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Since the advent of single, free-standing 2D sheets of
graphite,[1] graphene has been suggested as the most promis-
ing candidate material for post-silicon electronics.[2] Most
notably, graphene has the desirable combination of high
charge-carrier mobility coupled with high current stability,
temperature stability, and thermal conductivity.[3] However,
the (semi-)metallic character of graphene and the absence of
an electronic bandgap have so far impeded the development
of a graphene-based switch.[4] Strategies to open up a gra-
phene bandgap involve single- or multi-step modifications by
physical and chemical means.[5] Alternative, simpler routes to
silicon-free electronic switches are based on known inherent
semiconductors. For example, a field-effect transistor was
constructed using single-layer MoS2 (1.8 eV bandgap)
obtained by Scotch tape exfoliation, but this strategy retains
the known chemical limitations of MoS2.

[6] It is therefore
desirable to complement the electronic properties of the
carbon-only graphite/graphene system with a similar material
that combines 2D atomic crystallinity and inherent semi-
conductivity.

The new material discussed here consists exclusively of
covalently-linked, sp2-hybridized carbon and nitrogen atoms.

It was first postulated by others as “graphitic carbon nitride”
(“g-C3N4”), by analogy with the structurally related graph-
ite.[7] Over the years, two structural models emerged to
account for the geometry and stoichiometry of this as yet
hypothetical graphitic carbon nitride. These two models are
distinguished by the size of the nitrogen-linked aromatic
moieties that make up the individual sheets in the material:
one model is based on triazine units (C3N3) (Figure 1F and
Figure S1 in the Supporting Information), and the other is
based on heptazine units (C6N7) (Figure S1).[8] Since the
1990s, many attempts at the synthesis of carbon nitride
materials have been reported,[8] encompassing chemical vapor
deposition (CVD),[9] pyrolysis of nitrogen-rich precursor
molecules,[10] shock wave synthesis,[11] and ionothermal con-
densation.[12] Historically, the existence of a hypothetical,
heptazine-based “graphitic carbon nitride (g-C3N4)” has been
claimed numerous times.[10a, 12–13] Later work revealed these
materials to be either polymeric (CNxHy),[14] or of a poly-
(triazine imide)-type,[15] and none of these approaches has
yielded, up to now, a well-defined material of the postulated
“g-C3N4” triazine structure. The electronic and chemical
properties of these materials remain of strong interest: for
example, recently a heptazine-based, disordered, more poly-
meric carbon nitride was shown to facilitate hydrogen
evolution from water under visible-light irradiation.[16] The
present contribution now reports the successful surface-
mediated synthesis of 2D crystalline, macroscopic films of
triazine-based, graphitic carbon nitride (TGCN). The mate-
rial forms interfacially, both at the inherent gas–liquid
interface in the reaction and on a quartz glass support.

The principal synthetic procedure is analogous to the
previously reported synthesis of poly(triazine imide) with
intercalated bromide ions (PTI/Br).[15a] In a typical experi-
ment, the monomer dicyandiamide (DCDA) (1 g,
11.90 mmol) is ground with a vacuum-dried, eutectic mixture
of LiBr and KBr (15 g; 52:48 wt %, m.p. 348 8C) in a dry
environment to prevent adsorption of moisture. The mixture
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is sealed under vacuum in a quartz glass tube (l = 120 mm,
outer diameter = 30 mm, inner diameter =27 mm) and sub-
jected to the following heating procedure: 1) heating at
40 K min�1 to 400 8C (4 h), 2) heating at 40 K min�1 to 600 8C
(60 h). Safety note: Since ammonia is a by-product of this
polycondensation reaction, pressures in the quartz ampoule
can reach up to 12 bar, so special care should be taken in
handling and opening of the quartz ampoules. The reaction
yields two products: PTI/Br, which is suspended in the liquid
eutectic,[15a] and a continuous film of TGCN at the gas–liquid
and solid–liquid interface in the reactor. The size of the
deposited TGCN flakes scales with the initial concentration
of DCDA in the reaction medium, and with the reaction time.
Hence, a low initial concentration of the monomeric building
blocks (0.5 g DCDA in 15 g LiBr/KBr) yields isolated,
transparent flakes of orange-red color (< 2 mm), as do
shorter reaction times (< 24 h). By contrast, a combination
of longer reaction times (> 48 h) and higher concentrations
(1 g DCDA in 15 g LiBr/KBr) of monomer gives macroscopic,

shiny flakes that are optically
opaque (> 10 mm) (Figure 1A
and B). It is not clear whether the
partial pressure of reactive inter-
mediates in the gas phase of the
reactor plays a role in the forma-
tion of TGCN, because the overall
condensation mechanism is accom-
panied by a release of ammonia
(Figure S1). After cooling, TGCN
films can be separated easily from
the solidified PTI/Br containing
salt block through a simple water
washing. The microcrystalline,
yellow/brown powder of PTI/Br is
suspended in the resulting slurry,
while the TGCN flakes float on the
surface and can be obtained in
pure form by sedimentation and
filtration (Figure 1 A and B).
TGCN grown at the solid–liquid
interface also adheres to the quartz
glass support in the reactor and can
be peeled, or scratched, away from
the surface with relative ease (Fig-
ure S2, C).

