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Tailoring the stoichiometry of CzN4 nanosheets
under electron beam irradiationt
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Two-dimensional polymeric graphitic carbon nitride (g-C3N4) is a low-cost material with versatile
properties that can be enhanced by the introduction of dopant atoms and by changing the degree of
polymerization/stoichiometry, which offers significant benefits for numerous applications. Herein, we
investigate the stability of g-CsN4 under electron beam irradiation inside a transmission electron
microscope operating at different electron acceleration voltages. Our findings indicate that the
degradation of g-CsN4 occurs with N species preferentially removed over C species. However, the
precise nitrogen group from which N is removed from g-CszN4, (C-N-C, =NH or —NH>) is unclear.
Moreover, the rate of degradation increases with decreasing electron acceleration voltage, suggesting
that inelastic scattering events (radiolysis) dominate over elastic events (knock-on damage). The rate of
degradation by removing N atoms is also sensitive to the current density. Hence, we demonstrate that
both the electron acceleration voltage and the current density are parameters with which one can use
to control the stoichiometry. Moreover, as N species were preferentially removed, the d-spacing of the
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Introduction

Graphitic carbon nitride (g-C3N,) is regarded as the most stable
polymeric allotrope of the carbon nitride family under ambient
conditions.” Due to the semiconducting and exceptional photo-
catalytic properties of g-C;N,, it holds great promise for use in
several applications,>* including catalysis,® energy conversion,®’
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carbon nitride structure increased. These findings provide a deeper understanding of g-CsNg.

biosensing,® and bioimaging.’ Moreover, g-C;N, can be used for
the preparation of metal nitrides nanoparticles, for example,
GaN and VN,' as well as metal carbide nanoparticles, for
instance, NbC, TaC, and WC.**

A bandgap of 2.7 eV renders g-C3N, powder photolumines-
cent when dissolved in solvents and irradiated by a light source
with a wavelength of ~450 nm.'” The photoluminescence of
¢-C3N, nanosheets and quantum dots can be quenched when in
contact with certain ions, thus making it a promising material
for chemical sensing."®*® It has also been reported that g-C;N,
can absorb near-infrared light'® generating heat when exposed
to near-infrared light for an extended period. This suggests the
potential for g-C;N, application in photodynamic therapies to
treat tumors by selectively overheating specific tumorous tissue
regions. Because of its semiconducting properties,” g-C;N, also
shows promise in nanoelectronics, energy conversion and
storage, photocatalysis, among other potential applications.'®™°

In an ideal case, g-C3N, nanosheets are comprised solely
of covalent bonds between carbon and nitrogen atoms in an
sp>-hybridized configuration. In reality, however, it has also
been reported that hydrogen is present, which is associated
with primary and/or secondary amine groups at termination
edges and on the surface.'” The presence of these functional
groups on nanosheet surfaces is mostly linked to incomplete
polymerization produced during the synthesis, which produces
¢-C3N, nanosheets with defects distributed across the lattice.
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These defects can either be an advantage, e.g., to facilitate
further functionalization and tailor the desired properties for
bespoken applications, or they can be a source of instability
within the g-C;N, crystalline structure, which could reduce
their performance for certain applications. For example, it
has been reported that the morphology and surface area of
2-C;N, are important parameters for controlling photocatalytic
performance.>® Thus, understanding the actual structure of
2-C3N, and aspects regarding its stability is of great importance.

Moreover, its potential for industrial use be can only be
realized once an in-depth understanding of the stability of
2-C;N, under different conditions is obtained. Typically, material
stability is investigated through mechanical, chemical, and
thermal stress testing, which is usually conducted with bulk
quantities. The rise in diverse applications that require extreme
precision and reliability, such as in biomedicine and space
exploration, demands characterization and quality controls
under specific conditions at smaller scales, even down to the
atomic level. For example, the biomedical use of g-C3N,
nanosheets requires that the material interacts with specific
proteins and enzymes to develop its functional ability, whereas
employing g-C;N, in nanoelectronic devices for use in space
exploration may necessitate tolerance of the material to certain
doses of radiation. Although it is known that g-C;N, has high
chemical and thermal stability (up to 500 °C at pH from acidic
to alkaline),>**? its stability under electron beam irradiation is,
to the best of our knowledge, little known.

