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ABSTRACT: Graphitic carbon nitride (g-C3N4) has, since 2009, attracted great attention for its activity as a visible 
light-active photocatalyst for hydrogen evolution. Since it was synthesized in 1834, g-C3N4 has been extensively studied 
both catalytically and structurally. While its 2D structure seems to have been solved, its 3D crystal structure has not yet 
been confirmed. This study attempts to solve the 3D structure of graphitic carbon nitride by mean of x-ray diffraction and 
of neutron scattering. Initially, various structural models are considered and their XRD patterns compared to the meas-
ured one. After selecting possible candidates as g-C3N4 structure, neutron scattering is employed to identify the best 
model that describes the 3D structure of graphitic carbon nitride. Parallel chains of tri-s-triazine units organized in layers 
with an A-B stacking motif are found to describe the structure of the synthesized graphitic carbon nitride well. A misa-
lignment of the layers is favorable because of the decreased π-π repulsive inter-layer interactions. 

INTRODUCTION 

Graphitic carbon nitride (g-C3N4) is one of the several 
allotropes of the carbon nitrides family. It was synthesised 
for the first time by Berzelius and named “melon” by 
Liebling in 1834.1 It is a polyconjugated semiconductor 
composed of carbon and nitrogen atoms and it is charac-
terised by a layered graphitic-like structure.2 The fully 
polymerised form of g-C3N4, characterised by a C:N ratio 
of 0.75, cannot be practically obtained. Therefore, the 
material presents a hydrogen content of 1-2 %, which var-
ies depending on the synthesis procedure.3 Graphitic car-
bon nitride can be easily synthesised via solid state syn-
thesis from cheap materials such as melamine, it is insol-
uble in most solvents and shows great stability in extreme 
conditions (pH = 0 and pH = 14).2, 4 Due to these charac-
teristics, it has recently attracted great attention for dif-
ferent catalytic applications, in particular photocatalysis 
for hydrogen evolution from water.2, 4 Even though widely 
studied as a catalyst, to date, the g-C3N4 crystal structure 
has not been fully solved. The first examples of structural 
investigation date back to the early 20th century.5-7 Since 
then two main 2D structures have been suggested: a tria-
zine-based (Figure 1a)8-11 and a tri-s-triazine-based 
one(Figure 1b)12-15. Many investigations have been carried 
out in order to confirm which of the two structures could 
describe g-C3N4.12-13, 16-20 By 200916, 19, with the aid of elec-
tron diffraction,16, 19-20 and solid state Nuclear Magnetic 
Resonance,16 the 2D structure of g-C3N4 synthesised by 
thermal condensation of small organic polymers was con-
sidered solved. The structure of g-C3N4 was confirmed as 
a tri-s-triazine based polymeric structure. 16, 19 However, 

due to the highly disordered character of the material an 
accurate description of its 3D structure had only been 
suggested.20-21  

 

Figure 1 Structures considered representative of g-C3N4: a) 
triazine based and b) tri-s-triazine based. 

To the best of our knowledge the most recent work on 
the 3D structure of g-C3N4 is that of Tyborsky et al..21 In 
their work x-ray diffraction modelling is employed to 
solve the structure of graphitic carbon nitride. However, 
due to the short range order of the material which pre-
vents proper structure refinement, x-ray diffraction alone 
is not sufficient. Neutron scattering on the other hand 
can provide additional information useful for the struc-
ture determination of g-C3N4. 

Neutrons interact with the nuclei of the atoms instead 
of the electrons and can therefore offer complementary 
information to XRD analysis regarding the atomic struc-
ture of materials..22 Additionally due to the size of the 
neutrons, neutron scattering is very sensitive to hydrogen 
and  other light elements such as carbon. Due to the op-
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posite sign of the scattering lengths of H and D,23 negative 
peaks are produced in the first case and positive in the 
second. A comparison of labelled and not-labelled mate-
rials allows for direct identification of atomic correlations 
involving hydrogen. Neutron scattering can therefore be a 
suitable analytical technique for g-C3N4 and can offer 
complementary information to the XRD analysis. In the 
present work, we employ structural models proposed in 
the literature, we create some new ones and generate 
their theoretical XRD patterns. These are then compared 
to the measured XRD pattern of the synthesised graphitic 
carbon nitride. After narrowing down the possible crystal 
structures, the most promising ones are compared with 
the results from the neutron scattering analysis. It is 
found that the material synthesised for this study is best 
described by tri-s-triazine layers with an off-set in their 
alignment. To the best of our knowledge no report of 
Neutron Scattering on g-C3N4 exists in the literature and 
this work brings the structural characterisation of this 
active catalyst a step forward. 

