120 undergoes 0.12 eV and 0.18 eV shifts to
a higher B.E. as compared to pure CN. The unsaturated carbons,
near the nitrogen-vacancy, bind with NO,™ and NO;~ groups
forming -C-N-O- bonding, as shown in Fig. 7a (3, 4, 5). Further,
the lone pair electrons on nitrogen are delocalized over the ring,
leaving positive charges around nitrogen Fig. 7a (4, 5), and
causing a blue-shift in the spectral position. Fig. 7d shows the
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shifting of the N peak. We can draw a similar conclusion for
the blue shift in the B.E. peak for N3, as we have provided for
N,c. The self-incorporated groups are incorporated at the
bridging site N position (Fig. 7a (6)) and bind with the carbon
of the aromatic ring. Besides the ~-C-N-O- bonding, the rear-
rangement of bonding near the nitrogen-vacancy also generates
—-C=N groups as added defects.

From XPS, we have also measured the N,c/N;c peak area
ratio, and the results are incorporated in Table S1. The ratio
decreases from 1.94 in the bulk to 1.67 after 30 min of plasma
treatment. A decrease in the N,c/Nj; ratio indicates the gener-
ation of N, on the N, site. However, the N,c/N3¢ ratio again
increases to 3.03 in CN120, which is even higher than that of
bulk CN. A high N,c/N;c ratio is because of incorporation of
NO,  and NO;™ into the graphitic framework of CN. Thus, we
have established defect evolution in CN nanosheets with PAS
and XPS.

The synergy of plasma exfoliation and defect activation has
an important implication on the samples' optical tunability. We
can monitor the changes in the optical properties with UV-
visible, steady-state photoluminescence (PL), and time-
resolved photoluminescence (TRPL) spectroscopy.

Fig. 8a shows the absorption spectra of the samples. The
spectra show a small hump at 330 nm corresponding toa © —
T* transition, and a maximum at 370 nm for an n — 7* tran-
sition.”> The n — =* transition involves photoexcitation from
non-bonded (%) lone pair electrons on nitrogen near the valence
band (VB) to the 7* conduction band (CB). The n — 7* tran-
sition is the free excitonic transition in CN.**** Besides the
excitonic absorption, the plasma-treated samples show a broad
visible absorption extending from 450-600 nm with a central
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Fig. 7

(a) Nitrogen vacancy formation with successive incorporation of NO,~ and NO3z~ groups as self-incorporated defects into the framework

of CN. Shifting in the B.E. position of the (b) C 1s peak, (c) Noc peak and (d) N3¢ peak corresponding to —C—N=C- bonding for plasma-treated
CN30 and CN120 samples in comparison to pure CN. The defects are incorporated on the ring (R) and the terminal (T) position.
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Fig. 8 (a) Normalized absorption plot of the samples. (b) Band gap
variation with plasma treatment.

maximum around 500 nm. The visible absorption is attribut-
able to the presence of nitrogen-vacancies or self-incorporated
defects. We see a colour variation in the plasma-treated
samples because of these defects, as shown in Fig. 1b. The
band gap variation with time is shown in Fig. 8b. The band gap
increases until 90 min, then it starts to decrease, and at
150 min, the band gap attains a value nearly approaching that of
bulk CN.

The increase in the band gap results from the quantum
confinement (QC) effect in the exfoliated layers, and the
decrease in the band gap occurs due to the intermediate defect
states. As depicted in Fig. 8b, the contribution of quantum
confinement and defects to the overall change in the band gap
occurs concomitantly. We have presented a more elaborate
discussion on the observed differences below. The relation
between band gap enlargement with the layer thickness is
explained with the following equation:
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Em=E, +
2D g T 2L’

