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Anomalous piezoelectricity in two-dimensional
graphene nitride nanosheets
Matthew Zelisko1, Yuranan Hanlumyuang2, Shubin Yang3, Yuanming Liu4, Chihou Lei4, Jiangyu Li4,

Pulickel M. Ajayan3 & Pradeep Sharma1,5

Piezoelectricity is a unique property of materials that permits the conversion of mechanical

stimuli into electrical and vice versa. On the basis of crystal symmetry considerations, pristine

carbon nitride (C3N4) in its various forms is non-piezoelectric. Here we find clear evidence via

piezoresponse force microscopy and quantum mechanical calculations that both atomically

thin and layered graphitic carbon nitride, or graphene nitride, nanosheets exhibit anomalous

piezoelectricity. Insights from ab inito calculations indicate that the emergence of piezo-

electricity in this material is due to the fact that a stable phase of graphene nitride nanosheet

is riddled with regularly spaced triangular holes. These non-centrosymmetric pores, and the

universal presence of flexoelectricity in all dielectrics, lead to the manifestation of the

apparent and experimentally verified piezoelectric response. Quantitatively, an e11 piezo-

electric coefficient of 0.758 C m� 2 is predicted for C3N4 superlattice, significantly larger than

that of the commonly compared a-quartz.
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A
vailability of atomically thin piezoelectric materials are
expected to have numerous applications in the area of
nanoelectromechanical systems, which include stretchable

smart electronics1, skins2, switches3 and many types of sensors4–6,
among others. Currently, boron nitride nanosheets appear to be
the only material system that fit this profile. Recent works suggest
that, somewhat thicker—at three atomic layers—molybdenum
disulphide and tungsten disulphide sheets are also piezoelectric7.
Graphene, owing to both its exotic properties and abundant
availability, is arguably the most well-understood two-dimensional
(2D) material and with several emergent applications2–6,8.
Unfortunately, graphene is inherently non-piezoelectric and
(usually) conductive (exceptions being certain configurations
of graphene nanoribbons). Apparent piezoelectricity can be
realized, however, through an interplay between symmetry,
nanoscale size-effects and flexoelectricity—a material
property that arises from the energy cost of creating internal
polarizations in the presence of strain gradients. Borne out of these
concepts, our quantum mechanical calculations have suggested
that adding nanoscale triangular-shaped holes to edge-terminated
graphene nanoribbons will lead to apparent piezoelectric
behaviour9. In this work, we provide the first experimental
evidence of this assertion.

Nanometer-scale triangular holes are extremely difficult to
fabricate in dielectric functionalized graphene nanoribbons10,11.
Accordingly, we choose an alternative 2D structure: graphene
nitride (C3N4) nanosheets, which are electrically non-conducting.
In graphitic form, carbon nitride’s structure naturally possesses
regularly distributed triangular nanopores12. A stark difference to
nanopores in pure graphene is that carbon and nitrogen atoms at
the pore edges of graphene nitride are fully saturated; hence they
require no passivation by any functional groups. Resulting from
such structural stability, a bottom-up production of graphene
nitride may be realized more straightforwardly, compared with
porous graphene. A fabrication technique conveyed in this article
is liquid-phase exfoliation. Graphene nitride, which intrinsically
exhibits nanoscale pore sizes in the range of 1–2 nm, can be
manufactured using this technique11. Graphene nitride, a
commercial material, derived from elementary chemical
building blocks has already found applications in fields such as
catalytic enhancement and gas filtering13,14. However, potential
roles of this material for piezoelectric devices remain largely
unexplored. Using a state-of-the-art piezoresponse force
microscopy (PFM) and results from ab initio calculations, we
show that 2D graphene nitride is indeed piezoelectric with the
corresponding coefficient significantly greater than that of a-
quartz, and hence a promising candidate for nano- and micro-
electromechanical applications.