Transmission electron microscopy (TEM) is a structural and
spectroscopic characterization tool that allows the investigation
of materials at the atomic level. Moreover, it permits control of
the electron irradiation level (dose) that the specimen receives.
This can be achieved by varying the electron acceleration
voltage and by tuning the electron current density. This is
important because the mechanisms through which electrons
interact with the specimen vary dramatically by changing the
conditions of the incident electron beam. The electron/
specimen interaction can be of an inelastic or elastic nature,
and both scattering processes are the result of Coulomb inter-
actions between the incident electron beam with either the
atomic nuclei of the specimen (elastic interaction) or the
electron cloud surrounding the atom nuclei of the specimen
(inelastic interaction). These physical processes are important
for imaging and characterizing samples, but they can simulta-
neously damage the specimen, which in many cases modifies
or even degrades the crystalline structure of the material.>*>*

In the case of inelastic scattering, the energy of incident
electrons is transferred to atoms in the specimen. This energy
is converted into kinetic energy and momentum, leading to the
loss of mass or atom displacement, known as radiolysis. In
elastic interactions, there is no change in the incident beam
energy but only a deflection of incident electrons due to
electrostatic interactions with the nuclei of atoms. To maintain
constant energy and momentum, incident electrons and atoms
in the specimen deflect. If deflection from atoms of a specimen
is above a threshold energy (which is dependent on the material
in question), then atoms can be displaced in a process known
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2526 wWhether inelastic or elastic inter-

as knock-on damage.
actions dominate is not only highly dependent on the energy
and current density of the incident electron beam but also on
the nature of the specimen being investigated.?”

The use of high acceleration voltages leads to knock-on
damage dominating because electrons carrying more energy
have a higher probability of interacting elastically with the
specimen. This effect can be even more prominent when
exposing thin materials to high-energy beams®® and can be
easily observed by imaging graphene with acceleration voltages
above its knock-on damage threshold energy (86 kVv).>>*° The
use of low acceleration voltages reduces knock-on damage but
may increase damage due to radiolysis. This is because low
electron voltages increase the interaction cross-section of the
incident electrons, which increases the probability of inelastic
interactions taking place. Therefore, there is no single set of
optimum operating conditions for TEM measurements and a
balance of the operating conditions must be determined for
each type of sample.?83%3!

Herein, we investigate the stability of g-C;N, nanosheets
under different electron irradiation conditions for different
TEM acceleration voltages (300, 80, 60, and 30 kV) and current
densities (1.0 x 107"'-6.5 x 107" nA nm ). Our results
suggest that the stability of g-C;N, is highly dependent on the
operating conditions of electron beam exposure, which provides
an exciting approach for tailoring the nitrogen content and
d-spacing of g-C3;N,, and ultimately its properties.

Experimental section and methods
Synthesis of g-C;N,

Crystalline g-C;N, nanosheets were synthesized by a two-step
annealing of the NH,SCN precursor under deaerated conditions.
NH,SCN (5 g) was heated at 230 °C for 12 h in a tubular furnace
(ramping rate: 1 °C min~ ") under an Ar atmosphere (flow rate:
50 mL min~'). The obtained white powder was then washed with
deionized (DI) water to remove residual ions. The washed
powder was dried at 100 °C for 12 h, loaded into a silica glass
tube, evacuated to 10~° mbar, and then sealed. The ampule was
eventually heated to 630 °C for 12 h in an oven at a ramping rate
of 1 °C min™" to obtain g-C;N,.***