(1)

where E; = 2.75 €V is the band gap of bulk CN, u is the reduced
mass of the exciton with m, = 0.4 m. and m;, = 1.4 m. and L is
the layer thickness.***” Inserting the layer thickness values for
CN, CN30, CN60 and CN150, obtained from AFM, we have
reached E,p values of 2.7401 eV, 2.8106 eV, 2.8111 eV, and
2.8435 eV, respectively. If we consider the effect of layer thin-
ning, we see a monotonous increase in the band gap with
a decrease in the layer thickness. However, the theoretically
calculated band gap does not agree with the experimentally
obtained ones. The anomaly appears because eqn (1) does not
contain any term that considers the contribution of defects.
Defect energy is specified from the Urbach tailing in the
absorption spectrum. Urbach tails appear if there are interme-
diate defect states near the valence and conduction band of CN.
The Urbach energy (E,) is evaluated from the linear fitting of the
plot In[F(R)] vs. hv below the fundamental band gap (E,).>* The
Urbach energy (E,) values for the different samples are 221 meV
(CN), 308 meV (CN30), 510 meV (CN60), and 943 meV (CN150).
The band gap and Urbach energy both increase with plasma
exfoliation time. But as we have seen the magnitude of the
increase in Urbach energy is much larger than the band gap
increase with plasma treatment time. Hence, we argue that up
to 90 min, the QC effect succeeds over Urbach tailing. From 90
to 150 min, the contribution of Urbach tailing outshines the QC
effect.

Next, we have studied the emissive nature of the samples
with steady-state photoluminescence (PL) and time-resolved PL
spectroscopy. Fig. 9a and b show the room temperature PL
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Fig. 9 PL spectra of pristine and plasma-treated CN at excitation (a) 4.27 eV, and (b) 3.3 eV. (c) PL and PLE spectra of CN, and CN150 showing
a difference of 0.5 eV. (d) PL spectra of CN fitted into three Gaussian peaks.
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spectra of the samples at 4.27 eV (1t — w*), and 3.3 eV (n — ©*)
excitation.'” Both excitations result in a single broad emission
spectrum with the central maximum around 2.8 eV. Although
the spectral position remains unaltered, the emission intensity
at 3.3 eV excitation is much stronger than at 4.27 eV. It is likely
due to the abundance of carriers around the non-bonded N 2p
states. Fig. 9c shows the PL and photoluminescence excitation
(PLE) spectra of pure CN and CN150. The PLE spectra for the
rest of the samples are shown in Fig. S1.7 The maxima of PLE
and PL are separated by 0.5 eV, as shown in Fig. 9c. The large
energy difference indicates that the PL emission is not because
of the free excitons, but due to the bound excitons. The bound
excitons appear because of the association of the free exciton
with vacancies and self-incorporated defects.

We have further deconvoluted the broad PL emission into
three Gaussians. The fitted peaks for bulk CN appear at 2.55 eV
(P1), 2.73 eV (P2), and 2.86 eV (P3), as shown in Fig. 9d.

The fitted results for the plasma-treated samples are shown
in Fig. S2.1 We have plotted the maximum emission as a func-
tion of plasma treatment time. As the Fig. 10a shows, the P1
peak undergoes a red-shift by 0.1 eV after 150 min and, for the
P2 peak, the spectral shift is 0.02 eV at 150 min. Plasma treat-
ment has a negligible influence on the position of the P3 peak.
It is seen that the spectral shift becomes more prominent as the
energy separation between the free excitonic absorption (PLE)
and emission (P1, P2, and P3) increases. The shift in P2 and P3
peaks is due to an increased number of bound excitonic states
with the plasma treatment time. P1 peak emission appears far
below the band gap of the samples. Unlike excitonic P2 and P3
emission, P1 emission can be associated with trapped state
carriers. Because of the defect states acting as trap centres, we

© 2021 The Author(s). Published by the Royal Society of Chemistry

record a large spectral shift for the P1 trap state emission with
the plasma exfoliation time.