We used a combination of
transmission electron microscopy
(TEM) and scanning force micros-
copy (SFM) to image the materials
and to probe the lateral order of
TGCN, and to corroborate histor-
ical structural predictions.[7b] Thin
sheets of TGCN down to approx-
imately three atomic layers were
obtained by mechanical cleavage.
TEM images show a hexagonal 2D
honeycomb arrangement with
a unit-cell of 2.6 � (Figure 1E,
and Figure S3 D). Under our imag-

ing conditions, the positions of the three coordinated nitrogen
atoms of a triazine-based lattice show up as bright areas
(Figure 1D and E and Figure S3). In the stacking model that
best reproduces our TEM data (Figure 1C), the trigonal voids
opened up by the three interlinked triazine units are covered
by a staggered, graphitic arrangement of subsequent TGCN
layers. Unfortunately, no monolayers of TGCN could be
obtained by mechanical cleaving. The hexagonal in-plane
pattern seen by SFM (a = b = 2.78� 0.14 � and a = 59.2�
2.48) confirms this repeat of localized electron density (Fig-
ure 1C, and Figure S4). We suggest that this lateral repeat
corresponds to a hexagonal grid with electronegative nitrogen
atoms at its nodes, as seen for the lateral unit cell of TGCN
(Figure 1F, and Figure S3). Exhaustive scanning electron
microscopy (SEM) imaging and energy-dispersive X-ray
(EDX) spectroscopy show a homogenous, lamellar sample
morphology and a composition that comprises carbon and
nitrogen (Figures S5 and S6) in a C3N4 ratio (Table S1). 13C
and 15N solid-state NMR spectra (Figure 1G and H, and

Figure 1. Physical characterization of TGCN. A) A single macroscopic flake of TGCN. B) Optical
microscopy images of TGCN in transmission (left half) and reflection (right half). C–E) Mechanically
cleaved layers of TGCN as imaged by SFM (C) and by high-resolution TEM (D and E). F) Crystallo-
graphic unit cell (a = 5.0415(10) �, c =6.57643(31) �, space group 187) and AB stacking arrangement
of TGCN layers derived from structural refinement. Carbon and nitrogen atoms are represented as
gray and blue spheres, respectively. A hexagonal grid of half-cell size with nitrogen atoms at its nodes
has been overlaid as guide for the eye in orange. G,H) 13C {1H} magic-angle spinning (MAS) NMR
(MAS rate of 10 kHz) (G) and 1H-15N CP/MAS NMR spectra (MAS rate of 5 kHz, reference glycine)
(H) of TGCN. I) X-ray analysis of TGCN with the observed pattern in red, the refined profile in black,
the difference plot in blue, and Bragg peak positions in green.
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Figure S7), X-ray photoelectron spectra (XPS) of the C 1s and
N 1s regions (Figure S8), and electron energy loss spectros-
copy (EELS) (Figure S9) suggest a material comprised from
carbon and nitrogen with the correct hybridization states for
an aromatic triazine (C3N3)-based structure. The low signal-
to-noise ratio in the NMR spectra results from a lack of
coupling 1H environments—as corroborated by elemental
analysis (Table S1), and also from a degree of structural
disorder. The quality of the spectra does not allow definitive
structural identification, but data suggest one broad 13C
resonance and two groups of 15N peaks, both of which are
consistent with the structural model of a planar triazine-based
material. X-ray diffraction (XRD) analysis confirmed the
purity of TGCN, and no diffraction peaks were observed that
could be ascribed to the starting material, the salt melt, nor
the PTI/Br, which contains heavy halide scatterers (Figure 1I,
and Figure S10). Following the structural leads from TEM
and SFM, we assumed the historical model of “g-C3N4”

[7b] as
an initial guess for structural refinement. This structure is
based on a staggered AB arrange-
ment of sheets of nitrogen-bridged
triazines (C3N3), analogous to
graphite (Figure 1C), and gave
reasonable experimental values
from Le Bail fitting and con-
strained structural refinement
(a = 5.0415(10) �, c =

6.57643(31) �, space group P�6m2,
no. 187). Looking at the ab-plane
of the refined unit cell, we see
a regular grid corresponding to
a quarter unit cell giving distances
between individual nitrogen atoms
of 2.52 �. The apparent discrep-
ancies in nitrogen–nitrogen distan-
ces from TEM (2.60� 0.05 �),
SFM (2.78� 0.14 �), XRD
(2.52 �) and DFT (2.39� 0.9 �;
min. 2.31 �, max. 2.66 �; Fig-
ure S13B) are intrinsic to these
methods, but they give a good
overall agreement of 2.57�
0.25 �. The interlayer spacing of
3.28(8) � (d002) is slightly shorter
than the gallery height of graphite
(3.35 �) (Figure 1I) and in good
agreement with other aromatic,
discotic systems. The lack of
observable peaks for bulk TGCN
did not allow a reliable Rietveld
refinement of atom positions, or
a confident determination of the
possible layer stacking arrange-
ments. However, the initial struc-
tural model was used to construct
three conceivable stacking possi-
bilities: 1) an eclipsed, AA
arrangement, in which consecutive
sheets are superimposed over each