EXPERIMENTAL 

Material synthesis. Graphitic carbon nitride was syn-
thesised by thermal polycondensation of Melamine (Sig-
ma-Aldrich, 99.9 %) at 500 °C for 15 h. The precursor was 
placed in a closed alumina crucible and heated to tem-
perature with a rate of 5 °C/min. After the synthesis it was 
ground to fine powder. To synthesize the deuterated 
g-C3N4 the same synthetic procedures was applied but 
Melamine-d6 was employed as the starting material. 

Photocatalytic performance evaluation. Meas-
urement of the photocatalytic hydrogen evolution were 
performed in a custom-made photocatalytic reactor with 
top irradiation through a quartz window. In a typical ex-
periment 0.1 g of catalyst (1 g·L-1) were suspended in 
100 mL of a 10 v.% solution of triethanolamine (TEOA)2 
employed as sacrificial agent. The inner atmosphere was 
purged with Argon gas to remove any trace of air. Top 
irradiation was carried out with a 250 W iron-doped met-
al halide ultraviolet-visible lamp (≥ 290 nm; UV Light 
Technology Limited) with a cut-off filter (≥ 420 nm; Boro-
silicate Coated Glass, UQG Optics Ltd) to block 
UV-irradiations. Hydrogen evolution was monitored for 
an experimental duration of 20 hours using a gas chro-
matograph (Agilent 3000 Micro Gas Chromatograph). 

X-ray diffraction. The microstructure was investigat-
ed by powder X-Ray Diffraction (XRD) using an Empyre-
an PANalytical series 2 diffractometer with a Cu Kα radia-
tion source (λ = 1.5406 Å). The theoretical patterns of the 
modelled structures were generated using the software 
FullProf. In order to remove all symmetry operators dur-
ing the generation of the theoretical patterns, the space 
group P1 is employed as a mere processing tool. 

Neutron Scattering. The neutron scattering meas-
urements were performed using NIMROD (InterMediate 
Range Order Diffractometer) at the ISIS Neutron and 
Muon Facility, Rutherford Appleton Laboratory, UK. Gra-

phitic carbon nitride was packed into a flat plate TiZr 
container that was chosen because of the opposite sign of 
the scattering length of the two elements, giving an over-
all null scattering.24 The container had a wall thickness of 
1 mm and an inner aperture of 1 mm. The beam size was 3 
cm x 3 cm. A Vanadium plate was used as a standard to 
normalize the data. Measurements of the background and 
container were also collected and used to correct the raw 
data. The data normalisation and corrections were carried 
out using GudrunN.24 PDFGui was employed to generate 
calculated PDFs of the crystal structures using scale and 
damp-ing factors that were fitted to the experimental da-
ta. The atomic positions, lattice parameters and isotropic 
displacement parameters were inputted as per the crystal 
structure data and were kept fixed.25 PDFGui outputs a 
residual curve (the difference between the model and the 
data) and also the weighted R-factor (Rw) which is a 
measure of how accurately the model represents the data 
(the smaller the value the better the fit). 

Elemental Analysis and density measurement. 
The elemental analysis was acquired with Carlo Erba 
Flash 2000 Elemental Analyser, configured for wt.% CHN. 
Density measurements were carried out with a Mi-
cromeritics, AccuPyc 1340 Gas Pycnometer.  

RESULTS  

Photocatalytic performance. Graphitic carbon ni-
tride is tested for photocatalytic hydrogen evolution un-
der visible light. Triethanolamine (TEOA) is employed as 
sacrificial agent to promote the production of hydrogen. 
The material without the aid of a co-catalyst shows an 
evolution rate at the steady state of less than 1 μmol·h-1 
under the described conditions. However, after loading of 
1 wt.% of platinum as the co-catalyst the performance 
reaches a rate of 22 μmol·h-1. This results are consistent 
with what has been reported in the literature for graphitic 
carbon nitride,2 showing that the material subject of this 
study is an active photocatalyst for hydrogen evolution. 