Results
Structure of graphene nitride. Carbon nitride, C3N4, is predicted
to exist in a, b, cubic, pseudo-cubic and 2D graphitic (g) forms12.
The graphitic form of carbon nitride is known as graphene
nitride, or g-C3N4. A single sheet of g-C3N4 may be composed of
an s-triazine or tri-s-triazine repetition (Fig. 1a), with the tri-s-
triazine form being the more energetically stable of the two
structures12. The tri-s-triazine sheet of g-C3N4 naturally has non-
centrosymmetric, triangular holes throughout its structure.
Therefore it is expected that the in-plane, e11, component of the
piezoelectric tensor will be non-zero, where the ê1 direction is
aligned with the triangular holes as shown by the compass in
Fig. 1a. The preferred stacking method for g-C3N4 is by using a
repeat unit in the P�6m2 symmetry group (Fig. 1b) with 3.29 Å
spacing between sheets15. The metastable structure of b-C3N4

(Fig. 1c,d) also has the interesting property of being predicted to

be harder than diamond16. However, unlike the graphitic
structure, the b form is centrosymmetric and therefore is not
expected to exhibit piezoelectricity. Further information on b-
C3N4 will be provided in the computational section to verify that
the statements made so far are correct.

Fabrication of graphene nitride. g-C3N4 nanosheets were fab-
ricated by liquid-phase exfoliation of commercially available
g-C3N4 powder (Carbodeon Ltd.) in 2-isopropanol (IPA). A
silicon wafer was used for the main substrate; to increase the
electrical conductivity of the substrate, a layer of gold was
deposited onto the silicon before addition of the graphene nitride
solution. In a typical fabrication, 30 mg of bulk g-C3N4 was
suspended in IPA to create yellow dispersion with a concentra-
tion of 3 mg ml� 1, and then the solution was sonicated at room
temperature for the gradual exfoliation of bulk g-C3N4 to
nanosheets. This exfoliation process is similar to that reported for
other layered materials (boron nitride, MoS2) via the interaction
of solvent molecules, which in turn is significantly influenced by
the dispersive, polar and hydrogen-bonding solubility parameters
of used solvents17. According to the Hansen solubility parameter
theory, it is known that the layered materials can be successfully
exfoliated when the enthalpy of mixing is minimized as the
surface energies of flake and solvent match. The optimum surface
energy of solvent is B30 mJ m� 2, lower than that of van der
Waals-bonded surfaces (B70 mJ m� 2)17. Thus, IPA is a
promising solvent for the exfoliation of bulk g-C3N4 given its
surface energy value (B40 mJ m� 2). After sonication for 10 h,
the dispersion was then centrifuged at 3,000 r.p.m. to remove
aggregates, giving rise to a homogenous and light-yellow
dispersion of g-C3N4 nanosheets (Fig. 2b). As seen in Fig. 2a,b,
the typical size of the fabricated nanosheet samples were around
800 nm in width, while their thicknesses, as measured by atomic
force microscopy (AFM), were in the 1–2 nm range (Fig. 2c). The
X-ray photoelectron spectroscopy survey spectra shown for the
nanosheets in Fig. 2d confirm that the correct ratio of carbon to
nitrogen atoms is achieved. Electron energy loss spectroscopy
reveals that the fabricated sample possesses the expected sp2

bonding between carbon and nitrogen atoms (Fig. 2e)12.

PFM. The piezoelectric property of the g-C3N4 nanosheets is
examined using PFM. For piezoelectric materials, an applied

ê2

ê3

ê1

a0

a b

c d

Figure 1 | Different forms of C3N4. Blue and grey spheres represent

nitrogen and carbon atoms, respectively. (a) Single-sheet tri-s-triazine

(g-C3N4). (b) Layered tri-s-triazine sheets. (c,d) b form shown from two

perspectives to illustrate the three-dimensionality of the structure.
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voltage will cause a measurable deflection of the cantilever18. The
thickness of the fabricated nanosheets is in the order of only a
couple nanometers, while the length and width can range from
500 nm to a few mm. For such dimensions, although it is easy to
apply an in-plane bias by attaching electrodes to each end of the
substrate, measuring the in-plane strain caused by the applied
voltage is a daunting task. Accordingly, we have preferred the use
of PFM.

