Crystal structure of polymeric carbon nitride and determination of its

process-temperature-induced modifications

T. Tyborski,%2 C. Merschjann,%3 S. Orthmann,* F. Yang,! M.-Ch. Lux-Steiner,! and Th. Schedel-Niedrig!
Y Helmholtz-Zentrum Berlin fir Materialien und Energie GmbH, D-14109 Berlin,

Germany

2 Maz-Born-Institut fiur Nichtlineare Optik und Kurzzeitspektroskopie, D-12489 Berlin,

Germany®™
3) Universitit Rostock, D-18055 Rostock, Germany

Based on the arrangement of two-dimensional melon, we construct a unit cell for polymeric carbon nitride
(PCN) synthesized via thermal polycondensation whose theoretical diffraction powder pattern includes all

major features measured in X-ray diffraction.

With the help of that unit cell, we describe the process-

temperature-induced crystallographic changes in PCN that occur within a temperature interval between
510°C and 610°C. We also discuss further potential modifications of the unit cell for PCN. It is found that
both triazine and heptazine-based g-C3Ny can only account for minor phases within the investigated synthesis

products.
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Polymeric carbon nitride (PCN) stands for a very re-
markable class of materials. It reveals photocatalytic ac-
tivity, both as pristine powder and as a nanocrystalline
film in a heterojunction photocathode.!™ Furthermore,
PCN only consists of abundant elements, can be synthe-
sized via a straightforward, scalable process and offers a
high chemical and thermal stability.* Light-induced hy-
drogen release on the basis of PCN in an acidic aqueous
solution under the presence of an electron donor has been
demonstrated.! At the same time, a synthesis-parameter
and thus crystal structure dependence of the photocat-
alytic activity as well as of the photophysics of PCN is
documented.!*"® These features combined in PCN estab-
lish a far-ranging interest on that class of materials, espe-
cially with respect to sustainable hydrogen production.”
The synthesis of PCN via a bulk thermal polycondensa-
tion is characterized by both the reaction-temperature-
dependent hydrogen content and the degree of polymer-
ization within a temperature range of about 510°C up
to 610°C.4%19 The thermal polycondensation itself is a
continuous process that reveals several dominant phases
at certain temperatures, such as melamine at 250 °C or
melem at 450 °C.* While some of these dominant phases
can be examined from a crystallographic point of view,
the crystallographic structure of PCN has only been de-
scribed insufficiently.!! X-ray diffraction (XRD) data of
PCN reveal preferentially two major, slightly reaction-
temperature-dependent reflexes at 20 ~ 27.3° (3.26 A)
and 20 =~ 13.2° (6.70 A). These reflexes are understood
as diffraction at graphite-like sheets for the former and
as diffraction at a periodic structural feature within the
sheets for the latter diffraction angle.* The graphite-like
sheets exhibit pores and consist of polymerized heptazine
units.12:13

However, so far a distinct unit cell with a concrete space
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group for PCN that combines the listed structural as-
pects and is in good agreement with the measured XRD
powder patterns has not been identified.

The usual way to determine the crystal structure of a
certain material on the basis of its powder pattern is ex-
ecuted as follows.!# 16 (1) The unit cell is determined
by indexing the peaks of the powder pattern. (2) The
powder pattern is decomposed into integrated intensities
I k1. (3) The space group is assigned based on the sys-
tematic absence of several Iy, ;. (4) The phase problem
is solved, e.g. with the help of the Patterson Method.
(5) The structure is refined, typically with Rietveld re-
finement.

This proper structure analysis assumes a high purity
as well as a high crystallinity of the investigated mate-
rial which in the case of PCN synthesized via thermal
polycondensation can both not be afforded.?* This is
the point where subjective judgements and feasible ar-
guments come to the fore in order to overcome the steps
(1)-(3) while a proper refinement does not stand a chance.
In this work, we contrast melon-based unit cells with tri-
azine - and heptazine-based unit cells and compare their
theoretical X-ray diffraction patterns with measured pat-
terns from PCN. Our findings of that analysis suggest
that the major phase of PCN is based on melon sheets as
well as that g-C3Ny can only account for a minor phase
within the investigated synthesis products. We also dis-
cuss geometrical modifications of the melon-based PCN
unit cell and demonstrate their influence on X-ray diffrac-
tion patterns. Furthermore, we use the melon-based PCN
unit cell in order to describe crystallographic changes
within PCN that come along with higher process tem-
peratures. Details concerning the crystallographic struc-
tures can be found in the supporting information.



