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nanosheet-graphitic carbon nitride compacts at
elevated temperatures†
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The investigations of temperature-dependent electrical properties in graphitic carbon nitride (g-C3N4) have

been largely performed at/below room temperature on devices commonly fabricated by vacuum

techniques, leaving the gap to further explore its behaviors at high-temperature. We reported herein the

temperature dependence (400 / 35 °C) of alternating current (AC) electrical properties in bulk- and

nanosheet-g-C3N4 compacts simply prepared by pelletizing the powder. The bulk sample was

synthesized via the direct heating of urea, and the subsequent HNO3-assisted thermal exfoliation yielded

the nanosheet counterpart. Their thermal stability was confirmed by variable-temperature X-ray

diffraction, demonstrating reversible interlayer expansion/contraction upon heating/cooling with the

thermal expansion coefficient of 2.2 × 10−5–3.1 × 10−5 K−1. It is found that bulk- and nanosheet-g-C3N4

were highly insulating (resistivity r ∼ 108 U cm unchanged with temperature), resembling layered van der

Waals materials such as graphite fluoride but unlike electronically insulating oxides. Likewise, the

dielectric permittivity 3′, loss tangent tan d, refractive index n, dielectric heating coefficient J, and

attenuation coefficient a, were weakly temperature- and frequency-dependent (103–105 Hz). The

experimentally determined 3′ of bulk-g-C3N4 was reasonably close to the in-plane static dielectric

permittivity (8 vs. 5.1) deduced from first-principles calculation, consistent with the anisotropic structure.

The nanosheet-g-C3N4 exhibited a higher 3′ ∼ 15 while keeping similar tan d (∼0.09) compared to the

bulk counterpart, demonstrating its potential as a highly insulating, stable dielectrics at elevated

temperatures.
Introduction

Layered materials have received increasing attention due to
their vast potential applications especially at elevated temper-
atures. For example, the thermal properties of graphite dictate
its use as an electrical conductor, a thermal insulator, an inert
coating/crucible material, and as a component of nuclear
reactors.1–3 Hexagonal boron nitride (hBN) possesses high
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thermal conductivity signicantly larger than that currently
used in thermal management.4 Graphite uoride is a hydro-
phobic, electrically insulating, solid lubricant which starts to
decompose at a temperature as high as 420 °C.5 Accordingly, it
is important to uncover chemical/physical properties of these
layered materials, including the nanosheets derived therefrom,
to serve as guidelines for materials selection.

Graphitic carbon nitride (g-C3N4) are defect-rich, polymeric
aromatic layered materials consisting mainly of sp2-bonded C
and N atoms into neutral layers of tri-s-triazine units.6 The
layers are linked by van der Waals interactions, adopting the
A–B stacking and a misalignment to decrease the repulsive p–p
interactions. g-C3N4 can be exfoliated into nanosheets by
a facile HNO3-assisted thermal exfoliation,7 and further con-
structed into a composite with metal oxide8 or metal.9 The
electrical properties of g-C3N4-based devices10–16 (typically
prepared by vacuum techniques) or composites8,17–20 (where the
tested specimens can be easily prepared by pelletizing the
powder) have been widely investigated at/below room temper-
ature. It is acknowledged that g-C3N4 is highly insulating
(resistivity r larger than 108 U cm),11,14,17,21 with the in-plane
© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrical conductivity two orders of magnitude smaller than
that out-of-plane through the stacked layers.22 The dielectric
permittivity 3′ of g-C3N4 typically varies from 2–7 in thin
lms14,23,24 up to∼60 in the bulk.18,19 However, unusually large 3′

