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ABSTRACT: By means of first-principles theory, existence, synthetic conditions, and structural as well as physicochemical
properties have been predicted for the first hydrogen-free melaminate salt of the composition WC;N4. We find at least two
energetically favorable polymorphs adopting space groups P1 and P3, both of which are layer-like porous materials. In addition to
sizable Madelung fields stabilizing saltlike WC;Nj, the complex C;N¢®~ anions are connected via perfectly optimized W—N bonds,
forming WN; in the P1 and WNg coordination polyhedra in the P3 polymorphs. The band gaps of the P1 and P3 phases are HSE-
predicted as 2.25 and 1.21 eV, respectively, significantly smaller than those of g-C;N, and WO;. Moreover, both phases have suitable
band-edge potentials that may provide sufficient driving force for photocatalytic water splitting; at least for the P1 phase, there is also
a reasonable chance for reduced electron—hole recombination. In addition, the polymorphs’s large optical absorption coefficients
should greatly enhance the photocatalytic performance. WC;Ny defines a new class of compounds and has unique structural
characteristics, mirrored from its electrical and optical properties, and it should provide another chemical path for preparing eflicient
photocatalysts and optoelectronic devices.

B INTRODUCTION Moreover, g-C;N, can be synthesized from various nitrogen-
rich precursors such as melamine, dicyandiamide, and methyl
ammonium dicyanamide® and by various methods, all of which
have sparked both experimental and theoretical research.’
Within g-C;N,, two important structural and chemical motifs
have been highlighted, namely, an infinite extended network
structure formed by triazine (C3N;) or tri-s-triazine (C¢N,)
units, the two-dimensional nanosheets being held together by
van der Waals forces. Density functional theory (DFT)
indicates that CyN,-based $—C3N4 is the most stable phase
under ambient conditions,”"” about 30 k] mol™' more stable
than the C;Nj-based g-C;N,. On the other hand, g-C;N,
suffers from a few limitations, so it lacks feasibility for wide
applications. For example, its band gap is slightly too large,

Carbon nitride, C;N,, has fascinated the chemical community
for several decades already, starting from the suggested
existence and properties' and also claimed synthesis and
structure,” then, however, followed by chemical-bonding
theory’ questioning both existence and composition, in
harmony with lessons learned from molecular chemistry.* It
is probably fair to say that, even now, the ideal composition
C;N, is almost never reached but, instead, one finds partially
amorphous phases of the type CN, (with x < 1), often
contaminated with H, O, and also silicon, halogens, and sulfur.
Structurally, a great number of polymorphs (graphitic, Si;N,-
like, defect-type ZnS-like, cubic willemite-II-like, and even
spinel-like) of C;N, have been discussed."”® Alternatively
expressed, the world is still waiting for convincing single-crystal
structure analysis of chemically pure gram-scale C;N,.
Within more applied research, the so-called “graphitic”
carbon nitride dubbed g-C;N, made as a two-dimensional
species has been suggested as a favorable candidate in the field
of photocatalysis due to its unique porous structure, suitable
band-edge potentials, as well as chemical and thermal stability.”
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Figure 1. Predicted crystal structures of WC,;Ng in space group P1 (left) and P3 (right).

about 2.7-2.8 eV,”'"'? which reduces its visible light
absorption threshold to 460 nm, thus limiting the photo-
catalytic performance. Further research indicates that metal
ions might modulate the porous structure of carbon nitride,
lower its band gap, assist in separating photogenerated carriers,
and enhance conductivity.>~"*

Besides binary C;N,, carbon—nitrogen-based complex
anions such as carbodiimide'®™>* NCN?*", guanidinate 5126
CN,*", or ortho-nitrido carbonate’”” CN,%" also allow to
generate three-dimensional materials in combination with
(transition) metal cations, and these may be regarded as
complex salts offering rich structural diversity and physico-
chemical properties. Molecular melamine, C;H(Ny, the trimer
of molecular cyanamide, H,NCN, plays a special role not only
because it may be used for making g-C;N, (see above) but also
due to the fact that it allows for deprotonation to prepare metal
melaminate salts,”® " yet another way to arrive at high-
performance photocatalysts. In fact, the literature provides
recent examples for synthesis and structural characterization
(by means of single-crystal XRD) of highly interconnected,
multi-coordinated melaminate salts by deprotonation with
potassium, rubidium, and copper.”"”> When carried out in
liquid ammonia, only the singly deprotonated K/Rb
melaminates precipitate because even NH; is insufficiently
basic for full deprotonation. For Cu melaminate, a metathesis
arrives at triple deprotonation without any solvents. On the
basis of above studies, we wondered whether melamine could
be completely deprotonated to achieve a hydrogen-free
melaminate salt involving more powerful metathetic con-
ditions. In what follows, we present the result of a
computational study from first principles aiming at such
phase dubbed WC;Ng4 and its chemical as well as
physicochemical properties. Two polymorphs of WC;Ny are
likely to exist, and their electronic band gaps and band-edge
potentials indicate applicability in the fields of photocatalysis,
optoelectronic devices, and possibly more.