TEM sample preparation

A nominal amount of g-C;N, (20 pg) was dispersed in 0.5 mL of
isopropanol in a bath sonicator at room temperature to
improve the dispersibility and to exfoliate the g-C;N, flakes
into thin layers. Sonication separates and exfoliates the flakes,
allowing the preparation of individual, freestanding g-C;N,
nanosheets (a few atom layers thick). To explore the efficiency
of the procedure, a mixture of isopropanol containing the
2-C3N, flakes was sonicated for different time intervals (180,
600, 900, and 1800 s) and shown in Table S1 of the ESLt The
sonicated samples were left to stand for 600 s to allow the
precipitation of clusters and larger agglomerations. For each
sonication time, a small volume (3 pL) from the supernatant
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was collected with a pipette and drop-coated onto a TEM grid of
lacey carbon film. The samples were then left to dry freestanding
(on the tip of cross-locking tweezers) on a hot plate at 40 °C for
1 h prior to TEM measurements.

TEM imaging

The samples were imaged using a double-aberration-corrected
FEI Titan microscope operating at 300 and 80 kV. The results
obtained at acceleration voltages of 60 and 30 kV were acquired
using a spherical-aberration-corrected Titan Themis microscope.
For each acceleration voltage, the stability of the g-C;N, flakes
was investigated by varying the current densities from high
(107 nA nm?) to low (10"° nA nm™>). The electron energy loss
spectroscopy (EELS) spectra were acquired locally with the micro-
scope operating in the scanning transmission electron microscopy
(STEM) mode at each corresponding acceleration voltage with a
camera length of 91 mm and a convergence angle of 21.4 mrad.

Results and discussion

As-synthesized g-C3;N, nanosheets were isolated as bright
yellow powders and shown in Fig. S1A in the ESI{ Careful
analysis of the results indicated that even a short sonication
time was sufficient to disperse the flakes (Fig. S1B-E, ESI{), as
no significant differences between the samples sonicated for
180 s and 1800 s were identified (Fig. S2, ESIt). Since sonication
is known to damage two-dimensional (2D) materials, we used
samples sonicated for 180 s for the electron irradiation experiments
to minimize the possibility of such damage.

After sonication, the g-C;N, dispersion was left to settle for
600 s to allow larger agglomerates to precipitate. A small aliquot
(3 pL) of the upper portion of the suspension was then removed
with a pipette and drop-coated onto a standard TEM grid with a
lacey carbon film. TEM grids containing the g-C;N, dispersion
were dried in air on the tip of cross-locking tweezers left on top
of a hot plate at 40 °C for 1 h.
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Initial characterization of the material begins with deter-
mining whether the as-synthesized g-C;N, sample is crystalline
and then the identification of its crystal parameters. The lattice
parameters of g-C;N, are highly dependent on the C:N ratio.**
For example, Fina et al.*>* measured the d-spacing of the (100)
plane for their g-C3N, sample with a C:N ratio of 0.68 as
0.68 nm, whereas the d-spacing of the same (100) plane for
fully polymerized triazine and tri-s-triazine (C: N ratio 0.75) was
smaller (0.41 nm and 0.615 nm, respectively) in other
studies,?**>3® suggesting that lower g-C;N; C:N ratios lead
to increased d-spacings. This is vitally important because
it indicates that varying the nitrogen content affects the d-spacing,
viz., it provides a pathway to tailor the properties of g-C;N,.

TEM images of our g-C3N, specimen (at 300 kV) are shown
in Fig. 1. The g-C3N, nanosheets are indeed crystalline (Fig. 1A),
with lattice fringes easily identified (see inset). The Fourier
filtered image shows two crystal spacings at high resolution
(Fig. 1B). The corresponding fast Fourier transform (FFT) image
is shown in Fig. 1C. To minimize the exposure of the sample
to the electron beam, all of the imaging parameters were
determined on a section of the specimen near the region to
be evaluated. Once the TEM acquisition parameters were set,
the stage was then moved to the nearby non-irradiated region,
and an image was immediately acquired. The d-spacing values
not only provide feedback on the different C: N ratios of g-C3N,
but also indicate the presence of defects in the lattice. In this
case, the obtained value (attributed to the (100) orientation) is
taken as the basis of the “non-irradiated” sample.