In order to verify the piezoelectricity of g-C3N4 samples, a
conductive scanning probe microscopy (SPM) tip is brought into
contact with the sample, and an a.c. voltage is applied. The
voltage is applied in the direction normal to the graphene nitride
sheets (ê3 in Fig. 1a), and is applied in such a manner that there
are spherical symmetric components of the electric field along the
in-plane axes (ê1 and ê2 in Fig. 1a), thus allowing for the
measurement of different piezoelectric responses using the same
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Figure 2 | Microscopy images of fabricated g-C3N4 nanosheets. (a) Transmission electron microscopy (TEM) image of exfoliated g-C3N4 nanosheets,

scale bar, 200 nm. (b) Representative AFM image, scale bar, 200 nm, and (c) corresponding thickness analysis taken around the white line in b reveal an

average thickness of about 2 nm for g-C3N4 nanosheets. (d) X-ray photoelectron spectroscopy survey spectra of the exfoliated g-C3N4 nanosheets,

disclosing the atomic ratio of 1.31 between carbon and nitrogen. (e) Electron energy loss spectroscopy of g-C3N4 nanosheets further reveals that both C

and N have strong sp2 bonding, as can be seen from the strong p* peaks.
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Figure 3 | Vertical and lateral PFM responses of g-C3N4 across resonant frequency. (a,c) Resonant peaks for different applied voltages. (b,d) Linear

correlation between the applied voltage and the amplitude of the displacement.
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method. If the sample is piezoelectric, local vibration underneath
the SPM tip will be excited, and the resulting deflection of the
cantilever can be recorded by a laser diode. In order to enhance
the sensitivity of the measurement, the voltage is often applied
near the cantilever-sample resonance, which magnifies the
piezoelectric vibration by orders of magnitude. This vibration is
indeed observed in g-C3N4 samples, as shown in Fig. 3. The
vertical, out-of-plane, PFM response is shown in Fig. 3a under
five different excitation voltages, which exhibit a clear resonant
peak near 357 kHz. On the other hand, the lateral, in-plane, PFM
response shown in Fig. 3c exhibits a resonant peak near 778 kHz.
Here, lateral PFM response refers to cantilever twisting induced
by in-plane piezoelectric shear strain, and the mode shapes for
both the vertical and lateral PFM responses are found using
the finite element method (FEM) simulation presented in the
Methods section. By treating the cantilever-sample system as a
damped harmonic oscillator, the quality factor can be fitted from
the data, allowing us to determine the intrinsic piezoelectric
response versus applied voltage, as shown in Fig. 3b,d. The
amplitude shows a clear linear relationship with the excitation
voltage for both vertical and lateral PFM, confirming the linear
piezoelectricity of the sample. The effective vertical coefficient of
the g-C3N4 is estimated from the PFM data to be approximately
1 pm V� 1, while lateral deflection magnitude cannot be cali-
brated, and thus the lateral coefficient is not estimated. Never-
theless, the linear response is evident.

To further examine the piezoelectricity, we probe a g-C3N4

particle (containing many layers) on a conductive substrate, as
shown in Fig. 4. The topography mapping in Fig. 4a shows a clear
particle approximately spherical in shape and 15 nm in height.
The corrected PFM amplitude mapping in Fig. 4b shows large
PFM response on the particle, but rather low response to its
surroundings. The phase mapping in Fig. 4c shows uniform
distribution of polarity in the particle. The mapping of resonant
frequency is shown in Fig. 4d, wherein the contrast between
g-C3N4 particle and the conductive substrate is evident. g-C3N4

exhibits a slightly smaller resonant frequency, suggesting that it is
mechanically more compliant than its substrate.

Elucidation of the origin of anomalous piezoelectricity. We
believe that flexoelectricity, together with the presence of non-
centrosymmetric holes, is the central reason that explains the
emergence of apparent piezoelectricity in g-C3N4. Flexoelectricity

is the development of polarization due to strain gradients. The
polarization vector may be written as:

Pi ¼ eijkEjk
|ffl{zffl}

¼0 for non-piezo materials

þ fijkl
@Ejk

@xl
ð1Þ

Even in the absence of native piezoelectricity, polarization can be
originated by non-uniform strains9. This phenomenon is
illustrated in Fig. 5. Consider a non-piezoelectric sheet without
defects as displayed diagrammatically in Fig. 5a. Under a uniform
stretch, the net polarization will be zero mainly because of the
absence of intrinsic piezoelectricity. Now imagine a non-
piezoelectric sheet with circular holes displayed in Fig. 5b. The
same uniform stretch introduces the appearance of local
polarization owing to flexoelectricity caused by strain gradients
around the pore. However, there is zero piezoelectric response
because the net average polarization is zero due to the symmetry
of the circular hole. Finally, consider the case of non-
centrosymmetric holes, for example, triangular-shaped ones in
Fig. 5c. They will ensue a net average polarization under the
action of a mechanical stretch (or compression). Consequently, a
non-zero net piezoelectric response emerges.