A. EXPERIMENTAL SECTION

Synthesis of PCN

Dicyandiamide (Aldrich, 99 %, about 2.5 g) was heated to
temperatures between 490 °C and 610°C (in 20°-steps)
at a rate of 25°min~! in a ceramic crucible within a
muffle furnace under continuous Ny gas flow. In a first
processing step, the thermal treatment lasts for five min-
utes after which the resulting products were grounded.
In a second processing step, the grounded materials were
heated to the respective processing temperatures for an-
other three hours under Ny gas flow, after what they were
allowed to cool down passively in the furnace.

Structural characterization

Structural phase analysis of the PCN powders was per-
formed by X-ray diffractometry (Bruker AXS D8, Cuk, -
line) in a © — 20 configuration. Approximately 100 mg
of each PCN powder was analyzed for one hour between
20 = 10° and 20 = 90°. The resulting powder pat-
terns have been backround-corrected with an exponen-
tial function in order to minimize the influence of diffuse
scattering. Since they do not exhibit narrow reflexes, the
powder patterns have been smoothed for the purpose of
emphasizing their features with respect to the noise.

Structure analysis

Each discussed theoretical unit cell was analyzed in a
numerical X-ray diffraction experiment. These analysis
were performed with the program Diamond 3.2 and re-
viewed with the program PowderCell 2.4.17 20 The fol-
lowing parameters (adjustable in the software) were used:
X-ray laboratory source with wavelength A = 1.54059 A,
20 iy, = 10° and 20,,,x = 90°, activated Lorentz factor,
activated Polarization factor and disabled displacement
factor.

Depending on the particular analyzed unit cell, the soft-
ware calculates the corresponding structure factors and
thus the corresponding diffraction pattern. The physical
background of that calculation is the independent-atom
model (IAM), in which the electronic charge density is
exclusively located at the atoms.

All discussed numerical values for reflex positions or sep-
aration distances such as dg or d. have been measured
with the program Diamond 3.2i on the basis of the cor-
responding atomic positions and crystal parameters. The
mean separation distance d. is defined as d. = % Zle de,
in which d., are the separation distances of the (five) par-
ticular pairs of nitrogen atoms that are located face to
face with each other along the heptazine chains (figure
5).

B. Graphitic carbon nitride g-C3Ny4

A triazine-based structure for g-C3N, was theoretically
suggested by Teter and Hemley in 1996.'2 Next to the
unit cell (upper inset), figure 1 shows the theoretical
diffraction pattern of that material in combination with

a measured XRD pattern of PCN. This comparison re-
veals fundamental structural differences between PCN
and triazine-based g-C3Ny. Especially the intense re-
flexes of PCN at diffraction angles smaller than 20 = 20°
cannot be attributed to g-C3Ny. Similarities can be
found for the g-CsNy-reflexes (011) at 20 = 25.40°, (002)
at 20 = 26.50° and (020) at 20 = 44.07°.
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FIG. 1. Top: Unit cell for triazine-based g-C3N4 with space
group P6m2 (187), a = 4.742 A, ¢ = 6.7205 A and 14 atoms
(8N(blue) 4+ 6C(grey)) together with the diffraction pattern of
PCN (black curve) and the most intense diffraction reflexes of
an ideal triazine-based g-CsNy-crystal (blue lines).12 Bottom:
Structure of heptazine-based g-C3sNy synthezised by Bojdys et
al. with space group P6zcm (185), a = 8.434 A, ¢ = 6.722A
and its most intense diffraction reflexes (grey lines).?!

Bojdys et al. have demonstrated an ionothermal synthe-
sis route for a substance they also call g-C3Ny4.2t Their
material (lower inset figure 1) exhibits the largest crys-
tallites known so far for any graphite-like carbon nitride,
showing diameters of about 200nm. The correspond-
ing structure analysis reveals the hexagonal space group
P63cm (185). However, XRD analysis also indicates that
this is a diverse material compared to both the triazine-
based g-C3N, and the PCN synthesized via thermal poly-
condensation which necessitates the consideration of a
different unit cell for PCN.