Specimen stability studies at an acceleration voltage of
300 kV reveal that the g-C;N, nanosheets were sensitive to
electron irradiation. At low magnification (<165 000x), it was
possible to image the sample without visible changes to the
flakes. This was achieved with a current density of up to 3.5 x
10~'° nA nm 2. However, when the magnification was increased
to 210 000x, the g-C3N, nanosheets rapidly lost their crystalline
structure during the same acquisition time (1 s). This happens
because the current density is approximately two times larger

Fig.1 Low- and high-resolution TEM images of CsN4 nanosheets. (A) TEM crystalline image of the g-C3N4 lattice. The inset is of a cropped region
showing the lattice in more detail. (B) Fourier filtered image of the inset presented in A. The lattice parameters were measured directly from the TEM
image. (C) FFT of the image in B showing the lattice reflex attributed to the (100) plane. TEM images were acquired using an acceleration voltage of

300 kV and a current density of 4.0 x 10~ nA nm~2,

This journal is © the Owner Societies 2021
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(6.5 x 107" nA nm™?) for a magnification increase from
165000x to 210000x. Successful imaging of g-C;N, with a
magnification of 210 000x was only possible by decreasing the
current density to 4.0 x 10~ '* nA nm 2 (which was achieved by
increasing the illumination area). At this low current density, the
2-C;N, lattice remained significantly more stable and could be
irradiated for up to two minutes, which is sufficient for image
capture with longer acquisition times. These results indicate that
the current density is an important electron beam parameter
concerning the stability of g-C;N, nanosheets. Examples of the
differences observed for different magnifications (and therefore
current densities) are presented in Fig. 2A and B, which shows
high-resolution TEM images of a g-C;N, flake and its corres-
ponding FFT, respectively. The image shown in Fig. 2A was
acquired using a current density of 6.0 x 10~ ** nA nm ™2, Suitable
images with current densities up to 8.5 x 10~ nA nm ™2 could be
obtained, while for higher current densities, degradation was
readily observed. An example of this degradation can be seen in
Fig. 2D and E; panel D clearly shows the amorphous nature of
the material after electron irradiation, as does the corres-
ponding FFT in panel E, which lacks any reflexes and confirms
the amorphous nature of the heavily irradiated samples. Typi-
cally, the transition to an amorphous state occurred after ~20 s
irradiation for current densities in the range of 4.0 x 10 '° to
6.0 x 10~'° nA nm~> (one order of magnitude larger than that
used in Fig. 2A). We also examined the stoichiometric changes
between C and N in the material when transitioning from its
crystalline state to an amorphous state through EELS probing
studies. A representative example from a crystalline g-C;N,
state is shown in Fig. 2C, which displayed stoichiometric values
of 62% C and 38% N. For the amorphous material obtained
after extended electron irradiation, the stoichiometric values

Cljystalline

Amorphous
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change to 96% C and 4% N (Fig. 2F). The EELS data, therefore,
suggest a preferential loss of nitrogen from the g-C3;N,
nanosheets during the transition process, ultimately yielding
amorphous carbon.

To further investigate the amorphization process and the
stability of the g-C;N, nanosheets, studies using an electron
acceleration voltage of 80 kV were conducted. Reducing the
acceleration voltage should, in principle, reduce the role of
knock-on damage.”>*® The same experimental imaging condi-
tions were used as were implemented at an electron acceleration
voltage of 300 kV. Interestingly, the degradation of g-C;N, was
similar for both electron acceleration voltages (Fig. 3). Fig. 3A-C
shows low magnification (31 000x-99000x) TEM images for cur-
rent densities in the range of 9.5 x 10” ™ t0 3.5 x 10" nA nm™?,
during which the g-C;N, nanoflakes remained crystalline for up to
180 s. However, when the magnification was increased (165 000-
210000x), the total current density increased by one order of
magnitude and the nanosheet transition to an amorphous state
was again rapid and occurred within 20 s. EELS studies showed
that this is related to the loss of nitrogen species in the material
(for example shown in Fig. 1F).