From symmetry arguments, it is immediately clear that for a
flat sheet, or even a stack of sheets, there should be only one
independent non-zero component of the piezoelectric tensor
(total of three non-zero components); that is the e11 coefficient
corresponding to in-plane polarization and strain measured in
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Figure 4 | PFM response of a g-C3N4 particle on conductive substrate. (a) Topography; (b) corrected vertical PFM amplitude; (c) phase; and (d) resonant

frequency.
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Figure 5 | Illustration of effects of nanopores on the polarization of a

non-piezoelectric material under uniform stress. (a) A non-piezoelectric

material with no pores exhibits no piezoelectric response; (b) with circular

(centrosymmetric) pores, local polarization is non-zero while net

polarization remains zero, and overall there is no apparent piezoelectric

response; (c) with triangular (non-centrosymmetric) pores, a non-zero local

and net polarization exist and the material possesses an apparent

piezoelectricity.
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the same direction19. Using the difference in polarization, in the
ê1 direction (as shown in Fig. 1a), components between the
unstrained state and the strained state, the piezoelectric
coefficient, e11, can be found from the simple relation obtained
by differentiating equation (1)19 as:

e11 ¼
@P1

@E1
ð2Þ

The numerical values of the apparent piezoelectric coefficients of
g-C3N4 can be calculated from first principles. Here, all quantum
calculations are based on the density functional theory (DFT) as
implemented in the Quantum Espresso software and using
ultrasoft pseudopotentials, C.pz-van_ak.UPF for carbon and
N.pz-van_ak.UPF for nitrogen atoms, from the Quantum Espresso
pseudopotential database20 (http://www.quantum-espresso.org/
pseudopotentials). To achieve the best efficiency, some of the key
parameters were a priori optimized for the calculations. These
parameters are shown in Table 1, and include the lattice constant,
a0, the spacing between sheets, c, the cutoff energy and the
Monkhorst-Pack k-point grid for Brillouin zone integration. The
lattice constant given is the distance between two like atoms, not
the entire length of the unit cell. The parameters for the b form
should not be directly compared with the graphitic single sheet and
stacked structures owing to the different symmetry group. For the
single sheet, a spacing of 4.28 Å is found to be sufficient to assure
that there is no interaction between periodic images.

The same procedure is applied to compute piezoelectric
coefficients of the sheet, b, and stacked structures. The
calculations are performed in an unstrained reference state and
under various levels of strain up to 1%; the strain is applied in the
ê1 direction, as shown by the arrow in Fig. 1a. After applying the
strain, the system is relaxed, while the box size is kept fixed, until
the force on each atom is below 0.0019 Ry Å� 1. The polarization
is then estimated using the Berry-phase method for both the
unstrained and strained cases21,22.

The computed change in polarization along with the predicted
piezoelectric coefficient for each form of carbon nitride tested is
shown in Table 2, obtained from a least squares fit of the data.
These results confirm the central notion that g-C3N4 is
piezoelectric, while b-C3N4, is not. The complete results of all
calculations performed for the stacked configuration are shown in
Fig. 6, illustrating the expected linear piezoelectric response. Note
that the piezoelectric coefficient is given per unit volume.
Estimating a quantity per unit volume for an infinitely thin sheet
is ill-defined. In order to directly compare all of the tested
configurations, the difference in polarization between the strained

and unstrained systems, DP1, is given in units such that it is
independent of the volume used in the calculations. Therefore,
the value of e11 given for the single sheet in Table 2 is an ‘effective’
piezoelectric coefficient, that is, using the ratio of DP1 to e11 found
for the stacked configuration. As seen from Table 2, the
piezoelectric coefficients of both stacked and single-layer
g-C3N4 are over four times greater than that of a-quartz. The
full piezoelectric tensors for both the stacked and single-layer
graphene nitride are provided in Supplementary Figs 1 and 2,
respectively. Comparing the DP1 for each configuration shows
that there is a very slight increase (B3%) in the piezoelectric
properties of g-C3N4 when multiple sheets are present.