(∼103) has also been reported9 especially at low frequency (<102

Hz) where electrode polarization could occur.
Interestingly, the investigations on the charge/dipole

conduction of g-C3N4 at elevated temperatures are rather
limited, or the temperature range is narrow and skewed towards
the low-temperature side (i.e., below RT). For example, Patra
and Mohapatra15 investigated the dielectric properties of the g-
C3N4/Al2O3 heterostructure at 105 Hz, showing that the capaci-
tance (which is proportional to 3′) increased as T increased from
−93 to 25 °C. Meanwhile, 3′ of g-C3N4 was practically T-inde-
pendent from −73 to 23 °C,14 but it decreased from 16 to 10 as
the frequency f increased (102 / 106 Hz). The electric eld-
dependence of conductance25,26 provided similar results. In
the metal/amorphous carbon nitride/metal devices,27,28 the
conductance varied with T−1/4 from −183 to 27 °C. (A similar
T−1/4 dependence was reported in a four-point probe measure-
ment,29 revealing that the charge transport was dominated by
variable-hopping conduction). In addition, the conductance
increased with f (101–106 Hz) at −173 °C, but it was f-indepen-
dent at 23 °C. In these works, impedance spectroscopy30,31 is an
important tool to elucidate the nature of charge transport, since
different presentations highlight distinct parts of the responses
and provide complementary information. In addition, imped-
ance spectroscopy enables the simple derivation of some other
parameters such as refractive index,32 dielectric heating coeffi-
cient,32 and attenuation coefficient,33 but these have not been
performed on g-C3N4.

Herein, we reported the impedance measurements and
deduced several AC properties of polycrystalline g-C3N4 in bulk
and nanosheet forms from 400/ 35 °C and at f = 105, 104, and
103 Hz. The results are compared to graphite uoride5 which is
selected because it is a readily available, highly insulating,
carbon-based, heteroatom-substituted layered material, where
the layers are linked by van der Waals forces as with g-C3N4. In
addition, we have theoretically investigated the complex
dielectric function via rst-principles calculation, supplement-
ing the recent computational works.34–40 Due to the anisotropic
nature, values from the in-plane and out-of-plane direction (i.e.
along the stacks) were typically reported, although the direct
comparison with experimental values were not straightforward
because of the difference in temperature and in frequency. Our
work suggested that g-C3N4 could be a promising candidate as
a thermally stable, temperature-independent insulator and
dielectric (3′ ∼8 and 15 for bulk and nanosheet forms, respec-
tively, with similar tan d ∼0.09).

Experimental
Synthesis

Bulk graphitic carbon nitride was prepared by a direct heating
of urea powder (125 g) in an alumina crucible with a cover at
600 °C (heating rate 10 °C min−1) for 4 h.7,8 Aer cooling down
to room temperature (RT), the pale-yellow product was collected
© 2023 The Author(s). Published by the Royal Society of Chemistry
and ground into powder. The nanosheet analog was produced
by immersing the bulk powder (2.5 g) in 100 mL of HNO3 (65%)
for 12 h. The obtained sample was ltered and washed with
deionized water, and heated at 500 °C for 4 h. Graphite uoride
(>61 wt% F) was a product from Sigma Aldrich, and its basic
characterization results can be found in Fig. S1 in ESI.†
Characterization

X-Ray diffraction (XRD) was performed using CuKa radiation at
2q= 10–60° (Bruker model D2 PHASER). The morphology of the
samples was characterized by transmission electronmicroscopy
at 200 kV (JEOL, JEM 2010). FTIR spectra in the attenuated total
reectance (ATR) mode were collected using a PerkinElmer
spectrometer (Spectrum Two) at the resolution of 4 cm−1. 1H
solid state NMR spectra were acquired using a JEOL 400YH
operating at 400 MHz. TGA was performed under the ow of N2

gas (20 mL min−1) from RT to 800 °C (10 °C min−1) using
a PerkinElmer, Pyris-1 instrument.

The variable temperature X-ray diffraction was performed
using a Rigaku SmartLab diffractometer operated from 25–350 °
C under static air with the Bragg–Brentano geometry. The
powder was directly placed onto an aluminum pan (7 × 7 mm2)
placed on the heating stage, which was subsequently covered
with stage cap chamber for heating (5 °C min−1). The XRD
patterns were collected at 2q = 10–50° at a scan speed of 40°
(2q)$min−1 with a 0.02° step-size.
Electrical properties measurements