XRD analysis. The x-ray diffraction pattern of g-C3N4 
synthesized by thermal polycondensation of melamine is 
illustrated in Figure 2. The characteristic peaks associated 
with g-C3N4 can be identified.2, 14 The main one at 
2θ = 27.4 ° is reported as the (002) plane, equivalent to a 
d-spacing of 0.326 nm. This is usually ascribed to the dis-
tance between the layers of the graphitic material.2, 14 The 
peak at 2θ = 13.00 ° is attributed to the (100) plane, with a 
d-spacing of 0.680 nm. This is due to the intra-layer 
d-spacing.2, 14  

The measured XRD pattern is initially compared to the 
crystal structure proposed by Teter and Hemley8 in 1996 
(Figure 2). Even though a fully polymerised g-C3N4 (C:N 
ratio of 0.75) cannot be obtained, we still asses it for clari-
ty. The proposed structure describes layers of triazine 
units with a 3D A-B stacking organization and it is charac-
terized by a hexagonal unit cell (a = b = 4.7420 Å, 
c = 6.7205 Å, α = β = 90 °, γ = 120 °) with space group 
P ͞6m2. Compared to the measured pattern, the (002) re-
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flection is shifted towards lower angles meaning a larger 
d-spacing in between the layers; in addition the (100) re-
flection is significantly shifted compared to that of our 
g-C3N4, corresponding to an intra-layer d-spacing of 
0.411 nm. A similar result was obtained by Tyborski et al.21 
for their polymeric carbon nitride (PCN) synthesized 
from dicyandiamide by double calcination step.21 The 
PCN described in their paper is characterized by a more 
pronounced (100) reflection compared to the material 
subject of this investigation.  

To take into account a fully polymerized 
tri-s-triazine-based g-C3N4, a structure is generated start-
ing from the unit cell proposed by Teter and Hemeley. 
The new unit cell parameters are: a = b = 7.113 Å, 
c = 6.490 Å, α = β = 90°, γ = 120 °. The parameter c is cho-
sen to match the inter-layer spacing of the measured pat-
tern. The theoretical pattern generated from the 
tri-s-triazine structure is compared to the measured pat-
tern in Figure 2. The same reflections seen for the tria-
zine-based structure are present but with a shift towards 
lower angles. The (100) reflection, being at 2θ = 14.38 ° 
(0.615 nm), does not yet match the measured one. On the 
other hand its relative intensity is 0.18, very close to the 
experimental value, I100/I002 = 0.19. The off-set of the (100) 
reflection and the presence of a strong (101) reflection at 
2θ = 19.86 ° do not make this a suitable model. 

 

Figure 2 Theoretical patterns for fully polymerized triazine 
and tri-s-triazine based g-C3N4. Triazine unit cell parameters: 
a = b = 4.7420 Å, c = 6.7205 Å, α = β = 90 °, γ = 120 °; 
tri-s-triazine unit cell parameters: a = b = 7.113 Å, c = 6.490 Å, 
α = β = 90 º, γ = 120 º 

Elemental analysis of the synthesized material reveals a 
hydrogen content of 1.5 wt.% and a C:N ration of 0.68. 
These values confirm a partially polymerized structure. 
Models of partially polymerized g-C3N4 can be obtained 
by removing tri-s-triazine units from the network. With 
this approach, depending on which units are removed, 
many different structural models can be generated. Fig-
ure 3 compares two different structures: one proposed by 
Döblinger et al.,19  and one created for this study (atomic 
coordinates in Table S1). The structure proposed by Dö-
blinger et al.,19 after an electron diffraction study, is char-
acterized by a hexagonal unit cell with cell parameters as 

follow: a = b = 12.77 Å, c = 6.49 Å, α = β = 90 ° and 
γ = 120 °. The partially polymerized structure created for 
this study is also characterized by hexagonal unit cell 
(a = b = 13.9246 Å, c = 6.49 Å, α = β = 90 °and γ = 120 °) 
and it is obtained from the tri-s-triazine structure previ-
ously discussed. Both 3D structures are considered with 
an A-B stacking configuration. Figure 3 shows the theo-
retical patterns. In both cases, the peaks at low angles are 
more intense than the (002) reflection. This indicates that 
these structures as well cannot be considered representa-
tive of the synthesized graphitic carbon nitride. 