The e11 coefficient for the single sheet is also reported in C m� 1,
the conventional units for 2D materials, in Table 3. The result is
compared with those of other 2D structures also found using DFT
calculations. Graphitic carbon nitride sheets exhibit a greater
piezoelectric response than hexagonal boron nitride (h-BN), but
below that of molybdenum disulphide (MoS2). The most compar-
able material, in terms of piezoelectric properties, is tungsten
disulphide (WS2), which possesses a slightly higher e11 coeffiecient7.

The materials compared in Table 3 also exhibit a unique
disadvantage when compared with g-C3N4—they lose their
piezoelectric effect when 41 layer is present. Bulk forms of
MoS2, h-BN or WS2 are indeed centrosymmetric, owing to an
antiparallel stacking sequence, and thus not piezoelectric7.
However sheets of g-C3N4 are not stacked in the same manner
to form a bulk material and piezoelectricity is retained; the
stacking sequence here is analogous to that of graphite15.
Therefore, it is clear that the regularly placed triangular holes
are indeed responsible for the apparent piezoelectric coupling
found in graphene nitride. Without these holes, the material
would be essentially the same as boron nitride, which loses its
piezoelectricity when multiple layers are present.

Discussion
Regarding the experimental results, our current apparatus cannot
fully measure the common e11 piezoelectric coefficient to enable a

Table 1 | Parameters used for quantum calculations.

a0 (Å) c/a0 Cutoff energy (Ry) k-points
b 3.172 0.76 80.0 4�4� 10
Sheet 2.379 1.80 30.0 9� 15� 1
Stack 2.383 1.26 30.0 4� 8� 9

Table 2 | Quantum calculation results.

Configuration DP1 (e bohr X� 1) e11 (C m� 2)
b 0.000 0.000
Sheet 0.029 0.732
Stack 0.030 0.758
a-Quartz NA 0.171 (ref. 23)

NA, not applicable.
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obtained from quantum mechanics calculations. A clear linear correlation

is evident, and the slope, corresponding to the piezoelectric coefficient,

is shown for (a) the stacked configuration in C m� 2, (b) a single sheet
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Table 3 | Comparison of 2D piezoelectrics.

Material e11 (10� 10 C m� 1)
g-C3N4 2.18
h-BN 1.38 (ref. 7)
MoS2 3.64 (ref. 7)
WS2 2.47 (ref. 7)
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direct comparison. However, the experimental results presented
are sufficient to prove that graphitic carbon nitride is indeed
piezoelectric, although the out-of-plane PFM measurements of
effective e33 coefficient do not directly match with both quantum
mechanics results and crystal symmetry considerations where
the e33 coefficient is identically zero. This is not completely
unexpected, since other piezoelectric coefficients contribute to
out-of-plane deflection too. There are additional possible reasons
for this discrepancy as well. As seen specifically from the AFM
result in Fig. 2c, which depicts the thickness profile across g-C3N4

nanosheets and the substrate, it is clear that the samples used in
the PFM experiments are not perfectly flat. The departure from
perfect flatness will lead the presence of non-zero out-of-plane
polarization. Another possibility is that the fabrication of
nanosheets resulted in non-uniform samples that are not aligned
both along in-plane and out-of-plane directions; this is tentatively
supported by the transmission electron microscopy and AFM
images shown in Fig. 2a,b. Finally, the disagreement could also
stem from the substrate itself. A lattice mismatch between the
g-C3N4 and the substrate may lead to an induced strain at the
bottom of the sample, resulting in a possible out-of-plane
polarization component. As an additional measure, FEM
simulations have been employed, as explained in the methods
section, to show that with the current PFM setup and predicted
piezoelectric coefficients from DFT, an out-of-plane response can
arise although the e33 coefficient is zero. The FEM results,
combined with the other possibilities, provide a rigorous link
between the experimental data and the quantum mechanics
calculations.