The bulk or nanosheet-g-C3N4 powder, or graphite uoride, was
pressed without a binder into a pellet with the diameter of
∼0.5 cm and the thickness of ∼0.2 cm. All pellets were gold-
sputtered on both sides to form electrical contacts. The
impedance measurements were conducted using a precision
LCR meter (HP-4284A, Hewlett-Packard, Palo Alto, CA) covering
the frequency f = 20 to 106 Hz. To avoid complication due to
water from the atmosphere,8 the specimens were heated to 400 °
C prior to cool down to 35 °C employing the heating/cooling
rates of 2 °C min−1. All electrical properties shown in this
work were acquired from the cooling process 400 / 35 °C.
Computational method

The structural and electronic properties of g-C3N4 were per-
formed based on rst-principles calculation using the HSE06
hybrid functional41,42 as implemented in the Vienna ab initio
simulation package (VASP).43,44 To accurately account for the
van der Waals interaction, Grimme's empirical correction
approach (GGA-D3)44 was also applied. The lattice parameters,
electronic band structure, and the band gap are consistent with
those in the literature, see Fig. S2.† The optical properties of g-
C3N4 were calculated using the Random Phase Approximation
(RPA) method based on the HSE06 functional with the assis-
tance of the VASPKIT tool,45,46 employing an 18 × 18 × 1
gamma-centered k-point mesh.
RSC Adv., 2023, 13, 25276–25283 | 25277
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Results and discussion
Samples characteristics

Fig. 1a shows the XRD patterns of bulk- and nanosheet-g-C3N4

samples which are similar to JCPDS 87-1526. They show two
prominent peaks at ∼13.0° and 27.5° due to the in-plane motif
(100 reection) and the stacking of the graphitic carbon nitride
sheet (002 reection) respectively.6–8,47 TEM images in Fig. 1b
and c display thin sheets typical of layered materials with the
lateral dimension of ∼200 nm. The sheets are buckled, reect-
ing their exibility and conrming a successful HNO3-assisted
thermal exfoliation. The FTIR spectra in Fig. 1d show many
characteristic peaks of g-C3N4.47 These include the aromatic
C–N stretching (1231, 1314, 1473 cm−1), the C]N stretching
(1536 and 1631 cm−1), and the N–H and O–H stretching (from
absorbed H2O) at 3087, 3159 and 3254 cm−1. Interestingly, the
breathing mode of s-triazine units shis from 813 cm−1 in bulk-
g-C3N4 to 803 cm−1 in nanosheet-g-C3N4, suggesting a slight
modication to the tri-s-triazine building block.

The modication is further supported by the 1H NMR
spectra in Fig. 1e, which comprise of three signals at ∼10.8, 5.8
and 2.6 ppm. There signals are ascribed respectively to the H
atoms attached to N atoms from the triazine unit (Hamine),
residual H2O (HW), and H attached to C atom (Haliphatic)
presumably at the edge or defect.8,48,49 The peak area ratio
Hamine/HW/Haliphatic for bulk-g-C3N4 equals 1/0.28/0.05, but it is
1/0.42/0.15 for nanosheet-g-C3N4. Accordingly, it can be
deduced that there are more water molecules in the nanosheets,
and that there is an increasing relative proportion of aliphatic
region/edges in the nanosheets, consistent with the exfoliation.
Fig. 1 Some characteristics of the bulk- and nanosheet-g-C3N4 sample
spectra, and (f) mass loss curves.

25278 | RSC Adv., 2023, 13, 25276–25283
Lastly, Fig. 1f shows the mass loss curves. The two samples
show the rst mass loss due the removal of loosely bound,
physisorbed water at T < 200 °C: 1.68 wt% for bulk-g-C3N4, and
2.09 wt% for nanosheet-g-C3N4. At T > 400 °C, a signicant mass
loss is observed possibly due to structural degradation. The
hydrophilic nature of the g-C3N4 samples is consistent with
earlier works on their protonic conduction8 and humidity
detection.10,11,17

To further conform the thermal stability of the samples, we
conducted the variable-temperature XRD measurement
employing the temperature the sequence 25 / 350 / 25 °C.
Fig. 2a and b focus on the interlayer distance (d002) of bulk- and
nanosheet-g-C3N4 samples respectively, showing that the peak
le-shis with increasing T, reecting the typical thermal
expansion. Upon cooling down, d002 right-shis close to the
original position indicating the reversible expansion/
contraction and ensuring the thermal stability within this
range. This nding indicates no phase change or structural
degradation at least up 350 °C. Accordingly, water (cc. Fig. 1e
and f) is most likely on the surface but not intercalated into the
interlayer space. The T-dependence of d002 is shown in Fig. 2c,
varying from 3.193–3.202 Å, where there is no signicant
difference between bulk- and nanosheet-g-C3N4 samples.