other (Figure 2A); 2) a staggered, graphite-like AB arrange-
ment with one set of triazine (C3N3) units from the first layer
always superimposed on top of the voids of the second layer
(and their neighbors from the first layer always superimposed
on the bridging nitrogens from the second layer) (Figure 2B);
and 3) an ABC stacking, where each triazine (C3N3) ring is
superimposed on a bridging nitrogen followed by a void
(Figure 2C). Simulated TEM images based on these three
models were then compared with the experimental TEM
data. An ABC arrangement gave the best fit for the thinnest
observed sections of TGCN (Figure 2, and Figure S3). How-
ever, stacking disorder in thicker parts of the sample is
a possibility, as apparent from the broad (002) peak in the
XRD pattern (Figure 1I). This type of disorder between
TGCN layers is known for other discotic systems for which
stacking is dominated by non-directional p–p interactions.[17]

The co-planar arrangement of nitrogen-bridged, aromatic
triazine (C3N3) units enables extended in-plane delocalization
of p-electrons along individual sheets of TGCN, and hence

Figure 2. Three possible stacking arrangements of TGCN: A) eclipsed AA, B) staggered AB, C) and
ABC, with their respective calculated images below. D) TEM image of TGCN, and E) corresponding
Fourier transform image.
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opens up interesting perspectives for electronic
applications. The opaque, shiny appearance of
bulk TGCN makes optical spectroscopy challeng-
ing (Figures S11 and S12). However, the onset of
an adsorption edge in the red region of the UV/
Vis spectrum is discernible (Figure 3A). Hence,
the optical bandgap of TGCN is estimated to be
less than 1.6 eV. To corroborate the bandgap
properties of TGCN, density functional theory
(DFT) calculations were performed using a fully
non-local functional that includes van der Waals
interaction and specifically targets weakly bonded
layered systems, (Figure 3 B and C and Figure S13,
A)[18] starting with the original model for “g-
C3N4”.[7b] The resulting equilibrium structure
shows a corrugation of triazine (C3N3)-based
sheets as observed in previous findings (Fig-
ure 3C, and Figure S13A).[19] While there is
evidence in the literature and in the present
calculations that the actual g-C3N4 structure
should be non-planar, the actual extent of corru-
gation/buckling is difficult to access, and is dis-
cussed in-depth in the Supporting Information.
The lowest energy is found for an AB stacking
arrangement, and an interlayer binding energy of
17.6 meV��2 with a minimum interlayer separa-
tion of 3.22 �. The energy differences between
AA, AB and ABC stacking configurations are
small (max. 14 meV/atom), which indicates that different
stacking configurations should be possible, as indicated by
XRD and TEM. The band structure for a single layer of the
equilibrium structure is shown in Figure 3C. The single layer
bandgap for a free-standing sheet is about 2.4 eV, and it
shrinks to 2.0 eV for an AB-stacking arrangement. Since the
lowest-energy transition occurs at the G point, TGCN is
assumed to be a direct bandgap semiconductor, like poly-
meric carbon nitride analogues.[16] A comparison of the
calculated electronic band structure with the experimental
XPS valence band spectrum shows an excellent agreement up
to a binding energy of 20 eV, except for the presence of
a feature around 1.0 eV in the theoretical spectrum (Fig-
ure 3D). This feature corresponds to 2p orbitals nearly
orthogonal to the aromatic plane (Figure S14). Due to very
low overlap between the initial pp state and free photo-
electron wavefunctions, such orbitals are known to have
anomalously low photoionization cross sections in c-axis-
orientated layered materials, such as graphite[20] and h-BN.[21]

Thus the absence of this peak in layered TGCN can be
rationalized. The calculated valence band spectrum for the
unrelaxed, planar structure is significantly different to that
observed (Figure S15). Hence, the excellent match between
our experimental valence band spectrum and the theoretical
spectrum for the relaxed model is more supportive of
a corrugated structure. On the whole, combined experimental
and computational data, and in particular DFT calculations
and XPS measurements, support a corrugated layer structure,
although limitations in the various measurement techniques
and structural disorder in the TGCN material do not allow us
to completely rule out a more planar structure, as found

typically in molecular nitrogen-substituted triazines (Fig-
ure S18).

From UV/Vis measurements and the correlation of DFT
and XPS results, we deduce that TGCN has a bandgap of
between 1.6 and 2.0 eV, which places it in the range of small
bandgap semiconductors such as Si (1.11 eV), GaAs
(1.43 eV), and GaP (2.26 eV).[22]