 

Figure 3 Theoretical XRD patterns for two different partially 
polymerized graphitic carbon nitride: Döblinger et al.19 (blue, 
a = b = 12.77 Å, c = 6.49 Å, α = β = 90 ° and γ = 120 °) and this 

study (red, a = b = 13.9246 Å, c = 6.49 Å, α = β = 90 °and 
γ = 120 °). 

An alternative tri-s-triazine structure has been pro-
posed by Lostch et al.16, 20 after carrying out an electron 
diffraction study. The structure is composed of parallel 
chains of tri-s-triazine units (Figure 4 inset) and the au-
thors refer to it as “Melon”.16 This nomenclature will be 
employed in the present study to distinguish this and 
similar structures from other tri-s-triazine models; while 
the synthesised material will still be referred to as g-C3N4. 
The unit cell of Melon is characterised by an orthorhom-
bic geometry and an A-A staking of the layers. The XRD 
theoretical pattern of this structure is shown in Figure 4. 
The unit cell parameter c was chosen to match the (002) 
reflection (a = 16.7 Å, b = 12.4 Å, c = 6.49 Å, 
α = β = γ = 90 °, Space Group: P21212). The theoretical pat-
tern generated by this structure is very similar to the 
measured one. Two major reflections are observed at 
2θ = 12.78 ° and 2θ = 27.46 °. The reflection at 2θ = 12.78 °, 
due to the different geometry of the unit cell is now as-
signed to the (210)orthorhombic plane rather than the 
(100)hexagonal. However, this reflection is shifted of 0.17 ° 
towards lower angles compared to the measured one, and 
its intensity relative to the (002) reflection (I210/I002) is 
0.44, while the experimental value is 0.19. The material 
employed by Lostch et al.16, 20 was synthesised by thermal 
polycondensation of melamine, as in the present work, 
but the reaction is carried out in a sealed ampule. This 
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will generate a material with a higher level of crystallinity 
which could justify the small differences in the XRD pat-
terns. This structure is therefore employed as starting 
point for further improvement. Initially it can be modified 
to move the peak in the desired position. This can be 
achieved by “shrinking” the unit cell or by reducing the 
distance, dc (Figure 4 inset), between the polymeric 
chains. The first approach was applied by Tyborski et al.;21 
however, this method causes a contraction of the aro-
matic network resulting in C=N bond too short.26-27 The 
second approach does not affect the aromatic network 
and therefore is chosen for this investigation. The struc-
ture is now described by a unit cell of parameters: 
a = 16.4 Å, b = 12.4 Å, c = 6.49 Å, α = β = γ = 90 °C (for 
atomic coordinates see Table S2). The theoretical pattern 
for the modified Melon is illustrated in Figure 4. All of the 
experimental reflections find an equivalent in the theoret-
ical pattern. The position of the (210)orthorhombic reflection, 
as expected, matches that of the measured peak. Howev-
er, its relative intensity is 0.37, still too high.  

 

Figure 4 XRD theoretical patterns of Melon as proposed by 
Lostch et al. (red, a = 16.7 Å, b = 12.4 Å, c = 6.49 Å, 
α = β = γ = 90 °, Space Group: P21212) and the modified ver-
sion of this investigation (blue, a = 16.4 Å, b = 12.4 Å, 
c = 6.49 Å, α = β = γ = 90 °C). Inset: structure of Melon. 

The modified Melon structure can be further modified 
to achieve a better match to the real structure. The angles 
of the orthorhombic unit cell can be increased or de-
creased to simulate a structural shift of the layers. This 
would affect the (210)orthorhombic reflection which is associ-
ated to the alignment of the aromatic layers. Tyborski et 
al.21 investigated the effect that modifying the angle γ has 
on the XRD pattern.21 However, an increase or decrease of 
this angle would produce a distortion of the aromatic 
units placed on the ab planes, rather than a shift of the 
layers. This is an example of the molecular constraints 
posed by the structure of graphitic carbon nitride. Here, 
only α and β will be modified to investigate the effect of a 
shift of the layers but maintaining a nominal A-A stack-
ing. The new unit cell will now have a monoclinic geome-
try. While changing one of the angles, the parameter c is 
adjusted to retain the distance between the layers con-
stant at a value of 2θ = 27.4 °. Figure 5 illustrates the effect 