The coefficient of thermal expansion (CTE) is calculated as:

CTE = [((d002(350 ˚C) − d002(25 ˚C))/d002(25 ˚C)]/DT (1)

where d002(350 °C) and d002(25 °C) are the interlayer spacing at
350 °C and 25 °C, respectively; and DT is the temperature range
of the measurement. It is found that CTE values are 2.2 × 10−5-
3.1 × 10−5 K−1 (Table S1†). This is the same order of magnitude
s: (a) XRD patterns, (b and c) TEM images, (d) FTIR spectra, (e) 1H NMR

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Variable-temperature XRD patterns from the sequence 25 / 350 / 25 °C: (a) bulk-g-C3N4, (b) nanosheet-g-C3N4; and (c) the T-
dependence of the interlayer spacing d002.
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with the values previously reported from rst principles inves-
tigations,35 and with those experimentally obtained from
amorphous carbon nitride,50 natural graphite sheet,51 hBN,52 see
Table S1.†
Temperature dependence of AC properties

It is found that the Nyquist plots (real part Z′ vs. imaginary part
−Z′′) of the two samples from 400 / 50 °C appeared almost as
a straight line (Fig. S3†). This does not allow the tting by
equivalent circuit or a theoretical model. Considering the
limited information from the f-dependence of the complex
impedance, we investigated the T-dependence of AC properties
Fig. 3 Temperature dependence of (a) log r, (b) 3′, (c) tan d, and (d) n
fluoride. Data shown here were at 105 Hz and were obtained in the coo

© 2023 The Author(s). Published by the Royal Society of Chemistry
from 400 / 35 °C at selected frequencies instead. As shown in
Fig. 3a for the data at 105 Hz, log r(T) is relatively constant
throughout 400 / 50 °C for both bulk- and nanosheet-g-C3N4

samples alike. The variation of resistivity is not more than
a factor of four (Fig. S4†) despite of the wide temperature
window of investigation. This uctuation can be explained by
the simple powder pressing into pellets and the accompanying
porosities (apparent densities 37–44% of the theoretical values).
Meanwhile, the spike at <50 °C is most likely caused by proton
conduction due to the (re)adsorption of atmospheric water.8 For
comparison, the variation of log r(T) in typical oxides such as
the insulating ceramics BaTiO3–Bi1/2Na1/2TiO3 (BT-BNT)53 is up
for bulk- and nanosheet-g-C3N4 samples, in comparison to graphite
ling process.

RSC Adv., 2023, 13, 25276–25283 | 25279
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to four orders of magnitude. The stable log r(T) might be
common for layered van der Waals materials such as graphite3

or graphite uoride (Fig. 3a and also in Fig. S5†) The at log r(T)
of graphite uoride might be due to the higher apparent density
(71%) of the specimen. The absence of proton conduction at
<50 °C can be well explained by the well-known water repellent
nature of graphite uoride.

It is observed (Fig. 3a) that log r at 105 Hz is in the order:
bulk-g-C3N4 (up to 8.5 U cm) > nanosheet-g-C3N4 (8.1 U cm) >
graphite uoride (7.6 U cm). It is known that g-C3N4 shows high
in-plane resistivity but low out-of-plane resistivity.12,13,22 This is
because the carriers are localized at the N atoms for the in-plane
direction, but they can hop between the layers (out-of-plane),
leading to the anisotropic transport characteristics.13 Accord-
ingly, the nanosheet-g-C3N4 with smaller number of stacks
should possess a facilitated charge/dipoles transport, as indeed
experimentally detected by the smaller log r. The different
behaviors of bulk-vs. nanosheet-g-C3N4 have been observed by
other techniques such as ab initio calculations37 and time
resolved photoluminescence.54 This is also consistent with the
modications to the graphitic structure as shown by IR and 1H
NMR spectroscopies, warranting further investigations. The
different AC behavior suggests that the nanosheets would not
reassemble back to the bulk form by a simple pressing during
specimen preparation.