C. Unit cell for PCN
We construct a unit cell for PCN on the basis of

poly(aminoimino)heptazine [CgN7(NHz)(NH)],, also
known as "melon”, whose structure has been analyzed by



Wang et al. and Lotsch et al."''9 The relative positions
of the atoms within the melon sheet were extracted
digitally from figure 12 in Ref. 10 with the aid of the
image data processing program ImageJ 1.43u.t%?%23
In this procedure, the central points of the illustrated
grey and black dots served as the atomic coordinates
for nitrogen and carbon. We added coordinates for the
missing hydrogen atoms. With these atomic coordinates,
we construct a theoretical unit cell for PCN. The relative
alignment of the atoms in the unit cell can be modified
mathematically such that, for example, a buckling or
different stacking motifs can be introduced. Since the
graphical melon representation in Ref. 10 and the
extraction of the atomic coordinates are inherently
correlated with minor uncertainties, we initially assume
the lowest possible symmetry (space group P1) in our
unit cell. The cell parameters have been chosen to be in
line with the measured XRD data of our PCN samples
as well as with the findings from Lotsch et al.'?

In this way, we suggest a unit cell for PCN syn-
thesized via thermal polycondensation of dicyandi-
amide with the following parameters: space group P1,
a=162A0=121A,c=3275Aand a = =~ = 90°,
in which ¢ and 7 exhibit a process-temperature depen-
dence (figure 4 and figure 5).

10 F T T T T T T T B 10
' (001)
t —550°C
0.8+ 10.8
0.6 10.6

i

1
o
N

(*n “que) Aysusjul “uyIp [edneI08y)

o
~
——

=
[N
—r—
NI NI
=
>
1
o
[N

o

measured diffr. intensity (arb. u.)

o
_o
©o

0 15 20 25 30 35 40 45 5
diffraction angle 26 (deg)

hkl-plane (001)

B
i‘w hkl-plane (210) S

hkl-plane (210)

FIG. 2. Triclinic unit cell for PCN with flat melon sheets,
an A-A-stacking motif and 72 atoms (36N + 24C + 12H).
Bottom: PCN lattices along c-direction and with view into
the stacked melon sheets, each with highlighted hkl-planes.
Top: Measured XRD pattern (black curve) and the most in-
tense diffraction reflexes of the corresponding ideal PCN (blue
lines).

Figure 2 shows a unit cell for A-A-stacked PCN with flat
melon sheets. The corresponding theoretical diffraction
pattern is opposed to a measured powder pattern of PCN
in the upper part of figure 2. This comparison reveals
that especially the strong reflexes (210), (210) at 20 =
13.14° and (001) at 20 = 27.21° match the measured
powder pattern with respect to their angular positions
and intensities persuasively. The evident peak between
the major reflexes can be understood as diffraction at
the hkl-planes (310) and (310) at 20 = 17.97°. The
pairs (210), (210) and (310), (310) are each overlapping
reflexes.

Three modifications need to be discussed in the further
procedure compared to flat A-A stacked PCN: buckling
within singular melon sheets, different stacking motifs
and the influence of the process temperature.*

1. Buckling

Compared to infinite C4Ng sheets, in which the ener-
getic advantage of a sinusoidal buckling with an ampli-
tude of 0.7 A parallel to the plane normal is calculated
to be 11kJmol™! per neighboring N-N pair, the melon
sheets in PCN very likely feature a related buckling.*24
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FIG. 3. Triclinic unit cell for PCN with sinusoidally buckled
melon sheets (parallel to a-c-plane, 0.7A amplitude) and an
A-A-stacking motif. Bottom: PCN lattice with view into the
stacked melon sheets, highlighted hkl planes and a triclinic
unit cell. Top: Measured XRD pattern (black curve) together
with the most intense theoretical diffraction reflexes of the
corresponding PCN lattice (blue lines).