To study the electron-beam-driven transition process, we
also examined specimen stability at two lower acceleration
voltages, namely, 60 and 30 kV. At lower acceleration voltages
in the same current range explored at 80 and 300 kV (9.5 x
107" to 6.0 x 107" nA nm ?), the crystalline g-C;N,
nanosheets became amorphous after exposure for 15 s with a
current density of 6.0 x 10~ '° nA nm 2. This suggests that the
degradation of the g-C;N, material occurs more readily at
electron acceleration voltages below 80 kV.

To better comprehend the irradiation susceptibility of
g-C3N, at low electron acceleration voltages, a series of

C C  C:62%|N:38%

Counts

N

40 5 0 5 10 275300 325 350 375 400 425 450
Energy loss (eV)

F c

C:96% | N: 4%

Counts

40 5 0 5 10

275 300 325 350 375 400 425 450
Energy loss (eV)

Fig. 2 Sample of g-C3N4 sonicated for 180 s in isopropanol and imaged at 300 kV. (A) TEM image of the g-C3N,4 nanosheet indicating that it is crystalline,
as highlighted in the inset and in the FFT shown in panel (B). (C) EELS data showing the presence of carbon and nitrogen. (D) TEM image showing that
after 20 s of electron irradiation, the g-C3sN4 nanosheet quickly loses its crystallinity and becomes amorphous. (E) FFT showing the absence of reflexes in
the amorphous state. (F) EELS data indicating that nitrogen is lost after electron irradiation.
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Fig. 3 TEM images of g-CsN4 under different electron acceleration voltages. (A)—(D) TEM images of g-CszN4 at 300 kV. (A)-(C) Low magnification
images show the presence of crystalline g-CsN4 nanosheets, as can be seen in the FFT insets. (D) Amorphization of the g-C3N4 nanosheet within 20 s
after increasing current density. (E)—-(H) TEM images of g-CsN4 imaged at 80 kV. (E)-(G) Low magnification images also show that the g-C3sN,4 nanosheets
are crystalline. (H) Amorphous g-C3sN4 after 20 s of electron irradiation at higher current density.

experiments using low current densities (1.0 x 10~ '" to 4.0 x
10" nA nm™?) were conducted at acceleration voltages of 300,
80, 60, and 30 kV. At these lower current densities, successful
image acquisition was only possible with longer exposure times
(four times higher, 4 s). At low acceleration voltages, the image
resolution decreased owing to increased electron scattering in
the specimen and the predominance of lens aberrations.?” The
resolution in TEM is limited by spherical (Cs) and chromatic
(Cc) aberrations of the objective lenses.*® While the Cs occurs
because electrons reach the optical axis at points slightly
shifted from the image plane, Cc arises from energy spread in
the electron beam, which causes electrons to focus at different
image planes.*® At lower acceleration voltages, the Cc predo-
minates. To overcome these image quality limitations at low
acceleration voltages, it is essential to use a transmission
electron microscope equipped with a Cc correction lens
or an electron-beam monochromator.>”***® To obtain high-
resolution images (Fig. 4), two imaging parameters (acceleration
voltage and current density) were used. When a lower acceleration
voltage was used, a lower current density was needed. Since
electrons with low acceleration have a higher probability of
interacting with the specimen (leading to an increase in
electron-driven damage), one needs to reduce the current
density to reduce the damage due to electron irradiation.
However, this strategy can lead to poor image quality in
addition to the lower resolution caused by the change in
acceleration voltage. One can easily see that the image obtained
at 300 kv (Fig. 4A) is of higher quality (is clearer) compared to
that collected at 30 kV (Fig. 4D).