In summary, we have experimentally shown that g-C3N4 is
piezoelectric and atomistically elucidated the mechanisms that
lead to the emergence of this anomalous behaviour. The
calculated e11 piezoelectric coefficient of bulk g-C3N4 is
0.758 C m� 2, significantly greater than that of a-quartz
(0.171 C m� 2), while the 2D coefficient is higher than that of
other known atomically thin piezoelectrics such as h-BN. Higher
piezoelectric response suggests that g-C3N4 may be used where
more sensitive electromechanical coupling is required. This
makes g-C3N4, in either bulk or single-layer form, a promising
candidate material for use in nanoelectromechanical systems
requiring piezoelectric materials. The presence of piezoelectric
coupling in the bulk phase also signifies that manufacturing a
single-atomic layer material is not necessary for applications
where minimal thickness is not a major constraint.

Methods
PFM. For PFM, the probe used is an ASYELEC-01 silicon probe with Ir reflex
and tip coated. The nominal stiffness is 1.59 N m� 1, and the applied force is
152 nN. The applied electric field has a three-dimensional distribution, with
both out-of-plane and in-plane components, such that the measured vibrations
have multiple contributions from different piezoelectric tensor components.
This allows us to test various piezoelectric coefficients with the same experimental
setup.

To verify that our PFM method will actually test the electromechanical coupling
of a system, several control tests were performed using the same procedure as
described in the paper. As a control, we measured the response of a plastic sample
on a gold-coated silicon substrate as well as that of the gold coating itself. The
vibrational responses of these controls, along with those measured on a C3N4

sample on a gold-coated silicon substrate, are shown in Supplementary Fig. 3
(vertical PFM) and Supplementary Fig. 4 (lateral PFM). As expected, no clear
resonance peak is observed in plastic since it possesses no piezoelectric properties.
There is a peak observed for the bare gold coating, this can be attributed to
electrostatic interactions. The g-C3N4 sample shows clear peaks at the resonant
frequencies.

The samples are tested at frequencies near the resonant frequencies of the two
different vibration modes of the cantilever. The frequency at 357 kHz corresponds
to the first eigen mode of normal deflection, under vertical PFM, and the 778 kHz
frequency is the eigen mode related to the twisting (shearing) of the cantilever,
under lateral PFM. Finite element simulations for these two vibration modes have
been carried out, as presented in the corresponding section.

The comparison of the response versus voltage, between gold coating and
g-C3N4 is shown in Supplementary Fig. 5. As we monitor the voltage versus
amplitude, it becomes clear that the bare gold substrate does not exhibit a linear
response that would be expected of a piezoelectric material. Therefore, although
gold does show peaks at the resonant frequencies in Supplementary Figs 3 and 4,
evidently this is not due to any electromechanical coupling of the material.
Meanwhile, our g-C3N4 sample does show a linear increase in amplitude as the
applied voltage is increased, typical of the characteristic of a piezoelectric material
being tested in PFM.

Differences in mechanical properties are demonstrated through changes in
contact resonance. However, the primary contribution to contact resonant shift is
changes in contact stiffness, although contact area variation can also be partially
responsible, which can be minimized by maintaining constant contact force. In our
experiment, through feedback control, the system kept a constant contact force
while scanning through feedback control. We expect that different contact forces
do not affect the response much.

Finite element method simulations. A finite element calculation using COMSOL
is performed modelling the PFM setup to help elucidate the relationship between
the experimental results and quantum calculations. The FEM model is able to show
that with the predicted piezoelectric coefficients of g-C3N4 from DFT calculation
both a vertical, out-of-plane and a lateral, in-plane response can be resulted in PFM
experiments, although e33 and e15 are zero. This is clear from Supplementary Fig. 6,
where the total displacement field in the sample underneath a charged SPM tip is
shown, and both vertical and lateral displacements are observed. The dynamic
responses of the cantilever excited by piezoelectric effect of g-C3N4 are shown in
Supplementary Fig. 7 (vertical PFM) and Supplementary Fig. 8 (lateral PFM), and
we notice reasonable agreement on resonant frequencies for both vertical and
lateral PFM between experiments and simulations.