Calculation Details. First-principles structural searches for
the WC;Ng composition were performed through a particle
swarm optimization algorithm implemented in the CALYPSO
code,>* > which, just like USPEX,**™** is an established
structure-prediction method.””** The structural search used a
cutoff energy of 400 eV and a k-point spacing of 0.35 A~". The
“molecular” module was employed by assembling the crystal
structure from W atoms and C;N units, with structural models
containing one, two, and four formula units. The search
stopped after reaching convergence, each with approximately
1000 structures generated; only the “fourfold” search failed to
arrive at reasonable structures. The structure optimizations

were conducted using the Perdew—Burke—Ernzerhof (PBE)*'
functional augmented with dispersion corrections by the D3
(BJ) approach*”* utilizing the VASP code**™* together with
PAW pseudopotentials."**” A plane-wave energy cutoff of 500
eV and a k-point spacing of 0.3 A™' were used to ensure
energetic convergence. Additional electronic-structure calcu-
lations were performed using three different functionals, PBE,
PBE + U (U = 22,"" 62,°* and 9 eV,*® based on the
reference values suggested in previous studies), and HSE06.>*
The absorption spectra were calculated using the HSE06 +
RPA method with a plane-wave energy cutoff of 500 eV and a
k-point spacing of 0.3 A™" after the convergence test. Previous
studies indicate that the method of directly calculating the
band-edge potentials from Sanderson’s electronegativity
method can be well applied to systems such as transition
metal oxides, but not to the C;N, system.”> We therefore used
a standard method to obtain the band-edge positions of
WC;Ng by calculating the absolute vacuum level.”® Molecular
dynamics simulations were carried out using NVT ensembles
with a time step of 1 fs at 300 and 600 K. The chemical
bonding was analyzed by calculating Crystal Orbital Hamilton
Populations (COHP) and their integrals (ICOHP), fat bands,
overlap-matrix elements, wavefunction-based Lowdin charges,
and Madelung energies based on the latter using LOBSTER
4.1.0.77°? Brillouin zone paths, band structures, and optical
absorption spectra were generated with the aid of VASPKIT.*®
The crystal structures were visualized using VESTA.®*

B RESULTS AND DISCUSSION

Because a fully deprotonated melamine anion (melaminate)
will carry a charge of —6, a counter cation such as W% is self-
explanatory, and this maximum oxidation state of tungsten is
easy to achieve.”” An extensive structure search for WC;Nj
arrives at two crystal structures with space groups P1 (triclinic
system, structural parameters in Table S1) and P3 (trigonal
system, Table S2) with favorable energies; we will use their
space groups to designate them in what follows. Additional
structural candidates with higher energies are found in Table
S3 but are not discussed any further. The P1 phase of WC;N¢
is more stable than P3 by about 96 k] mol™ (PBE+D3) but P3
may still be a favorable candidate depending on the synthetic
route, as also shown for the C;N, system.” Note that, for large
enough energetic barriers, metastable structures are likely to
form according to Ostwald’s step rule.*®

Figure 1 offers views into the crystal structures of the P1 and
P3 polymorphs of WC;Ny. Phonons and molecular dynamics
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calculations confirm the stability of these structures; see
Figures S1 and S2.