The microscopes used in this study are equipped with a Cs
corrector at the objective lens as well as an electron

This journal is © the Owner Societies 2021

monochromator. The electron monochromator reduces the
electron energy spread and consequently reduces the Cc.*”®
Good-quality imaging at 60 kV (Fig. 4B) and 30 kV (Fig. 4D) was
only possible by reducing the energy spread of the electron
beam (also known as electron beam monochromation). With
an electron acceleration voltage of 60 kV, it was possible to
acquire images with reasonable image quality, whereas for an
acceleration voltage of 30 kv, the image quality was visually
limited, even when using a monochromated beam. Even with
only a slight increase in current density (from 1.0 x 10~"" to
4.0 x 10°'* nA nm™?), the image quality deteriorates for the
lowest acceleration voltages tested (60 and 30 kV) (Fig. S3, ESIt). For
example, imaging with a current density of 6.0 x 10™"' nA nm™>
(Fig. S3C and D, ESIf) led to image qualities significantly
worse than when using a current density of 1.0 x 10~ nA nm >
(Fig. S3C" and D', ESIt).

As mentioned in the introduction, there is an intrinsic
correlation between the beam energy and the type of inter-
action with the specimen (either elastic or inelastic). Electron
beams with high energies will favor elastic interactions (knock-
on damage), whereas low-energy beams favor inelastic inter-
actions (radiolysis). Therefore, the hypothesis to explain the
observed phenomena is that with a decrease in the acceleration
voltage, albeit with beam energy below the knock-on threshold
energy, the energy transfer (inelastic interaction) from the
incident beam to the specimen is high. At higher current
densities, the greater the irradiation dose of the specimen,
the more rapid the degradation of the lattice. As mentioned
previously, this can produce defects on the g-C;N, surface that
are regions of instability in the lattice, which contribute to
faster degradation of the material.

Phys. Chem. Chem. Phys., 2021, 23, 4747—4756 | 4751
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FFT filtered

Fig. 4 Differences in imaging C3N4 nanosheets with decreasing electron beam energy. TEM images of g-C3N4 at (A—A") 300 kV, (B—B”) 80 kV, (C-C")
60 kV, and (D-D") 30 kV. (A'), (B'), (C’), and (D’) Fourier filtered images of the boxed regions in the TEM images, for 300, 80, 60, and 30 kV, respectively.
The corresponding FFT images are shown in panels A”, B”, C” and D”. In all cases, TEM imaging of g-C3sN4 was performed using a low current density

(1.0 x 107" t0 4.0 x 107 nA nm™2).

To better illustrate our observations, plots of the degradation
time (amorphization time) for different electron acceleration
voltages and currents are provided in Fig. 5. In Fig. 5A, amor-
phization of the g-C;N, nanosheets is plotted against the accel-
eration voltage for two low current densities (on the order of
10~ nAnm?). It can be seen that for current densities between
1.0 x 107" and 3.0 x 10™'* nA nm 2, the nanosheets become
amorphous over a time frame of approximately 120 s. With just a
small increase in the current density (from 3.0 x 10" to 4.0 x
10~"" nA nm?), the amorphization time decreases from 120 s to
30 s (reduction of 75%) for an acceleration voltage of 30 kV.
Fig. 5B displays the amorphization time plotted as a function of
the current density, which indicates that low-energy electron
beams (30 and 60 kV) are more efficient at amorphizing the
crystalline g-C;N, nanosheets to amorphous carbon (due to the

4752 | Phys. Chem. Chem. Phys., 2021, 23, 4747—-4756

preferential release of N species). The preferential release of N
can be thought of as akin to N defects in graphene. In graphene,
the presence of dopants changes bond lengths as well as the
local chemical properties, and are thus a source of instability
that can facilitate degradation during electron irradiation.*® This
is also observed with hexagonal boron nitride (h-BN), where B is
preferentially removed over N from the graphene-like lattice.****

Moreover, since the C:N ratio (stoichiometry) may play an
important role in the nature of the g-C;N, lattice, and given that
N appears to be ejected preferentially, we decided to investigate
the loss of N in further detail. EELS data were collected for
acceleration voltages of 300, 80, and 60 kV, as shown in Fig. 6A-
C. Unfortunately, measurements for 30 kV were not possible
owing to hardware limitations. The EELS spectra show that in
all cases, the carbon peak (284 eV) and the nitrogen peak

This journal is © the Owner Societies 2021
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(401 eV) are present. However, the intensity of each peak varies
for the different acceleration voltages used. Because the relative
intensity of the EELS peaks is related to the elemental content
in the specimen, the atomic content of carbon and nitrogen can
be determined. Quantification of the EELS data suggests that
the carbon content increases as the electron acceleration
voltage decreases (Fig. 6D). The carbon and nitrogen content
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, indicating that g-C3N4 is more stable at higher electron acceleration voltages.