In summary, a triazine-based, graphitic carbon nitride that
was predicted in 1996 has now been successfully synthesized.
Because of its direct, narrow bandgap, TGCN provides new
possibilities for post-silicon electronic devices. In particular,
the crystallization of semiconducting TGCN at the solid–
liquid interface on insulating quartz offers potential for
a practically relevant device-like adaptation.
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Materials and Methods: 
Materials. Dicyandiamide (DCDA), lithium bromide and potassium bromide were 

purchased in their highest-purity form from Sigma-Aldrich and used as received. 
Synthesis of TGCN. Dicyandiamide (1 g, 11.90 mmol) was thoroughly ground with 15 g 

of LiBr/KBr (LiBr/KBr dried at 200 °C under vacuum, 52:48 wt%, m.p. 348 °C) in a glove-box 
(or dry-box) to exclude . The reaction mixture was transferred into a quartz glass ampoule (l = 
120 mm, o.d. = 30 mm, i.d. =   27 mm) and sealed under vacuum. Subsequently, the reaction 
mixture was subjected to the following heating procedure: (1) heating at 40 K min−1 to 400 °C (4 
h), (2) heating at 40 K min−1 to 600 °C (60 h). SAFETY NOTE: Since ammonia is a by-
product of this poly-condensation reaction, pressures in the quartz ampoule can reach at 
least 12 bar in the configuration described here, so special care should be taken in handling 
and opening of the quartz ampoules. The actual pressure will of course depend on the 
relative scale of the ampoule with respect to the reaction contents.  

After natural cooling, excess salt was removed in boiling distilled water. TGCN was 
removed via gentle filtration, sieving and by removing flakes of TGCN from the quart glass. The 
product was dried thoroughly at 200 °C under vacuum to yield TGCN flakes (92 mg, 0.50 mmol, 
12.6 % yield) as shiny, dark flakes. Since there is considerable pressure build-up in the quartz 
glass ampoules during this reaction – leading to loss of ampoules in one out of two cases, an 
alternative reactor set-up was devised using a stainless steel high-pressure, high-temperature 
reactor with graphite gaskets and a two-part quartz inlet as seen below. We strongly 
recommend the use of an appropriately specified reactor with safety release valves to avoid 
issues of ampule loss. 

 

 
Although this set-up enables formation of TGCN under safer work conditions (Fig. S2, 

B), the best yields were achieved using the quartz ampoules (Fig. S2, A). With the current 
reactor design, overall yields for TGCN were poor (92 mg, 0.50 mmol, 12.6 % yield), but this 
encompasses a bulk ionothermal reaction medium, where the TGCN does not form. The 
shortcomings of this prototype set-up might be remedied by a reactor geared towards 
maximizing solid-liquid interfaces: for example, by inserting quartz glass slides or beads in the 
reaction medium. 



 

 

 

 

Figure S1. Formation of melamine, melam, and melem by oligomerization and condensation 
starting from dicyandiamide via separation of NH3. Triazine-based and heptazine-based graphitic 
carbon nitrides are the predicted end-points of each condensation branch. 
 

 

Figure S2. Optical images of a sealed quartz glass ampoule after TGCN synthesis (A), onset of 
the formation of shiny TGCN flakes at the interfaces of the LiBr/KBr salt block in a quartz inlet 
(stainless steel reactor) (B), macroscopic, shiny flakes of TGCN peeling off their quartz glass 
support during a water soak (C). 
 

Transmission electron microscopy and image simulation. Electron microscopy was 
carried out using a Titan 80-300 instrument (FEI) equipped with an imaging-side spherical 
aberration (CS) corrector operating at an accelerating voltage of 80 kV under Scherzer conditions 
and with a spherical aberration value of 20 µm. Images were recorded on a CCD (charge-
coupled device) with an exposure time of one second per frame and an interval of two seconds 



 

 

between the frames in a particular sequence at a constant electron dose rate of ~107 electrons 
nm−2 s−1. 

The stacking arrangement of g-C3N4 found experimentally is ABC. By image simulation 
this ABC configuration has been confirmed. In order to understand the contrast of the 
experimental image, a graphical model of TGCN in ABC stacking is shown in Figure S3, A. In 
this model the three tri-coordinated nitrogens of each triazine molecule in each layer are 
represented by same colour dots, the unit cell is presented in yellow, the gray hexagons depict 
the hexagons seen in the experimental image and the empty circles circumscribe the 
superposition of a bi-coordinate nitrogen in a molecule on one layer and a C atom in the ring of 
the subsequent layer. It is worth notice that these positions were not resolve in the experiment 
due, probably, to delocalization and/or image conditions (residual imaging aberrations). 

Following the presented model a simplified representation of the contrast can be seen in 
Figure S3, B. In this simplified contrast model the red arrows point to two of the vertices of a 
hexagon. A line profile was made on a HRTEM image (e.g. Figure S3, D) across two bright 
spots and the vertices of a hexagon that is between the positions of two tri-coordinated N atoms 
of one molecule in a layer. Analysis of this line profile (Figure S3, C) gave distances between tri-
coordinated atoms of a triazine molecule in one layer of approx. 4.4 A and also the distance 
between a tri-coordinated nitrogen in a molecule to the bi-coordinated N atom in the ring of the 
same molecule (approx. 2.22 A). These results are in good agreement with the distances found in 
the predicted models for g-C3N4. 

 

Figure S3. Graphical model of g-C3N4 in ABC staking configuration (A). Simplified contrast 
model (B). Line profile taken between the positions of two tri-coordinated N atoms of one 
molecule (i.e. the bright spots in the experimental image) (C). The profile is taken across two 



 

 

vertices of a hexagon as denoted by the red arrows in (B). Experimental image with the graphical 
model superimposed (D). 