that a change in one of the angles has on the position and 
the relative intensity of the (210)monoclinic reflection. The 
effects produced by varying the intensity of α or β are 
found to be very similar. In both cases the intensity slight-
ly decreases from the original 0.37 to ~ 0.30. The decrease 
is greater for β (0.30 for β = 115 °) than for α (0.34 for 
α = 115 °) but in both cases this value still remains too high 
compared to that of g-C3N4 (I210/I002 = 0.19). Changing the 
angle also has an effect on the position of the peak by 
shifting it towards higher 2θ. After remaining nearly the 
same for both α and β up to 95 °, the change is the largest 
for β = 115 ° with 2θ = 13.90 °. The effects of the angles be-
low 90 ̊C have also been investigated and they were found 
mirroring the behavior of α(β) > 90 °. The optimum value 
of α and β can be found between 82 ° and 98 °. 

 

Figure 5 Effect of α and β on the relative intensity (I210/I002) 
and the position of the (210) reflection. Dashed lines repre-
sents the experimental values. 

A different approach is that of actually shifting the lay-
ers retaining the orthorhombic geometry and introducing 
an A-B stacking configuration. Lostch20 considered three 
different shifts in her electron diffraction study but con-
cluded that for her material those models did not match 
the experimental electron diffraction patterns. Here, the 
different synthesis method applied probably results in a 
different structure, therefore the proposed shifts are used 
to generate the XRD theoretical patterns (Figure 6).  

The first shift, A, is random along both the x and y di-
rections (0.124, -0.244) the second, B, is along the diago-
nal of the cell (0.072, 0.054) and the third, C, is along the 
y axis (0.000, 0.109). The theoretical pattern of modified 
Melon with shifted layers are compared in Figure 6. While 
no major differences in the peak position can be observed 
between the patterns, the relative intensities of some of 
the reflections, especially the (200) and (210), are found to 
vary significantly. The reflection (200) has an I200/I002 in-
tensity of 0.05, 0.07 and 0.09 for Shift A, B and C, respec-
tively. For the (210) reflection the I210/I002 is 0.16 for 
Shift A, 0.30 for Shift B and 0.33 for Shift C. While Shift B 
and Shift C are only marginally decreased, Shift A is in 
good agreement with the experimental value (0.19), mak-
ing it the most promising model. 
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Figure 6 Theoretical XRD patterns of three modified melon 
structure with shifted layers. Shift A: (0.124, -0.244), Shift B: 
(0.072, 0.054), Shift C: (0.000, 0.109).  

The measured pattern was indexed with the software 
HighScore Plus to investigate the level of symmetry of the 
structure. The suggested unit cell is characterised by or-
thorhombic geometry in agreement with the orthorhom-
bic cell considered for the Melon structure. It was also 
found that the highest level of symmetry that justifies all 
the reflections of the experimental pattern is described by 
the space group Cmmm (Figure S1).  

Neutron scattering analysis. The structure factor, 
F(Q), measured for the graphitic carbon nitride (Fig-
ure S2) is in good agreement with the XRD pattern, show-
ing the (210)orthorhombic and the (002)orthorhombic reflections. 
From the Fourier Transform of the structure factor the 
differential correlation function, D(r), is obtained (Fig-
ure 7). The D(r) can be divided into three main sections 
(I, II and III, Figure 7). Area I includes the distances from 
0 Å to 3 Å, these are atomic correlations within the layers 
of the graphitic carbon nitride materials, more specifical-
ly, within a tri-s-triazine unit. Examples are the N-H bond 
at about 1 Å and the C=N bond at 1.33 Å. The second area 
(II) can be found between 3 Å and 6 Å, where the in-
ter-layer distances contribute to the signal, for example 
the inter-layer d-spacing at 3.25 Å. In this area long in-
tra-planar distances can also be found, for instance the 
distance between the N3 and the N12 (Figure 7-inset) of 
~ 4.7 Å. Systematic ripples observed above 6 Å (III) can be 
attributed to the same moieties found in area II repeated 
in space. Therefore, from this point on, only areas I and II 
will be discussed in more details. 