Despite of the small variation in log r(T), Fig. 3b shows that 3′

is practically T-independent from 400/ 50 °C, and equals to 14
(nanosheets), 8 (bulk), and 4 (graphite uoride). While the
specimens contain porosities, the 3′ values of g-C3N4 samples
are comparable to those in the literature.8,14,15,23,55 For example,
Patra and Mohapatra14 reported 3′ = 12 (also at 105 Hz) in the
low-temperature measurement (−3 to 23 °C). Moreover, Fig. 3c
shows that the loss tangents tan d of the two g-C3N4 samples are
similar (0.009 at 200 °C) and comparable to that in carbon
nitride lms on Si,23 which are seven times smaller than that of
graphite uoride. The dielectric loss is typically due to dipole
relaxation (energy dissipation) and resistive loss (due to mobile
charge carriers). Apparently, the latter is insignicant in nano-
sheet-g-C3N4. Also, the larger 3′ of the nanosheet-compared to
the bulk-g-C3N4 is consistent with the larger s (i.e., smaller r,
Fig. 3a) and the same loss tangent (Fig. 3c), because s = u3′30

tan d.
The T-dependence impedance measurements allowed the

calculation of some other parameters, see ESI.† Fig. 3d shows
that the refractive indices n [eqn (S8)†] at 105 Hz are similarly T-
independent at 3.7 (nanosheet-g-C3N4), 2.8 (bulk-g-C3N4), and
1.6 (graphite uoride) (vs. 1.85 for amorphous carbon nitride).55

Notably, n of nanosheet-g-C3N4 is larger than that of the bulk,
presumably reecting the complex scatterings which require in-
depth investigations. Nevertheless, similar nding is available56

where n of graphite (2.56) is smaller than that of graphene
(2.65–2.71), although the difference is small in this case. The T-
dependence of the dielectric heating coefficient32 J, and the
attenuation coefficient33 a has been calculated as shown in
Fig. S6.†
25280 | RSC Adv., 2023, 13, 25276–25283
First-principles calculation

We also investigated the complex dielectric function (real part 3′

and the imaginary part 3'') of bulk-g-C3N4 at absolute zero
temperature by rst-principles calculation. Because the polari-
zation along the x- and y-axes (i.e., in-plane) is isotropic, it is
represented as a single line Exx(yy) shown by the blue line in
Fig. 4a and b. The polarization along the z-axis (i.e., out of plane)
is represented by the red line Ezz. The average polarization was
calculated by assuming that the off-diagonal elements
contribute less to the average compared to the diagonal ones:

Eavg = 2/3(Exx + Eyy) + 1/3(Ezz) (2)

The strong peak is observed for Exx(yy) at 4.9 eV, while another
peak with medium intensity is observed for Ezz at 15.8 eV. The
peaks positions are broadly consistent with the reports in g-
C3N4 (ref. 39 and 40) or amorphous carbon.34

The static dielectric permittivity (i.e., 3′ close to zero energy)
were calculated to be 5.10, 2.31, and 2.52 for the in-plane, out-
of-plane, and the average value, respectively, which are
comparable to 6.15, 2.84, and 5.05 reported by Rignanese et al.36

Notably, the value along the in-plane direction (which was
derived theoretically at absolute zero temperature) better
matched the experimentally observed value (3′ ∼8), the latter
being weakly T-dependent from 400 / 50 °C. Meanwhile, the
imaginary part near zero energy is on the order of 10−2 (not
clearly visible in Fig. 4b). Accordingly, the ratio of imaginary
part over real part (i.e., tan d) will be small, qualitatively
consistent with the impedance measurements.