Both P1 and P3 polymorphs contain individual melaminate
anions bonded to tungsten cations, and both polymorphs are
layer-like and also contain pores; at the same time, their saltlike
ionic character is confirmed from significant Madelung
energies, —2899 and —2574 kJ mol™! for P1 and P3, although
covalency also plays an important role (see below). In the P1
polymorph, the central W atom is subject to a rather irregular 4
+ 1 coordination by nitrogen, with interatomic W—N distances
of 1.78, 1.83, 1.99, 2.10, and 2.17 A (Figure 1, left). This yields
an average W—N distance of 1.97 A, which perfectly fits the
sum of the ionic radii of W (0.51 A for fivefold coordination)
and N*~ (1.46 A),"” so the ionic character is also mirrored
from the distances. The other polymorph dubbed P3 (Figure 1,
right) is predicted to show structural similarities to g-C;N,’
Here, the W atom bonds to nitrogen atoms in the form of an
approximate trigonal prism (CN = 3 + 3), and the W—N
distances are 1.97 (3X) and 2.13 (3X) A, averaged 2.05 A.
With an W% ionic radius of 0.60 A for sixfold coordination, the
expected W—N bond length is 2.06 A, extremely close to the
prediction.

To synthetically realize the WC;Ng phase, we propose a
metathetic path according to

WOS(S) + C3H6N6(s) = WC3N6(S) +3 HZO(g)

involving three solids (WO, C;H¢N;, WC;N¢) and gaseous
H,O, as illustrated from the Gibbs energy shown in Figure 2.
Clearly, generating water as a reaction product is the essential
driving force to provide sufficient thermodynamics for WC;Ng
phase formation.

300 B
WO, + CgHNg = WC,N, + 3 H,0

200
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Figure 2. Gibbs energy of the WC;Ny synthesis as a function of
temperature.

For first calculating the energetics at absolute zero
temperature, we took the P2,/n phase of WO3l68 the P2,/a
phase of C,HN,* and the P6,/mmc phase of H,0.°
Including the entropic contribution of gaseous H,O at a finite
temperature, thereby approximately reaching Gibbs energies,
was based on H,0 gas-phase thermochemical data’' and
neglecting the (small) finite-T energy-free enthalpy difference
of the solids. At about 570 K (697 K), easily achieved in any
laboratory, the reaction already becomes exergonic for the P1
(P3) phase, more than 200 °C (70 °C) lower than the
synthetic temperature of g-C;N, formation’ if starting with
melamine. In addition, it is quite encouraging that the

calculated formation enthalpy of WC;Ny shown in Figure S3
confirms the thermodynamic stability against decomposition
into C;N, and WN,, the most likely (or existing) competing
phases at standard pressure.

With regard to the aforementioned covalent contributions,
the chemical-bonding analysis was carried out based on
LOBSTER;*’~** see Figure 3. The COHP plot of the W—N
bonds (Figure 3, left) demonstrates that there are almost no
antibonding levels in the valence region, in contrast to the
unoccupied conduction bands, so covalency is nicely
optimized. With regards to the absolute numbers by integrated
COHP (Figure 3, right), all W—N bonds together in P1 are
about 0.8% stronger than those of P3, so the five slightly
shorter W—N bonds exceed the six longer W—N bonds in
strength. The C—N bonds, however, are 1.0% stronger in the
P3 phase than in the P1 phase, and they are very similar to
those in molecular melamine.

Another detail relates the total ICOHP over all W—N and
C—N bonds, and here, P1 comes out a little (0.6%) smaller
than P3, so the more stable and more ionic (by Madelung
energy, see above) P1 phase is slightly less covalent than P3,
also mirrored from the volume which is larger for P1 than for
P3 (81 vs 72 cm® mol™"), almost coinciding with the molar
volume of molecular melamine” (79 cm® mol™!); note that
the volume increments of H* and W** are zero,”” that is to say
that the larger volume of P1 indicates less overlap and less
covalency in P1. Consequently, the ionicity of P1 is stronger, as
reflected from the wavefunction-based Lowdin charges, see
Table S4, and, hence, the electrostatic Madelung energies
based on these charges, as mentioned before. It does not come
as a surprise that the more ionic P1 polymorph with a larger
volume, larger charges, and larger Madelung energy also has a
larger band gap than the P3 polymorph (see Figure 4). This
implies that one can modulate a material’s band gap to some
extent by adjusting its coordination and, hence, volume, and
similar observations have been made before in the field of high-
pressure chemistry.

Since the PBE functional’' has not been made for
calculating reasonable band gaps of semiconductors, we
study the band structure of WC;Ny with alternative methods.
Both PBE and PBE + U’ underestimate the band gap
compared to the Heyd—Scuseria—Ernzerhof (HSE06) hybrid
functional,** among which PBE + U (U = 9 eV) comes closest
to HSEOQ6; see Table SS.