Hydrogen and deuterium have scattering lengths of op-
posite phase23 that in a D(r) plot will translate in negative 
peaks for hydrogen and positive peaks for deuterium. Fig-
ure 8 compares the differential correlation functions of 
hydrogenated and deuterated graphitic carbon nitride. 
The most evident effect of isotopic labelling is visible at 
1 Å which corresponds to the N-H bond distance.26 This 
appears in the form of a negative peak for the graphitic 
carbon nitride and positive for the labelled version (Fig-
ure 8). At 2 Å a less pronounced effect of the labelling is 

visible. This peak is assigned to the second-neighbor dis-
tance H-(N)-C (from H1 to C1 in Figure 7). Less obvious 
differences can be noticed at longer distances: at ~ 3.2 Å 
in the form of a small shoulder and at ~ 4.6 Å as a change 
in the peak intensity. The shoulder at ~ 3.2 Å can be asso-
ciated with the distance between the hydrogen from an 
amino group to the first nitrogen encountered in the ar-
omatic ring (H3 to N5 in Figure 7). The peak at ~ 4.6 Å is 
more difficult to assign to any specific atomic correlation 
due to the large amount of possible atomic pairs at this 
and similar distances.  

 

Figure 7 D(r) of graphitic carbon nitride. Inset: tri-s-triazine 
units. 

Fitting the data with Gaussian functions for each peak 
shows that the first positive peak is centred at 1.33 Å. It is 
due to the partial double bond in the aromatic network, 
C=N.26-28 The high symmetry of the peak (Figure 8) sug-
gests the absence of a component at 1.41 Å which would 
indicate the presence of a Csp2-Nsp3 correlation28 for the 
C-N bonds bridging the tri-s-triazine units. Therefore, the 
bridging nitrogen atoms feature a sp2 hybridisation result-
ing in a shorter bond. At 2.32 Å the second-neighbor cor-
relation for carbon and nitrogen atoms (C2 to C4 and N4 to 
N8, Figure 7 inset) is present. The small peak at 2.70 Å 
could instead be associated with the correlation between 
mirroring carbon and nitrogen atoms in the aromatic ring 
(N2 to C3). The inter-layer d-spacing in the XRD for the 
(002) is reported at 3.26 Å. In the differential pair correla-
tion functions D(r) however isolated peak is seen at 3.26 
Å, the first well defined peak in this region appears in-
stead at 3.52 Å which is the correlation between atoms 
such as N1 and C3 (Figure 7 inset). Due to the broad na-
ture of the peaks the correlation at 3.26 Å is not clearly 
visible which is typical for structures with inter-layer dis-
order, e.g. graphite, as the disordered nature of the layers 
results in a broad peak. Instead the interlayer correlations 
can be seen as periodic oscillations at high r values – 
these show the interlayer spacing to be 3.25 Å. 
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Figure 8 D(r) of graphitic carbon nitride and of the deuterat-
ed analogue. 

Figure 9 compares the experimental correlation func-
tion to the theoretical D(r) of the structures selected after 
the x-ray diffraction investigation: the modified Melon, 
the structures with α and β ≠ 90 ° and the structure with 
shifted layers (Shift A). After generating the theoretical 
D(r) plots the area ratios Apeak/A1.33 are used to compare 
the different structures, together with the Rw values. The 
modelling of an amorphous material is less accurate at 
large distances (section III in Figure 7). For this reason 
here the Rw values are given for the shorter range, 0-6 Å.  

The theoretical D(r) of the modified version of Melon 
well matches the measured one up to 3 Å (Figure 9a). 
Above this value it cannot be considered satisfactory. Ta-
ble 1 shows the relative peak areas of the theoretical pat-
tern. The ratio A2.1/A1.33 = 1.23 is comparable to that of the 
measured D(r) (1.25). However, the relative peak area of 
the correlation at 1.03 Å is higher than the measured value 
suggesting a higher content of N-H bonds in the mod-
elled structure compared to the real structure. Another 
difference is found at 4.62 Å. This feature is found signifi-
cantly lower (A4.62/A1.33 = 0.39) than the experimental val-
ue of 0.77. In addition, the correlation at 5.14 Å appears 
almost missing with an A5.14/A1.33 = 0.05. The Rw for this 
model is found to be 0.41.  