 
Scanning force microscopy. SFM was performed under ambient conditions with a 

Nanoscope 3a (Veeco) instrument equipped with E scanner. Instrument calibration was 
performed with a standard calibration grid (Veeco) with one micrometer mesh size. Calibration 
deviations did not exceed 5%, which we also assume to be the calibration error. The imaging was 
performed in contact mode with silicon nitride cantilevers (Veeco, model: NP-20) with a typical 
spring constant of 0.12 N/m. To minimize influence of thermal drift, images were acquired with 
fast scan direction being rotated at different angles. The images were processed with SPIP 
software (Image Metrology). Averaging of the unit cells gave a = 2.77±0.03 Å, b = 2.79±0.05 Å 
and α = 59.2±1.7 °. Taking into account the instrument calibration error, the unit cell is thus a = 
b = 2.78 ± 0.14 Å and α = 59.2±2.4 °. 

 

Figure S4. Contact mode SFM images of TGCN showing topography (A), and a friction image 
(B). 

 
Scanning electron microscopy. SEM imaging of the platelet morphology was achieved 

using a Hitachi S-4800 cold Field Emission Scanning Electron Microscope (FE-SEM). The dry 
samples were prepared on 15 mm Hitachi M4 aluminium stubs using either silver dag or an 
adhesive high purity carbon tab. The FE-SEM measurement scale bar was calibrated using 
certified SIRA calibration standards. Imaging was conducted at a working distance of 8 mm and 
a working voltage of 5 kV using a mix of upper and lower secondary electron detectors. 



 

 

 

Figure S5. SEM images of TGCN on sticky carbon [(A) and (B)] and on sticky carbon 
suspended over the Al-sample holder (C). Corresponding EDX spectrum (D) of TGCN 
suspended over the Al-sample holder carbon. From K-edge integration, the calculated atomic 
composition is C, 39.29 wt%; N, 56.13 wt%; Al, 4.58 wt% (calculated for TGCN: C, 39.14 wt%; 
N, 60.86 wt%). 

 



 

 

 

Figure S6. SEM images of several layers of TGCN (right half) grown on quartz glass (left half) 
(A), and the corresponding EDX spectrum (B). 

 
Solid-state NMR. Solid-state NMR spectra were recorded on a Bruker DSX400 

spectrometer at room temperature using zirconia MAS rotors. 1H-13C CP/MAS data were 
recorded using a 4mm H/X/Y probe head using a MAS rate of 10 kHz. The 1H π/2 pulse length 
was 3.1 µs with a recycle delay of 10 s. Two pulse phase modulation (TPPM) heteronuclear 
dipolar decoupling was used during acquisition.(i) The Hartman-Hahn matching condition was 
set using hexamethylbenzene (HMB). 13C{1H} MAS were recorded using the same probe head 
and MAS frequency. A 13C π/3 pulse length of 2.6 µs, recycle delay of 20 s and TPPM 
decoupling were used in acquisition. All 13C spectra are referenced to external TMS at 0 ppm. 
1H-15N CP/MAS spectra were recorded using a 4 mm H/X/Y probe head with a MAS rate of 5 
kHz. The 1H π/2 pulse length was 3.1 µs with a recycle delay of 10 s. Two pulse phase 
modulation (TPPM) heteronuclear dipolar decoupling was used during acquisition.i The 
Hartman-Hahn matching condition was set using 95 % 15N-Glyciene and contact time of 5 ms 
was used. All 15N spectra are referenced to the -NH2 signal of glyciene at 32.5 ppm with respect 
to NH3(liq). 

Solid-state NMR spectra are shown in Figure S6. The prominent aromatic carbon signal 
with a discernible shoulder is assigned to two crystallographically distinct carbon environments 
in the triazine (C3N3) ring (Cring; 159.8 ppm). Two signals in the 15N spectrum are assigned to the 
three-fold coordinated, bridging nitrogen (Nbridge; 128.0 ppm) and to the aromatic nitrogen in the 
triazine (C3N3) ring (Nring; 198.5 ppm), respectively. 

 



 

 

Figure S7. Solid-state NMR study of TGCN showing 13C {1H} MAS NMR (10 kHz) (A) 1H-13C 
CP/MAS NMR at (MAS rate of 10 kHz, contact time of 2 ms) (B) 1H-15N CP/MAS NMR (MAS 
rate of 5 kHz, contact time of 5 ms, reference glycine) (C). 
 

X-ray photoelectron spectroscopy. XPS measurements were carried out on a Thermo 
K-alpha spectrometer using monochromated Al Kα radiation with a base pressure of 5×10-10 
mbar. Samples were mounted on carbon tape and a focused 400 micron X ray spot was used to 
ensure signal was only recorded from the sample. An incidence angle of 45° and a take-off angle 
of 90° were used. A test for beam damage showed no change in any spectra on prolonged 
exposure to the beam. Charge compensation was carried out using a dual beam electron and Ar+ 
flood gun. Ion beam etching was carried out in situ using a 1000 eV Ar+ beam. 