In the special case of a sinusoidal buckling parallel to the
a-c-plane, as demonstrated in figure 3, associated fea-
tures in the diffraction pattern are arising reflexes (101)



and (101), both at 20 = 27.77°. Emerging reflexes (011)
and (011), at 20 = 28.21°, are the result of a sinusoidal
buckling parallel to the b-c-plane (not shown). A si-
nusoidal buckling parallel to the c-direction and along
the a-b-diagonal causes weak emerging (101),(101) - and
(011),(011) - as well as (111),(111),(111),(111) - reflexes
(not shown). The corresponding buckling-induced in-
crease of N-N-distances between nearest neighbors in one
heptazine unit accounts for roughly 5 x 1073 A, the dis-
tance d, (figure 5) between the in-plane heptazine chains
increases by about 10 x 1073 A while the intraplanar N-
N-distances of second nearest neighbors extend by about
2 x 1072 A. Comparable, minor changes in the theoreti-
cal diffration patterns can be observed for slightly varied
buckling amplitudes.

2. Stacking motifs

If one assumes the stacking of the melon sheets in PCN
to be of the form A-B, the (001)-reflex is replaced by
a (002)-reflex in the corresponding diffraction pattern
and the amount of atoms per unit cell is doubled, gen-
erally. A displacement of every second melon sheet
0.5 x a along the a-axis leads to a diffraction pattern
that features forbidden reflexes (310) and (310) only (not
shown). In exchange a relocated and enhanced quad re-
flex (311),(311),(311),(311) appears at 20 = 22.55° (not
shown). In the case of a displacement 0.5 x b along
the b-axis, the reflexes (210) and (210) vanish whereas
a strong quad reflex (211),(211),(211),(211) emerges at
20 = 18.89° (not shown). A combination of these two
displacements (0.5 X a 4+ 0.5 x b) also leads to vanishing
(210),(210) - and arising (211),(211),(211),(211) reflexes
(not shown).

3. Process-temperature-induced influence on the crystal
structure of PCN
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FIG. 4. Measured XRD patterns of PCN synthesized at
510°C (top) and at 610 °C (bottom), together with the most
intense theoretical reflexes of flat, A-A-stacked PCN with two
different unit cell angles . Figure insets show an enlargement
of the peaks at 20 = 13.2° and 20 = 27.2°, respectively, for
three different process temperatures.

Increasing the process temperature of PCN leads to sig-
nificant changes in the measured diffraction patterns.2!
As can be seen in figure 4, the higher the process temper-
ature, the weaker and broader is the peak at 20 = 13.2°.
At the same time the peak at 20 = 27.2° is shifted to-
wards larger diffraction angles. While the weakening and
broadening of the 20 = 13.2°-peak is clearly observable,
one can only observe a slight shift towards higher diffrac-
tion angles for the 20 = 27.2°-peak. Next to the speci-
fied changes, a decreasing FWHM of the 27.2°-peak from
roughly 1.6° to 1.3° is observable.

These process-temperature-induced changes can be un-
derstood on the basis of the triclinic PCN suggestion.
During the thermal polycondensation, the heptazine
units begin to chemically condensate at temperatures
of around 510°C, thus forming PCN. Further heating
to temperatures of around 610 °C reduces the hydrogen
content via ammonia release, pointing to an enhanced
crystallinity. An enhanced crystallinity along the c-axis
is clearly observable in the shift of the 27.2°-peak and
its reduced FWHM, indicating an increased number of
stacked melon sheets per crystallite as well as a reduced
stacking distance ds (figure 2). Necessarily correlated to
the decreasing distance between the sheets is the decreas-
ing distance of particular nitrogen atoms. Since all nitro-
gen atoms in PCN exhibit an unbound pair of electrons,
large N-N-distances are energetically beneficial. So one



single melon sheet distorts its two-dimensional ordering
such, that the inner nitrogen distances increase. For that
reason, the angle v of PCN’s triclinic unit cell is slightly
shifted to values < 90°, as shown in figure 5.
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FIG. 5. Left: Scheme of the temperature-induced distortion
of PCN’s crystal structure together with a section of a dis-
torted unit cell (y* = 87°) and the mean separation distance
between two heptazine chains d.. Note that the scheme is
illustrated excessively for an enhanced clarity. Right: Rela-
tion between 7, dc, ds and the process temperature (in flat,
A-A-stacked PCN).