Among the models with modified α and β, the angles 
92 °, 95 ° and 98 ° where employed to generate the theo-
retical D(r). Among them the models with α or β of 98 ° 
produced the best result (Table 1 and Table S4). The theo-
retical D(r) of the two models are illustrated in Figure 9b 
and Figure 9c. The results for both structures are very 
similar. In both cases an Rw of 0.40 is obtained. The corre-
lation at 1.03 Å is still characterised by a relative area 
which is too high. Even though an angle different from 90 ° 
brings to a small increase in the ratio AVIII/AII, now equal 
to 0.54 for α and 0.64 for β, this remain too small if com-
pared to the experimental value. Similarly, the correlation 
at 5.14 Å is still found with a low relative peak area (0.06 
for α and 0.02 for β). 

 

Figure 9 Comparison between the calculated D(r) and the 
observed D(r). The residual represents the difference be-
tween the two curves. a) Modified Melon, b) α = 98 °, b) 
β = 98 ° and d) Shift A. 

When an actual shift of the layers (Shift A) is intro-
duced in the structure, the Rw decreases to a value of 0.32 
(Table 1). The calculated D(r) for the structure is present-
ed in Figure 9d. It readily be seen that the calculated D(r) 
well matches the observed D(r). Even though an excess of 
N-H bonds is still present (AI/AII = 0.15) all the other cor-
relations have relative areas that match those of the 
measured D(r). In particular in the region of the in-
ter-layer interactions, the correlations at 4.62 Å and 5.14 Å 
are now characterized by values which are very close to 
the experimental ones. 

To account for a higher level of polymerisation than 
that of Melon a mixed phase is also considered. The mod-
elled structure with shifted layers is taken as main phase 
and a fully polymerised tri-s-triazine structure with A-B 
stacking is added to the model. In order to find the com-
position of the mixture, this was refined until constant Rw. 
The lowest achievable Rw of 0.27 was obtained for a mix-
ture of 70 % of shifted Melon and 30 % of the fully pol-
ymerised structure. 
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Table 1 Summary of the Normalized Peak Areas As 
Obtained from the Gaussian Fitting of the D(r) From 
g-C3N4Hx Prepared From Melamine Fired at 500 °C 
for 15 h 

 Apeak/A1.33 

r (Å) g-C3N4 Melon α = 98 ° β = 98 ° Shift A 

1.03 0.07 0.15 0.14 0.15 0.15 

2.07 0.14 0.09 0.09 0.09 0.08 

2.1 1.25 1.23 1.24 1.23 1.29 

2.72 0.14 0.12 0.12 0.12 0.15 

3.52 0.63 0.64 0.69 0.65 0.67 

4.03 0.59 0.72 0.60 0.64 0.61 

4.62 0.77 0.39 0.54 0.64 0.8 

5.14 0.20 0.05 0.06 0.02 0.23 

Rw - 0.41 0.40 0.40 0.32 

 

DISCUSSION 

After an initial investigation by XRD followed by a neu-
tron diffraction study, the following observations can be 
made. The structure of g-C3N4 calculated by Teter and 
Hemely and officially recognised does not describe the 
photoactive material (g-C3N4) obtained by calcination of 
small organic molecules, in the specific melamine. The 
inter-layer d-spacing of Teter and Hemley’s structure is 
too large (0.336 nm) compared to that of the synthesised 
material (0.326 nm). Furthermore, the theoretical pattern 
does not justify the peak observed at ~ 13 °. A 
tri-s-triazine-based structure produces a XRD pattern 
similar to the measured one suggesting that indeed the 
structure is based on the tri-s-triazine building block.  

The removal of some of the tri-s-triazine units from the 
polymeric network, in order to introduce hydrogen at-
oms, does not bring an improved result. Too many reflec-
tions at low angles are present, making these partially 
polymerised structures not representative of the here syn-
thesised material. However, the structure proposed by 
Lotsch et al. 16, 20, Melon, produces a theoretical XRD pat-
tern that well matches the experimental one in terms of 
peak position with only a small shift of the (210)orthorhombic 
reflection. The structure consists of parallel chains of 
tri-s-triazine units and can be classified as partially pol-
ymerised. The elemental composition (C2.88N4.32H1.44) of 
Melon and the C:N ratio (0.67) are coherent with those 
measured for the material synthesised for this study 
(C2.88N4.23H1.51 and 0.68).  