XPS was carried out on a flake of c-axis oriented TGCN. Figure S5, A and B shows the 
respective N 1s and C 1s spectra obtained from the sample. In addition to nitrogen and carbon, 
oxygen was also detected. The N 1s peak shape showed a distinct shoulder and was adequately 
fitted with two Gaussian-Lorentzian components with binding energies 398.5 eV and 399.9 eV. 
A similar N 1s peak shape has been observed in both thin films and hydrothermally produced 
powders of carbon nitride materials.(ii-iv) The N 1s component at 399.9 eV corresponds exactly 
in binding energy to the N 1s peak seen from triphenyl amine which contains a sp3 nitrogen 
joined to three aromatic rings.(v) Therefore this signal is assigned to the Nbridge environment. The 
component at 398.5 eV corresponds closely to the N 1s signal seen from the model compounds 
2,2’-Biquinoline and 2,2’:6’2”-Terpyridine, which both contain sp2 nitrogen within an aromatic 
ring.(v) Therefore this component is assigned to the Nring environment. This assignment is in 
common with several other observations of carbon- and nitrogen-containing, thin films and 
powders,(vi) and is consistent with the other analyses presented here. Based on the structure of 
TGCN, the expected ratio between Nring and Nbridge is 1 : 0.33, close to the observed ratio 
between the two components in our spectrum which is 1 : 0.44. It has been predicted 
theoretically that the two N 1s XPS binding energies from Nring and Nbridge would be separated by 
0.8 eV.(vii) However, the observed separation in our spectra, in common with other experimental 
reports, is considerably larger at 1.4 eV. The C 1s spectrum was fitted with three components at 
binding energies of 284.7 eV 286.7 eV and 288.1 eV. The environment at 284.7 eV is typical of 
graphitic carbon or adventitious carbon contamination commonly seen on surfaces by XPS. The 
environment at 288.1 eV has been assigned to sp2 carbon, while that at 286.7 eV has been 
assigned to terminal sp carbon in C≡N groups.(ii, iii) In situ ion beam etching was performed to 
remove surface contamination from the sample. Upon etching, the C 1s environment at 284.7 eV 
and the O 1s peak decreased in intensity, while the other C 1s components and the N 1s peak 
increased in intensity. This suggests that both graphitic carbon and oxygen is present primarily or 
exclusively at the surface of the material. 



 

 

 

Figure S8. XPS spectra of TGCN showing nitrogen (A) and carbon (B) environments. Data is 
shown as points, fitted peaks as solid lines. Survey spectrum showing O and small amounts of Si, 
and Br in addition to N and C (C). 

 
Electron energy loss spectroscopy. Electronic structure measurements were performed 

using EELS using a GATAN Tridiem image filter on aPhilips TEM/STEM CM 200 FEG 
transmission electron microscope equipped with a field emission gun operating at 200 keV 
acceleration voltage.  

The EELS spectrum of TGCN (Fig. S9) shows that the system is composed of sp2-
hybridised carbon and nitrogen atoms, as indicated by the presence of a 1  s→π* transition for 
both elements. 



 

 

 

Figure S9. Dark-field TEM image of TGCN (A) with corresponding EELS for the highlighted 
area (B). From K-edge integration, the calculated atomic composition is C, 42 wt%; N, 58 wt%; 
(calculated for TGCN: C, 39.14 wt%; N, 60.86 wt%). 
 

X-ray diffraction. X-ray diffraction data was collected in two different set-ups for 
reproducibility, and diffraction pattern were selected by optimal resolution and signal-to-noise 
ratio. Laboratory X-ray diffraction data were collected in reflection geometry using a 
PANalytical X’Pert Pro multi-purpose diffractometer (MPD) operating at 40 kV and 40 mA 
producing Cu Kα radiation and equipped with an open Eulerian cradle. The incident X-ray beam 
was conditioned with 0.04 rad Soller slits, automatic divergence slit and 5 mm mask. The 
diffracted beam passed through 0.04 rad Soller slits and a parallel plate collimator. Data were 
collected over the range 4 ≤ 2θ < 90 º with a step size of 0.02 º over 19 h. Structural refinement 
and Le Bail fitting was carried out using the TOPAS-Academic software.(viii) For the structural 
refinement of the P-6m2 Teter model against the experimental diffraction data, geometric 
restraints were applied to all bond distances and angles. The asymmetric unit consisted of two 
carbon atoms and four independent nitrogen atoms. One half of the asymmetric unit, i.e. CN2 
was constrained to lie on the mirror plane at x,y,0, while the z-coordinates of the other half were 
fixed to position it on the (x,y,1/2) plane. One nitrogen on each mirror plane was fixed on a high 
symmetry -6m2 special position. The refinement of x and y coordinates of all other atoms were 
constrained to mm2 positions. 



 

 

 

Figure S10. X-ray analysis of TGCN with the observed pattern in red, the refined profile in 
black, the difference plot in blue, and Bragg peak positions in green showing a structure-less Le 
Bail fit, (A) a structural refinement using unit-cell parameters and atomic coordinates (B) for 
TGCN in CIF format (on the left), and a plot of direct, simulated intensities incl. Miller indices 
for TGCN (C). 