While the stacking distance dy stays unchanged with re-
spect to a decreasing angle ~, the heptazine units are
slightly distorted and the mean separation distance d.
between the heptazine chains is increased from 3.11 A to
3.19 A with a slope of 7 x 1074 A/°C. This distortion in-
fluences the theoretical diffraction pattern of PCN such,
that the overlapping reflexes (210), (210) and (310), (310)
are displaced against each other (figure 4). A very similar
behavior can be observed for an enlarged angle 7. But
enlarging v is correlated to decreased distances d., which
makes this kind of distortion unplausible. Slightly vary-
ing the angles a and 8 ends up in only minorly changed
theoretical diffraction patterns. The discussed results can
be found for the flat as well as for buckled PCN.

D. DISCUSSION

As mentioned before, the applied independent-atom
model restricts the electron density at the atoms. Thus,
the electron density is described by the spherically aver-
aged density of the isolated atoms.?> The model works
very convincingly for solely heavy atoms in the unit cell.
This is because in that case, the valence shells are only
a minor part of the total electron density at which the
X-ray photons are scattered. It affords unaccuracies for
light atoms. For example, the bond length of a covalent
C-H bond is typically underestimated within the TAM
picture since the hydrogens electron density is signifi-
cantly distributed over the bond.2?%26 Nevertheless, the
TAM has been the basis of X-ray structure analysis since
its inception.?® Especially for PCN, whose X-ray diffrac-
tion patterns do not allow an advanced structure analy-
sis, the TAM offers an established tool in order to deter-
mine a unit cell for PCN.

We have also analyzed the influence of atomic displace-

ment factors on the diffraction patterns of PCN. For that
purpose, we have used a unit cell for flat, A-A-stacked
PCN and implemented an isotropic displacement factor
of 0.04 A2 for each atom, according to the melem crys-
tal investigated by Jiirgens et al. and A. Sattler et al.%!
The corresponding findings are slightly varied total reflex
intensities and intensity ratios. For example, the (001)-
reflex intensity is decreased by about 15 % and the sum
intensity of (210) and (210) by about 4 %. This results in
a modified intensity ratio of (I[(210)] + I[(210)]) /I[(001)]
from approximately 0.41 for disabled displacement fac-
tors (figure 2) to = 0.46 for enabled displacement factors
(not shown).

The proposed unit cell for PCN and its modifications do
not allow inversion symmetry. However, Lotsch et al. de-
scribe melons in-plane symmetry with the plane group
p2gg, which includes 2-fold rotations, glide-reflections
and translations.! In order to conserve the 2-fold ro-
tational symmetry within the melon sheets and thus in-
version symmetry within the PCN unit cells, the follow-
ing procedure may be applied: One could construct a
PCN unit cell with the discussed cell parameters, but
only include half of the atoms per unit cell, such that
an inversion maps the missing atoms to the appropri-
ate atomic positions. The corresponding space group,
which allows this symmetry operation, is the space group
P1. The theoretical diffraction patterns for inversion-
symmetric PCN (space group P1) are very similar to
those of PCN without inversion symmetry (space group
P1). For example, the sum intensity of the (210) and
(210)-reflex is decreased by about 4% for an inversion
symmetry in flat, A-A-stacked PCN, compared to the
non-inversion-symmetric case, while the diffraction angle
stays unchanged.

We propose a triclinic crystal lattice for PCN, since this
is the only crystal system for which a # b # ¢ and
~v # 90° which is necessary for the description of the
discussed process-temperature-induced modifications in
PCN. Varying « and f leads to shifted (001) - and
(210),(210)-reflexes in the diffraction patterns towards
higher diffraction angles and modified intensities. For
a = 85° or a = 95° and untouched residual lattice pa-
rameters, the (210) - and (210)-reflexes are displaced by
about A20 = 0.02°, whereas the (001)-reflex is displaced
by about A20 = 0.11°. For g = 85° or § = 95°
the (210) - and (210)-reflexes are displaced by about
A20 = 0.03°, whereas the (001)-reflex is displaced by
about A20 = 0.11°.

Seyfarth et al. have discussed some possible arrange-
ments of stacked melon sheets based on theoretical cal-
culations. Their findings lead to significant relative
displacements.?” Implementing these displacements into
the unit cell for flat PCN results in theoretical diffrac-
tion patterns that are all not sufficient to reconstruct the
measured ones (see supporting information).