Next, we see the impact of plasma exfoliation on the PL
emission intensity and the broadening of the peak. In Fig. 9a
and b we have noted a huge reduction in the emission intensity
after plasma treatment, irrespective of the targeted excitation

CN
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CN90

PL Intensity

{{{{(8

CN120

CN150

0_ 80 160
Time (ns)
Fig. 11 TRPL spectra of bulk and plasma-treated samples at an exci-

tation of 3.3 eV and monitoring at 2.78 eV emission.
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Table 2 Time-resolved life time parameters for bulk and plasma-
treated samples

Lifetime (ns)

Sample 74 (@1, %) 75 (az, %) 73 (az, %) Tay

CN 1.28 (33.4) 4.53 (51.2) 20.4 (15.4) 12.8
CN30 1.38 (34.7) 4.65 (49.4) 21.5 (15.9) 13.7
CN60 1.41 (36.7) 4.89 (49.3) 22.0 (16.0) 14.0
CN90 1.40 (37.8) 4.96 (46.1) 22.4 (16.1) 14.5
CN120 1.47 (35.5) 5.05 (47.6) 22.7 (16.9) 14.8
CN150 1.56 (33.1) 5.35 (47.4) 22.9 (19.5) 15.5

wavelength. By considering the fitted results with Gaussian, we
have taken integrated PL intensity versus plasma exfoliation
time. As shown in Fig. 10b, the emission intensity decays fast up
to 60 min, and then decays slowly up to 150 min. The slow decay
in emission intensity with time signifies a non-radiative exci-
tonic emission because of high numbers in bound exciton
density. An increase in exciton density facilitates exciton-
exciton interactions which, as a result, increases the non-
radiative emission decay. Further, an excess defect can disso-
ciate the bound exciton into free carriers because of an elevated
exciton-defect interaction. Once dissociated into free carriers,
they are readily trapped at the defect states leading to a delay in
recombination. In Fig. 10c, we have shown that the full width at
half maximum (FWHM) of PL increases with the plasma dis-
charging time. The increased PL band width with time implies

—~
Q
N

0.6
— Initial CN
8 — 0 min
c 041 —15min _
® —30 min 75 min
L2 45 min — 90 min
202 & — i20min
< . ~leomin
450 500 550 600 650
(c Wavelength (nm)

N
o

Adsorption in dark

)

X

= 15 -=-CN

IS ~e- CN30

240 -4 CN9O -

3 10 -v-CN150

Q)

> 5

A
045 0
i Time (min)

—~
O
N

View Article Online

Paper

an increased exciton-exciton interaction or increased interac-
tion between trapped carriers.

Time resolved PL spectroscopy measurements for the
samples are conducted for a 2.78 eV emission at an excitation of
3.3 eV (Fig. 11). The PL decay is a tri-exponential temporal
evolution under 3.3 eV photoexcitation, as shown in Table 2.
The shortest component 7, increases from 1.28 ns in bulk CN to
1.56 ns after 150 min of plasma treatment. Similarly, 7,
increases from 4.53 ns to 5.35 ns and 73 increases from 20.4 ns
to 22.9 ns in the bulk and 150 min of plasma treated samples,
respectively.

The average lifetime is extended from 12.8 ns in the bulk to
15.5 ns after 150 min of plasma-treatment. The origin of various
PL lifetimes has been elaborately discussed in our earlier
report.* In a nutshell, the shortest lifetime is due to exciton
movement and subsequent recombination in the stacked
direction. The longest component of lifetime is due to the in-
plane migration of excitons.** The presence of nitrogen
vacancies and self-incorporated nitrogenated species is likely to
be responsible for the extended carrier lifetime.

In the introduction section, we have discussed that defects
could be beneficial for an enhanced photocatalytic activity.
However, there are some reports which are in favour of the
above statement, and there are some reports which are against
this statement. For example, Xue et al. showed that interme-
diate nitrogen vacancies and cyano defects in g-C;N, enhance
visible light absorption but reduce the mobility of electrons and
holes. A reduced mobility restricts the overall improvement in
photocatalytic activity." Similarly, Wu et al. remarked that -NH/
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Fig. 12 Absorption spectra of RhB in the presence of (a) CN, and (b) CN150 showing gradual degradation of the central peak of RhB at 553 nm. (c)
Adsorption of RhB on the catalyst surfaces during 45 minutes of stirring in the dark before illumination is shown as dark adsorption. (d)
Degradation (in %) of RhB dye under white light in the presence of CN and plasma-treated CN.
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NH, terminals on g-C3;N, accelerate carrier recombination and
limit the photocatalytic H, evolution performance.* In contrary
to these reports, Li et al,** Zhang et al,* and Wen et al™®
showed that nitrogen vacancies and cyano defects enhance light
absorption and facilitate carrier separation by trapping the
carriers, resulting in improved methyl orange degradation, H,
production, and CO, reduction. Niu et al.,*> however, stated that
an improved photocatalytic performance requires an optimum
defect concentration, beyond which the photocatalytic perfor-
mance is greatly reduced.