(given in molar %) measured at 300 kV was found to be 58%
(£1%) and 42% (£1%), respectively. At 60 kV, the atomic
content of the investigated elements was 79% (+1%) for carbon
and 21% (+1%) for nitrogen.

Since the interaction of the electron beam with the g-C3N,
nanosheets induces their transformation into amorphous
carbon for all of the electron acceleration voltages tested — even
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Fig. 6 Chemical analysis of CsN4 nanosheets after irradiation with different electron beam energies. (A)—(C) EELS spectra of g-C3sN4 measured using
different acceleration voltages. Carbon and nitrogen were detected in all measurements. The atomic content for each measurement was quantified, with
the relative amount of carbon increasing with decreasing acceleration voltage, whereas the opposite occurs for nitrogen, which decreases to a greater
extent than carbon, as shown in panel (D). The theoretical atomic percentage for carbon and nitrogen for fully polymerized g-CzNy4 are displayed as
green and pink horizontal dotted lines, respectively. (E) The C: N ratio increases as the acceleration voltage decreases for 300, 80, and 60 kV. The green
star indicates the C: N ratio described in the literature for fully polymerized g-CzN4. (F) The d-spacing of the (100) plane measured for 300, 80, and 60 kV
compared to values published in the literature (see text).
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with short exposure times - the accuracy of EELS quantification
is therefore limited. This should be kept in mind when interpret-
ing the data in comparison to the theoretical values of a com-
pletely non-irradiated flake. Since higher electron acceleration
voltages interact less with the specimen, EELS data collected at
300 kv will be more accurate; however, in practice, we find that
the values still differ from the theoretical values for fully poly-
merized g-C3N, nanosheets (i.e., 48.48% for carbon, green dotted
line; and 51.52% for nitrogen, pink dotted line in Fig. 6D. These
values are relative to the atomic mass percentage).

Electron beam-induced stoichiometric changes are related
to structural changes. As mentioned in the introduction, g-C;N,
can be obtained with various degrees of polymerization*'™**
depending on the precursor materials and synthetic condi-
tions, which play a crucial role in the polymerization of the
final product and its subsequent properties.”* Our data show
that under electron irradiation, there is a clear increase in the
C:N ratio. The difference between the measured C:N**
changes significantly with the selected electron acceleration
voltage, as shown in Fig. 6E. Our estimated C:N ratio when
using 300, 80, and 60 kV acceleration voltages is much higher
than the value reported for the ideal fully polymerized g-C;N,
(C:N ratio of 0.75), especially when the 60 kV electron beam
was used. Because lower acceleration voltages increase the
interaction cross-section of the electron beam with the specimen,
the probability of radiolysis-induced damage increases.**>*%*' This
confirms our observations that lower acceleration voltages remove
nitrogen atoms more easily and faster (<20 s) from g-C3N,.
However, it does not indicate which nitrogen atom is removed
from g-C;N, (C-N-C, =NH or -NH,). This would require detailed
mass spectroscopy analysis of C, H, and N before and after
irradiation of a large amount of g-C3N, (25-50 mg), which is not
feasible in this instance.