Quantum calculations. The full piezoelectric tensors for both the single sheet and
stacked configurations are given in Supplementary Figs 1 and 2, respectively. On
the basis of symmetry arguments for the �6m2 class, there should be three non-zero
components and only one independent component19. These three coefficients are
related by the relations:

e12 ¼ � e11 ð3Þ

e26 ¼ � e11 ð4Þ
This is supported by the results found using DFT as previously described. The

results from the bulk and single-sheet configurations can be compared to verify
that these results are correct. If the single-sheet coefficient is divided by the spacing
between sheets in the stacked form to convert from a per area quantity to a per
volume amount, the result should be the same as the ‘effective’ piezoelectric
constant given for the single sheet in Table 2. Following this previous statement, we
obtain the result:

e11 ¼
2:18�10� 10 Cm� 1

2:997�10� 10 m
¼ 0:727 Cm� 2 � eeff

11 ¼ 0:732 Cm� 2 ð5Þ

Supplementary Figs 1 and 2 show that the relations given inequations (3)
and (4) are correct. There are some slight differences that can be attributed to
numerical error caused by using relatively low cutoff energies and less densely
packed k-point grids to speed up the DFT calculations. All of the results are within
a reasonable accuracy, so we find no need for further intensive calculations.
Components suspected to be zero were also tested in order to verify that the
symmetry arguments made earlier are correct.

References
1. Rogers, J. A., Someya, T. & Huang, Y. Materials and mechanics for stretchable

electronics. Science 327, 1603–1607 (2010).
2. Wang, S. et al. High mobility, printable, and solution-processed graphene

electronics. Nano Lett. 10, 92–98 (2010).
3. Standley, B. et al. Graphene-based atomic-scale switches. Nano Lett. 8,

3345–3349 (2008).
4. Arsat, R. et al. Graphene-like nano-sheets for surface acoustic wave gas sensor

applications. Chem. Phys. Lett. 476, 344–347 (2009).
5. Stampfer, C. et al. Nano-electromechanical displacement sensing based on

single-walled carbon nanotubes. Nano Lett. 6, 1449–1453 (2006).
6. Stampfer, C. et al. Fabrication of single-walled carbon-nanotube-based pressure

sensors. Nano Lett. 6, 233–237 (2006).
7. Duerloo, K. A. N., Ong, M. T. & Reed, E. J. intrinsic piezoelectricity in two-

dimensional materials. J. Phys. Chem. Lett. 3, 2871–2876 (2012).
8. Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable

transparent electrodes. Nature 457, 706–710 (2009).
9. Chandratre, S. & Sharma, P. Coaxing graphene to be piezoelecric. Appl. Phys.

Lett. 100, 023114 (2012).
10. Bell, D., Lemme, M., Stern, L., Williams, J. & Marcus, C. Precision cutting and

patterning of graphene with helium ions. Nanotechnology 20, 455301 (2009).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5284

6 NATURE COMMUNICATIONS | 5:4284 | DOI: 10.1038/ncomms5284 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


11. Bieri, M. et al. Porous graphenes: two-dimensional polymer synthesis with
atomic precision. Chem. Commun. 45, 6919–6921 (2009).

12. Zheng, Y., Liu, J., Liang, J., Jaroniec, M. & Qiao, S. Graphitic carbon nitride
materials: controllable synthesis and applications in fuel cells and
photocatalysis. Energy Environ. Sci. 5, 6717 (2012).

13. Jungthawan, S., Reunchan, P. & Limpijumnong, S. Theoretical study of strained
porous graphene structures and their gas separation properties. Carbon 54,
359–364 (2013).

14. Thomas, A. et al. Graphitic carbon nitride materials: variation of structure
and morphology and their use as metal-free catalysts. J. Mater. Chem. 18,
4893–4908 (2008).

15. Lowther, J. Relative stability of some possible phases of graphitic carbon nitride.
Phys. Rev. B 59, 11 683–11 686 (1999).

16. Liu, A. & Cohen, M. Prediction of new low compressibility solids. Science 245,
841–842 (1989).

17. Coleman, J. et al. Two-dimensional nanosheets produced by liquid exfoliation
of layered materials. Science 331, 568–571 (2011).

18. Gruverman, A. Domain structure and polarization reversal in ferroelectrics
studied by atomic force microscopy. J. Vac. Sci. Technol. 13, 1095–1099 (1995).

19. Nye, J.F. in: Physical Properties of Crystals: Their Representation by Tensors and
Matrices (Oxford Univ. Press, 1957).

20. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials. J. Phys. Condens. Matter
21, 395502 (2009).

21. Vanderbilt, D. & King-Smith, R. Electric polarization as a bulk quantity and its
relation to surface charge. Phys. Rev. B 48, 4442 (1993).

22. Vanderbilt, D. & King-Smith, R.D. Electronic polarization in the ultrasoft
pseudopotential formalism. Preprint at ohttp://arxiv.org/abs/cond-mat/
9801177v14 (1998).

23. Bechmann, R. Elastic and piezoelectric constants of alpha-quartz. Phys. Rev.
110, 1060–1061 (1958).

Acknowledgements
P.S. and M.Z. acknowledge support from the NSF GK12 program and NSF CMMI grant
1161163. S.Y. and P.M.A. acknowledge funding support from the US Army Research
Office MURI grant W911NF-11-1-0362. Y.L., C.L. and J.L. acknowledge the support of
NSF (CMMI 1100339).

Author contributions
S.Y. fabricated all samples and performed AFM and TEM imagining as well as EELS and
XPS survey spectra. Y.L. designed and carried out PFM experiments and analysis. C.L.
performed FEM simulations and analysis. M.Z. carried out all quantum mechanics/DFT
calculations and analysis with the assistance of Y.H. P.S., J.L. and P.M.A. were respon-
sible for the project planning. M.Z., Y.H., P.S., Y.L., S.Y. and J.L. co-wrote the paper. All
the authors discussed the results.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Zelisko. M. et al. Anomalous piezoelectricity in two-dimensional
graphene nitride nanosheets. Nat. Commun. 5:4284 doi: 10.1038/ncomms5284 (2014).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5284 ARTICLE

NATURE COMMUNICATIONS | 5:4284 | DOI: 10.1038/ncomms5284 | www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://www.nature.com/naturecommunications

	title_link
	Results
	Structure of graphene nitride
	Fabrication of graphene nitride
	PFM

	Figure™1Different forms of C3N4.Blue and grey spheres represent nitrogen and carbon atoms, respectively. (a) Single-sheet tri-s-triazine (g-C3N4). (b) Layered tri-s-triazine sheets. (c,d) beta form shown from two perspectives to illustrate the three-dimen
	Figure™2Microscopy images of fabricated g-—C3N4 nanosheets.(a) Transmission electron microscopy (TEM) image of exfoliated g-—C3N4 nanosheets, scale bar, 200thinspnm. (b) Representative AFM image, scale bar, 200thinspnm, and (c) corresponding thickness ana
	Figure™3Vertical and lateral PFM responses of g-—C3N4 across resonant frequency.(a,c) Resonant peaks for different applied voltages. (b,d) Linear correlation between the applied voltage and the amplitude of the displacement
	Elucidation of the origin of anomalous piezoelectricity

	Figure™4PFM response of a g-—C3N4 particle on conductive substrate.(a) Topography; (b) corrected vertical PFM amplitude; (c) phase; and (d) resonant frequency
	Figure™5Illustration of effects of nanopores on the polarization of a non-piezoelectric material under uniform stress.(a) A non-piezoelectric material with no pores exhibits no piezoelectric response; (b) with circular (centrosymmetric) pores, local polar
	Discussion
	Table 1 
	Table 2 
	Figure™6Polarization versus strain curve for graphitic carbon nitride obtained from quantum mechanics calculations.A clear linear correlation is evident, and the slope, corresponding to the piezoelectric coefficient, is shown for (a) the stacked configura
	Table 3 
	Methods
	PFM
	Finite element method simulations
	Quantum calculations

	RogersJ. A.SomeyaT.HuangY.Materials and mechanics for stretchable electronicsScience327160316072010WangS.High mobility, printable, and solution-processed graphene electronicsNano Lett.1092982010StandleyB.Graphene-based atomic-scale switchesNano Lett.83345
	P.S. and M.Z. acknowledge support from the NSF GK12 program and NSF CMMI grant 1161163. S.Y. and P.M.A. acknowledge funding support from the US Army Research Office MURI grant W911NF-11-1-0362. Y.L., C.L. and J.L. acknowledge the support of NSF (CMMI 1100
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