Due to the close match of the XRD pattern and the sim-
ilar atomic composition, this structure is employed here 
as a starting point for further modifications. This can be 
justified by the different synthetic method employed by 
Lotsch et al. 16, 20 which generates a more ordered struc-
ture. To bring the position of the (210) reflection to the 
desired value the unit cell parameter a is decreased by 

moving the chains closer to each other. The position of 
the (210) reflection of the modified-Melon matches the 
position of the experimental one. However, the relative 
intensity is too high compared to the measured peak. The 
intensity of this reflection is most likely linked to 3D 
structural features that can be affected by the synthesis 
method. In fact, Tyborsky et al. after a double calcination 
step obtained a peak at ~13 ° that is more intense and de-
fined than that of the g-C3N4 synthesised for this study. 
An example of structural effect is a shift of the aromatic 
layers. A misalignment of the layers can affect the intensi-
ty of the (210) reflection. A shift of the layers is simulated 
by changing the angle α or β in the unit cell, which will 
become monoclinic. A change in one of these angles 
shows that it is possible to decrease the intensity of the 
(210) reflection but also move the reflection towards 
higher angles. The optimum range for both angles is 
found to be between 82 ° and 98 °. 

To introduce a shift of the layers the vectors proposed 
by Lostch are applied on the atomic coordinates of the 
modified Melon. Indeed shifting the layers produces a 
decrease in the intensity of the (210) reflection. The most 
effective shift is Shift A, offset stacking of the layers, 
thermodynamically favourable. The aromatic layers are 
surrounded by π clouds. If the layers are perfectly aligned 
this will create repulsive forces. However, an off-set be-
tween the layers minimizes the π-π inter-layer interac-
tions, making the structure more stable and therefore 
more likely to be formed during the thermal polyconden-
sation process. Shift A is the most successful model be-
cause it brings the tri-s-triazine units of a layer to be in 
between two tri-s-triazine units of an adjacent layer, cre-
ating an optimum A-B configuration that minimises the 
repulsion of the layers (Figure S3a). These results are con-
firmed by the neutron diffraction analysis that shows that 
among the considered models, Shift A produces a calcu-
lated D(r) that best matches the measured one. 

To account for the lower amount of N-H bonds found 
in the measured D(r) compared to the calculated ones, a 
mixture of shifted Melon and a fully polymerised 
tri-s-triazine structure was considered. A marginally bet-
ter Rw is obtained when 30 % of the fully polymerised 
structure is added as a secondary phase. This high 
amount is however surprising since the atomic composi-
tion for the modelled Melon (C2.88N4.32H1.44) is found co-
herent with the values measured for the synthesized ma-
terial (C2.88N4.23H1.51). Therefore, it can be assumed that the 
peak at 1.03 Å is artificially affected by the correction for 
inelastic scattering characteristic of hydrogen atoms.  

CONCLUSIONS 

In conclusion the structure of a photocatalytically ac-
tive graphitic carbon nitride synthesised via polyconden-
sation of melamine was investigated by mean of XRD and 
neutron diffraction. In both cases modelled structures 
were employed to generate calculated patterns and plots. 
These were then compared to the measured ones. Starting 
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from proposed structural models for graphitic carbon 
nitride, we reduced to one the number of 3D configura-
tions that can describe the structure of our catalyst. From 
the results it can be concluded that graphitic carbon ni-
tride obtained from calcination of melamine in a closed 
system is a tri-s-triazine based polymer organised in lay-
ers at a distance of 0.326 nm. These layers, however are 
not aligned with an A-A configuration but they present an 
off-set with respect to each other. This A-B configuration 
sees tri-s-triazine of adjacent layers being alternated. This 
minimises the repulsive forces of the π clouds of adjacent 
layers. We believe that this work, by using neutron dif-
fraction for the first time on graphitic carbon nitride, pro-
vides important insights on the 3D structure of photoac-
tive g-C3N4 synthesised via thermal polycondensation of 
melamine. 

ASSOCIATED CONTENT  

Supporting Information. Atomic coordinates, graphical 
information additional neutron diffraction summary. This 
material is available free of charge via the Internet at 
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