Our data also show changes in the lattice d-spacings as N is
preferentially removed from the g-C;N, specimen under irra-
diation. The literature suggests that fully polymerized g-C3;N,
exhibits smaller d-spacings when compared to partially poly-
merized materials. Our systematic data confirmed this trend. In
our study, the d-spacing corresponding to the (100) plane
measured with an acceleration voltage of 60 kV (0.66 nm) is
larger than that at 80 kv (0.58 nm) and 300 kV (0.51 nm), as
shown in Fig. 6F. It should be noted that there is a lack of
clarity for the assignment of X-ray diffraction (XRD) based
diffraction patterns for g-C3N,.*> For example, Wang et al.*®
calculated the XRD results from the different phases of g-C3N,
and assigned the d-spacing for the (100) plane (space group
Pém2) as 0.411 nm (Fig. 6F, green diamond). Tyborski et al.*’
assigned the same (100) plane of a heptazine-based g-C3;N,
(space group P6scm) with a d-spacing of 0.61 nm (Fig. 6F, red
circle). Although both references point to the existence of
different phases of g-C;N,, no investigation of the C:N ratio
was considered. Experimental data by Fina et al.** assigned the
(100) peak to a d-spacing of 0.68 nm (Fig. 6F, blue triangle),
which is larger than the calculated values mentioned above.
They attributed the larger d-spacing to their sample being a
partially polymerized g-C3;N, structure (C: N ratio of 0.68).
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Our results confirm that there is a correlation between the
measured d-spacing and the C:N ratio. The electron beam
produces structural damage in g-C3N, across all examined
acceleration voltages and current densities, changing the C:N
ratio of g-C3;N, (degree of polymerization). This opens up new
possibilities for tailoring the structure, and hence the proper-
ties, of g-C;N, by selectively altering the d-spacing and C:N
ratios with the use of electron beams. The ability to controllably
engineer g-C;N, to exhibit the desired function is attractive for
specialized applications. For example, Gilbert et al.*® demon-
strated the possibility of creating defined pore sizes in multi-
layer h-BN by controlling the vacancies introduced using an
electron beam. They claim that such h-BN nanopores can be
used for water desalination, molecular separation, and sensing.
Similar possibilities can be expected with g-C3N,.

The enhancement of the catalytic properties of g-C;N, has
been demonstrated by introducing dopants,*® which is a strat-
egy that can also improve its potential in sensor development.>°
The synthesis of porous g-Cs;N, using urea as a precursor
showed promising results for the photocatalytic production of
hydrogen by water splitting using sunlight.”® Tailoring the
nitrogen content of g-C;N, also opens up the possibility of
improving energy storage technologies.’ Chen et al.>* demon-
strated that nitrogen-deficient g-C;N, exhibits high electroche-
mical performance for lithium-ion battery applications. The
increase in d-spacing due to changes in the C: N ratio of g-C3N,
as the result of bond breakage also creates new active sites,
which could, for example, enhance the photocatalytic properties
of g-C;N,. We also envision the possibility of incorporating
tailored g-C;N, in devices to detect radiation doses, for diverse
applications in space exploration, biomedical radiation treat-
ment, or nuclear power plants.

Conclusions

The work at hand presents an approach to selective change the
stoichiometry of g-C;N, nanosheets using an electron beam
with different energies and current densities. In this way, our
approach provides a facile method to control the C:N ratio of
¢-C3N, and, as a result, the physical properties of the material.
The g-C3N, nanosheets degrade over time under electron
irradiation for all explored electron acceleration voltages and
current densities. Systematic EELS studies indicate that N was
preferentially lost, such that amorphous carbon eventually
remained. Through the careful temporal tracking of the pro-
cess, the structural changes in-between crystalline and amor-
phous phases revealed that as N is lost, the lattice d-spacing
increases. Corresponding EELS studies allowed us to correlate
the d-spacing changes with the stoichiometry of the g-C3N,. The
material with stoichiometry could be altered by changing both
the electron acceleration voltage and current density. Faster
deterioration was clearly observed for the lower acceleration
voltages studied (<60 kV), suggesting that inelastic scattering
(radiolysis) is the predominant material loss mechanism. The
rate of change (material loss) also increased with increasing
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current density, increasing rapidly above a certain threshold.
These findings indicate that with a careful adjustment of the
electron acceleration voltage or current density, the nitrogen
content of the crystalline g-C;N, nanosheets can be modified.
This work not only provides fundamental insight into the
stability of g-C;N, under electron irradiation, but also allows
the tailoring of the stoichiometry of g-C;N,, and thus broadens
its potential for applications such as photocatalysis, energy
storage, and sensing.
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