 



 

 

Infrared spectroscopy. Fourier transform infrared (FT-IR) measurements were carried 
out on a Bio-Rad FTS-6000 system in attenuated total reflection (ATR) setup. FT-IR spectra of 
bulk samples were recorded at ambient temperature. 

 

Figure S11. FTIR spectra of a mix of PTI/Br and TGCN (black), as-synthetized, unwashed 
TGCN (red), and various flakes and fragments of TGCN of different sizes (blue). 
 

Raman spectroscopy. Raman spectra were recorded on a Renishaw spectrometer and 
excitation wavelength of 488 nm using freshly cleaved TGCN and single-layer graphene (SLG) 
for comparison. SLG was deposited on mica substrate (Ratan mica exports, V1 quality), and 
TGCN was measured on adhesive tape. 



 

 

 

Figure S12. Raman spectrum of TGCN on adhesive tape (A) compared to single-layer graphene 
(red line) on mica substrate (black line) (B). 

 
Density functional theory methods. DFT calculations were performed with the 

projector augmented wave method(ix, x) as implemented in the VASP package.(xi, xii) 
Relaxations were done with a gamma-centred k-point mesh giving a k-point density of 0.2 Å-1 
and with an energy cut-off for the plane wave basis of 600 eV. Initially, relaxations were 
performed using the PBE functional(xiii) for a single layer for all surface supercells up to a 3x3 
supercells of the “g-C3N4” cell. The lowest energy was obtained for the (

€ 

3 × 3 )R30° 
supercell (degenerate with the 3x3 supercell, which contains three such structures), which was 
then used as basis for relaxation of the 3D structure using the AM05-VV10sol functional.(xiv) 
Since the implementation of the non-local van der Waals density functional(ix) does not support 
calculation of the stress tensor, relaxations of the bulk 3D structure were done by direct 
minimization of the total energy with respect to variations of the lattice vectors using the Nelder-
Mead downhill simplex algorithm, while allowing for full relaxation of internal forces in each 
step. Different stacking of the flat starting-structure with small random distortions of the atomic 
positions were allowed to relax to the lowest energy configuration and in all cases the same in-
plane structure was found as in the PBE relaxation of a single layer, thus ruling out the 



 

 

possibility that the equilibrium geometry is strongly dependent on the choice of functional in this 
case. The lowest-energy configuration found was an AB stacking of corrugated planes (Fig. 1, 
C). This configuration is lower in energy by 4.5 meV / atom compared to the ABC stacking (Fig. 
2, C) and lower by 9.7 meV / atom compared to AA stacking (Fig. 2, A). The least energetically 
favourable stacking arrangement examined was elevated by 14 meV / atom compared to the AB 
stacking. From the data for layered material in the original publication on the AM05-VV10sol 
functional, the a lattice constant is expected to be somewhat underestimated, typically by about 
1%, but possibly as large as 3%. The c-axis length less certain, on average the functional has a 
small error for layered systems, but deviations as large as 7% were reported in the original 
publication. 

The XPS plot was calculated using the full-potential linear muffin-tin orbital package 
RSPt,(xv) and the single-scatterer final state method described by Ravindran et al.(xvi) The same 
photon wavelength as in the experimental spectrum was used and artificial background and 
broadening was fitted to the experimental curve for ease of comparison. Figure S15 shows a 
comparison of the XPS calculated for the buckled structure and closely related planar structure, 
with background radiation set to provide the best possible fit to the experimental spectrum. The 
curves are distinctively different, not sharing any significant feature apart from the peak just 
below the Fermi level, thus establishing XPS as a very sensitive probe of the structure. The 
excellent agreement between the DFT spectrum for the buckled structure and experimental 
spectrum shown in Fig. 3, D of the main paper thus confirms the DFT structure. The absence in 
the experimental spectrum of the peak below the Fermi level is similar to the situation in graphite 
and h-BN and is thus explained by the similarity to these compounds in terms of crystal and 
electronic structure.  

The features in the XPS correspond in a straightforward way to features of the density of 
states shown in Figure S16. The photoionization cross-sections calculated from DFT account for 
the average behaviour of the p-shell and do not explicitly include effects of angular 
dependencies, such as splitting of the p-manifold in p/p states. Hence, a decrease in cross section 
from the angular shape of the p-orbitals will not be captured in the calculated XPS. Orbital 
densities in Figure S14 were calculated by integrating the density for a single band index. Due to 
band crossings, the band index may slightly change its angular component. All orbitals at the top 
of the valence band get a very distinct shape, aligned perpendicular to the local bond axis. The 
highest band index used is the one at the top of the valence band. 

 



 

 

 

Figure S13. Unit-cell parameters and atomic coordinates for TGCN as derived by DFT. In-plane 
structure of TGCN with the primitive crystallographic cell in red and the equilibrium cell found 
from DFT calculations in blue (A). Overview over lateral N-to-N distances for the TGCN unit-
cell as derived by DFT (B). 

 



 

 

 

Figure S14. Isosurfaces of the calculated charge density at different energies, and their positions 
in the calculated XPS, illustrating the gradual change from clear pπ shapes to more delocalized 
pσ shapes when going to lower energies. 
 



 

 

 

Figure S15. Comparison of calculated valence band spectra for a buckled (black) and planar 
(red) structure of TGCN. 