The only traceable hint for graphitic carbon nitride g-
C3Ny within the synthesized PCN is the weak but om-
nipresent peak around 20 = 44° in the measured diffrac-



tion patterns (figure 1). This one can be related to the
(200)-reflex of triazine-based g-C3N4 or to the (300)-
reflex of heptazine-based g-C3Ny (appendix). Thus, inor
case, g-CsNy is only a minor outcome of the thermal
polycondensation of dicyandiamide. This is also consis-
tent with the reported hydrogen content of 1 — 2 wt% in
the synthesized PCN, since the theoretical value for its
hydrogen content is expected to be 1.27 wt%.*2!

One finds synthesis products for process temperatures
below 510 °C or above 610 °C whose measured diffraction
patters deviate significantly from the ones of PCN.%5:21
This is mainly caused by a considerable amount of non-
polymerized melem within the synthesis products for pro-
cess temperatures below 510°C and a degradation of
PCN for process temperatures above 610°C.4%11 The
process-temperature dependence of the photophysics of
PCN can be extended to temperatures from about 400 °C
to 610°C. The reason for that is the building unit
CgNypHy, "melem” in the non-polymerized and "hep-
tazine” in the polymerized state, which is omnipresent in
that temperature range and in which the photophysics
is found to take place.%? These units are more densely
packed for higher process temperatures, thus enhancing
the electronic interaction between them which influences
PCN’s optical properties.®

Furthermore, we suggest the space group P6(174) for
heptazine-based g-C3Ny. From a crystallographic point
of view, this is the only hexagonal space group that in-
cludes the symmetry operations for which the sum of
Wyckoff multiplicities is identical to the generated atoms
per heptazine-based g-C3Ny unit cell. A-A-stacked as
well as A-B-stacked heptazine-based g-C3Ny is thinkable
(see supporting information).

To conclude our analysis about the crystal structure of
PCN and the associated discussion, we sum up our find-
ings as follows. We expect PCN to mainly consist of

e buckled, A-A-stacked PCN and/or
o flat, A-A-stacked PCN

with process-temperature-dependent unit cell parameters
c and . For these crystal structures, the strongest accor-
dance between the measured diffraction patterns of PCN
and the corresponding theoretical diffraction patterns
can be found. Nevertheless, due to the specific character
of the measured diffraction patterns with its broad peaks,
we can only draw a qualitative picture. In that picture,
we can not explicitely exclude any of the discussed po-
tential forms of PCN. We rather assume the PCN to be a
conglomerate of many crystallites with slightly different
crystal structures and/or defects, in which buckled and
flat, A-A-stacked PCN is the dominant phase. The di-
ameters of the crystallites are approximately 15nm, es-
timated with the Scherrer equation on the basis of the
reflexes (210) and (001) of flat PCN.%%:29 We also expect
an amorphous content in the PCN mainly resulting in
non-specific diffraction intensity between the two major
peaks. Furthermore, PCN seems to be the result of sev-
eral other synthesis routes.?0-3!

We have shown that a triclinic crystal structure (P1 or
P1) with a = 16.2A, b = 12.1A, 326 A < ¢ < 3.275A,
a = =90° and 87° < v < 90° based on buckled and
flat melon sheets can explain all major features of the
diffraction patterns of PCN. The strong measured peak
at 13.2° is identified to be a superposition of the reflexes
(210) and (210), the measured peak at 17.9° is assigned
to a superposition of the reflexes (310) and (310), while
the measured peak at 27.2° can be related to the re-
flexes (001) or (002). Different buckling and stacking
motifs are probable crystallographic deviations that are
included within the framework of triclinic PCN. An in-
creasing process temperature leads to a more dense pack-
ing along the c-axis and also to a distortion of the melon
sheets. The unit cell angle v is reduced to a value of
about 87°, leading to non-overlapping (210),(210) and
(310),(310) reflexes for high process temperatures, and
thus to a broadening of the respective peaks in the mea-
sured XRD patterns. We have assumed a hexagonal unit
cell P6(174) for a heptazine-based g-C3N, and illustrated
that the heptazine-based as well as the triazine-based g-
C3Ny can only be a minor synthesis outcome of the ther-
mal polycondensation of dicyandiamide or related reac-
tants.
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