It is natural to assume that thin sheets of layered materials
would approximately (but not neatly) stack on top of each other
upon pelletization. Because the in-plane resistivity is higher
than the out-of-plane resistivity,12,13,22 charges/dipoles will be
mostly conned to the in-plane direction, explaining to the
reasonable agreement between the measurement and the
calculated polarization along the xx(yy) direction. Likewise, the
calculated (static) n values for the xx(yy) direction of 2.26 (vs. 2.0
by Reshak et al.)39 are closer to n = 2.8 experimentally deter-
mined from bulk-g-C3N4 (Fig. 3d). The n values of 1.52 (zz) and
1.17 (averaged) are smaller.
Frequency dependence of AC properties

Table 1 compares log r, 3′, tan d, and n at f= 105, 104 and 103 Hz,
all acquired upon cooling down (see also Fig. S7 and S8†). The
values shown were averaged from 400 / 50 °C, with the stan-
dard deviation of the last digit in parenthesis. In all cases, log r
increases with decreasing f (i.e., the samples become more
insulating). This nding agrees with Jonscher's universal power
law due to interacting charges/dipoles33,57,58 (s = Afn; r = 1/s).
However, 3′ increases with decreasing f because dipoles have
more time to reorient in response to the alternating eld.8,32,33

The increased 3′ leads to an increasing tan d. Interestingly, tan
d remains similar between bulk- and nanosheet-g-C3N4 (0.01 at
105 Hz, and 0.08 at 103 Hz) while the 3′ values of the nanosheets
are almost two times larger, 15 vs. 8. The results suggest that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Real and (b) imaginary parts of the complex dielectric function, and (c) refractive index of bulk-g-C3N4 as a function of photon energy.

Table 1 Comparison of the log r, 3′, tan d, and n of the samples
averaged from 400 / 50 °C (with the standard deviation of the last
digit in parenthesis) at selected frequencies (in Hz), obtained during the
cooling process

Sample f/Hz log(r/U cm) 3′ tan d n

Bulk-g-C3N4 105 8(1) 8.07(9) 0.014(5) 2.84(2)
104 8.8(1) 8.3(2) 0.04(1) 2.88(3)
103 9.5(2) 8.8(5) 0.08(3) 2.97(9)

Nanosheet-g-C3N4 105 8.0(1) 14.0(2) 0.014(4) 3.75(2)
104 8.6(1) 14.5(3) 0.04(1) 3.81(4)
103 9.2(2) 15(1) 0.08(3) 3.9(1)

Graphite uoride 105 7.73(3) 4.3(1) 0.070(3) 2.08(3)
104 8.8(1) 4.8(1) 0.065(7) 2.19(3)
103 9.8(2) 5.2(3) 0.05(2) 2.29(6)
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nanosheet-g-C3N4 could be a promising candidate for a highly
insulating, stable dielectrics at elevated temperature.

Lastly, n is practically T-invariant in both g-C3N4 samples.
The insignicant change of n(T) was long known in other
layered materials such as graphite59 from 25 to 600 °C. When f
decreased from 105 to 103 Hz, the variation with T is more
pronounced with the standard deviations 0.5–0.7%, 1%, and
3% of n, comparable to that of graphite uoride also shown in
Table 1.
Conclusions

Bulk- and nanosheet-g-C3N4 were thermally stable at least up to
350 °C with reversible interlayer expansion/contraction upon
heating/cooling. They exhibited relatively stable resistivity, 3′,
tan d, and n invariant with temperature from 400 / 50 °C
which were also weakly f-dependent from 105–103 Hz.

The experimental values (3′ and n) of bulk-g-C3N4 are in
reasonable agreement with the values along the in-plane
direction as extracted from rst-principles calculation, further
showcasing the anisotropic charge/dipole transport.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Notably, nanosheet-g-C3N4 is more conducting than the bulk
counterpart, in addition to exhibiting almost two time larger 3′

(15 vs. 8) but similar tan d (0.09). This is contributed to the
facilitated charge transfer in nanosheets with decreased stack
numbers, ascribed to structural modications suggested by IR
and 1H NMR spectroscopies. The nanosheet-g-C3N4 could be
a promising candidate for a highly insulating, stable dielectrics
at elevated temperature. The weak temperature-dependence of
electrical properties, and the demonstrated structural/thermal
stabilities, would minimize the impact of varying temperature
on the device performances.
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