 



 

 

 

Figure S16. Density of states calculation based on the equilibrium unit-cell from DFT. 
 

Compositional analysis. Elemental analysis was obtained on a Vario EL micro- and 
macro CHNOS elemental analyser. Additional elements were probed after chemical pulping on a 
ICP OES Optima 2100 DV, Fa. Perkin-Elmer. 

Table S1. Combustion and ICP elemental analysis for TGCN. 

 
    

 TGCN 
    

C / wt% 38.26 
N / wt% 59.93 
H / wt% 0.51 
Li / wt% - 
K / wt% - 
Br / wt% - 
res. mass / wt% 1.3 
  



 

 

 
Synchrotron XRD measurements. Synchrotron PXRD data (λ = 0.827127 Å) were 

collected in transmission geometry at the I11 beamline at Diamond Light Source on samples 
contained in 1 mm diameter glass capillaries. Data were collected using the Mythen-II position 
sensitive detector, with spinning enabled to reduce orientation effects. Background subtraction of 
yields the plot in (B), which was not used for structural refinement, due to the low intensity of 
observed peaks. It is apparent, however, that other peaks than (101) can in principle be observed 
(e.g. the (100) peak at 10.97 °) 

 

Figure S17. Synchrotron PXRD data (λ = 0.827127 Å) on ground TGCN flakes contained in 1 
mm diameter glass capillaries (A). Synchrotron PXRD data of ground TGCN after background 
subtraction (red) with a plot of direct, simulated intensities (black) and observed Bragg peak 
positions (green) using the crystallographic unit-cell of TGCN derived from the Teter structure 
(a = 5.0415(10) Å, c = 6.57643(31) Å, space group 187) (C). 

 
Considerations regarding TGCN layer buckling vs. planarity. While there is evidence 

in the literature and in the present calculations that the actual g-C3N4 structure should be non-
planar, the actual extent of corrugation/buckling is difficult to access. Molecular species and 
extended, molecular fragments containing the triazine (C3N3) subunit tend to be rather planar, 
based on overwhelming weight of experimental SCXRD evidence (Table S2). The closest, 
structurally analogous compound to TGCN which was fully characterised crystallographically is 
poly(bis(triazine) triimide) lithium chloride (PTI/LiCl),(xvii) for which there is evidence for layer 
buckling (Fig. S18, B). This buckling, however, is less pronounced than the corrugation of the 
TGCN layer and C3N3 units derived from DFT calculations (Fig. 3, C, and Fig. S18, A). 

The disorder observed for bulk TGCN via XRD (Fig. 1, I) and solid-state NMR (Fig. 1, 
G, and H) suggests two factors which render a fully planar TGCN structural model (Fig. 1, F) 
very approximate: (1) stacking disorder can contribute to volume averaging, and (2) if the 
structure is non-planar, thermal motion can average out any observable, pronounced corrugation 
on the timescale of the XRD (and solid-state NMR) experiment. Finally, given that TGCN shows 
some a degree of bulk disorder and taking the time and length scales of the various methods 



 

 

involved under consideration, we cannot rule out a corrugated structure on the basis that the 
planar model is consistent with XRD. 
 

Table S2. Overview over the twelve torsion angles, TOR1 to TOR12, associated with the 
triazine core and its three substitutients. 
 
Name Count Minimum / ° Maximum / ° Sum / ° Mean / ° Std. 

Dev / ° 
TOR1 319 -180 180 -1609.413 -180.0 2.4 
TOR2 319 -180 180 -507.978 -179.9 2.4 
TOR3 319 -180 180 2312.562 179.9 2.2 
TOR4 319 -6.613 23.798 -23.854 -0.1 2.7 
TOR5 319 -23.653 10.108 8.388 0.0 2.7 
TOR6 319 -180 180 -1966.848 -180.0 2.0 
TOR7 319 -180 180 -885.908 -179.9 2.3 
TOR8 319 -9.642 23.798 35.853 0.1 2.7 
TOR9 319 -23.653 8.84 -57.692 -0.2 2.6 
TOR10 319 -180 180 3026.858 179.9 2.3 
TOR11 319 -6.95 23.798 40.164 0.1 2.8 
TOR12 319 -23.653 8.766 -4.054 -0.2 3.0 
 

 
Figure S18. Distributions of torsion angles (N = 1914) in triazine ring and substituents in 319 
Cambridge Structural Database(xviii) entries containing a tri-N-substituted triazine fragment 
(inset). Organometallic structures were excluded. Angles are tightly clustered around 180 or 0° 
(x̅1 = 180.00°, σ1 = 2.27°; x̅2 = 0.05°, σ2 = 2.72°), indicating the triazine moieties in these 
predominantly molecular species show little deviation from planarity. Notable outliers are three 
structures determined by Rietveld refinement of PXRD data: UMEVAJ(xix) (164.7°), 
MAFXOH(xx) (-167.9°), and UWIWON(xvii) (± 23.7°), the PTI/LiCl network. 
 



 

 

 

Figure S19. Projection parallel to the a-b crystal plane of TGCN as derived from DFT (A) and of 
Poly(bis(triazine) triimide) lithium chloride (xvii). 
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