To establish a correlation between photocatalytic activity and
defects evolved in plasma modified CN, we performed photo-
catalytic removal of rhodamine B (RhB) from water under white
LED illumination. The detailed experimental procedure is
elaborated in the ESI.{ The spectrum of the white LED is shown
in Fig. S3.7 The degradation of RhB is monitored by recording
the decrease of the absorption maximum at 553 nm in the
presence of CN and CN150 (Fig. 12a and b). The absorption
spectra of degraded RhB with CN30 and CN90 are shown in
Fig. S4.7 The degradation is considered after subtracting the dye
adsorption by the catalysts in the dark, which is shown in
Fig. 12c. While bulk CN shows 75% removal of RhB, CN30
removes 89% of RhB under illumination. The photodegradation
reduces to 88% in CN90 and 85% in CN150 (Fig. 12d). There-
fore, though better photocatalytic activity of the plasma-treated
samples is revealed compared to pristine CN under white light,
our results directly complement the observation made by Xue
et al.,*> and Niu et al.*? The increase in the photocatalytic activity
in CN30 is likely due to the incorporated nitrogen vacancy
defects in the system. These defects increase charge separation,
making available sufficient carriers for involvement in photo-
catalysis. However, as the plasma exfoliation time increases,
along with nitrogen vacancies, cyano defects, and self-
incorporated defects also increase. From TRPL we have found
that the average lifetime is much increased in CN150. Although
the average lifetime is more, the mobility of charge carriers is
expected to be lowered in the presence of excess defects, which
finally lowers the efficiency of the photocatalysts in RhB
degradation.

Finally, we have made a comparison (Table 3) of the advan-
tages of our approach with other reported results for designing
exfoliated and defect-activated g-C3N, nanosheets towards
photocatalytic applications.

4. Conclusion

In summary, we have shown a novel approach of plasma-
induced exfoliation of bulk g-C;N,. Without the aid of any
chemicals and 150 min of plasma discharging, we achieve layer
thinning to 3.78 nm. The peeling of the nanosheets' layers
results from the electrostatic repulsion of intercalated NO,™
and NO; ™ ions. The exfoliation is associated with the generation
of nitrogen vacancies and self-incorporated nitrogen groups, as
evident by PAS and XPS. The self-incorporated nitrogenated
species form -C=N and -C-N-O- bonds with the unsaturated
carbons. The tunability of optical properties is linked with the
reduced layer thickness and incorporated defects. The layer
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thickness is responsible for the enlargement of the band gap.
However, nitrogen vacancies and self-incorporated defects are
accountable for band gap reduction. The charge -carrier
dynamics reveal an increased carrier separation resulting from
an increased exciton-exciton interaction. Since a reduced
thickness and defects are considered requisites for designing an
efficient photocatalytic system, we argue that this single step
approach of plasma treatment is an efficient one to achieve
defect activated CN nanosheets. The tested results for photo-
catalysis in RhB degradation under a white LED show an
enhanced photocatalytic activity in the plasma-treated samples
as compared to the untreated one. Defect states enhanced light
absorption in the visible region and act as carrier trapping sites,
resulting in the enhanced photocatalytic activity in CN30 (89%)
as compared to pristine CN (75%). However, an increased
exfoliation time reduces the photocatalytic activity in CN 90
(88%) and CN150 (85%). It is likely that excess defects reduce
carrier mobility and degrade photo-induced catalytic activity in
CN90 and CN150. The photocatalytic application of the
synthesized material in water splitting under visible to NIR
radiation is under progress in our laboratory.
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