As seen in Figure 4, both P1 and P3 polymorphs are indirect
semiconductors with band gaps of 2.25 and 1.21 eV,
respectively, significantly smaller than those of g-C;N, and
WO,,”" """ 50 there is potential in fabricating high-efficiency
optoelectronic devices. The valence band maximum (VBM) of
P1 locates at U, while its conduction band minimum (CBM)
appears at T,. Interestingly, the direct transition at V, (2.43
V) is smaller than that at U, (2.50 eV) and T, (2.54 eV), and
it is 0.18 eV larger than the indirect gap, 2.25 eV between U,
and T,. As for the P3 polymorph, the VBM and CBM occur at
Z and X, respectively. The direct transition at X (1.30 eV) is
smaller than that at Z (1.74 eV), and it is only 0.09 eV larger
than the indirect gap, 1.21 eV between Z and X. Therefore, the
P3 polymorph can be regarded as a quasi-direct gap
semiconductor, similar to g-C;N,."!

As expected from the COHP analysis of WC;N, the DOS
given in Figure S4 proves that the VBM of P1 mainly originates
from nitrogen p orbitals while the CBM is mostly formed by
tungsten d orbitals and also nitrogen p orbitals, accompanied
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Figure 3. Chemical-bonding analysis of WC;Nj as seen from COHP analysis (left) and ICOHP data (right). As given on the left, the averaged
COHP of the W—N bonds in both P1 and P3 polymorphs are practically devoid of antibonding up to the Fermi level, thereby mirroring perfectly
optimized covalency. On the right, the ICOHP data of the W—N bonds (green) arrive at about the same bond energy in both polymorphs (P1
being slightly stronger), and the energy of the averaged C—N bonds (orange) is also very similar to the one in melamine.
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Figure 4. Band structure and density of states (DOS) of WC;N calculated by using the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional for

the P1 (top) and P3 (bottom) polymorphs.

by a minority carbon p contribution. A similar situation is
found in P3, and here, the contribution from carbon p orbitals
is almost zero. For the convenience of analysis, the DOS
diagram in Figure 4 has been drawn only including the
contributions from W and N atoms. The terminal N2 p
orbitals in the P3 phase contribute more to the CBM and VBM
than those of the inner N1 atoms, a trivial finding because W
directly bonds to N2. To further study the electronic transition
between CBM and VBM, we also calculated the fat bands and

all overlap-matrix elements using LOBSTER. Figure SS proves
that the energetic transition of photogenerated electrons in P1
is mainly from nitrogen (N4, NS and N6) p to tungsten d
orbitals, and the maximum overlap between these two kinds of
orbitals is only 0.25; while this does not strictly indicate
noncoplanarity with regard to N and W orbitals, it is rather
small and should therefore improve separating photogenerated
carriers and photocatalytic performance.”” As for P3, the
energetic transition of photogenerated electrons is mainly from
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nitrogen (N2) p to tungsten d orbitals and also a small part of
nitrogen (N2) p orbitals. Here, the maximum overlap between
N2-2p and W-5d orbitals is only 0.23, a good sign, but the
existence of N2-2p (full orbital overlap between CBM and
VBM) may inhibit charge separation.

Due to tungsten’s large nuclear charge, studying the
influence of spin-orbit coupling on the band structure of
WC,N is required (see Figure S6), but the effect is quenched
within the valence band due to strong orbital interactions,
although it is apparent for the conduction band and leads to
band splitting. In addition, the valence band is nitrogen-like
and the conduction band tungsten-like; see Figure 4.

Apart from favorable band gaps, suitable band-edge
potentials are also crucial for photocatalysis. For the water-
splitting reaction, the CBM must be higher than the H*/H,
level of water reduction (—4.44 eV + pH X 0.059 eV), whereas
the VBM must be lower than the H,0/0, level of water
oxidation (—5.67 eV + pH X 0.059 eV); otherwise, water
splitting is energetically unfeasible without an external bias
voltage.zz’y’%’77 The band-edge positions relative to the
absolute vacuum level™ are plotted in Figure 5. For the P1

P3
-3 T
P q21ey
B P [ S pH
i H*/H,
S pH=0
L
5_5 4 2.25eV y
_____________________________ p

2 H,0/0,
e pH=0

—6 - N

—74

Figure S. Calculated band-edge positions of WC;Nj relative to the
absolute vacuum level. Redox potentials for water splitting at pH = 0
and 7 are shown for comparison.

polymorph, the CBM is 0.66 eV higher than the H'/H,
reduction potential at pH = 0, so photogenerated electrons
have strong reducing ability and will produce hydrogen from
water. At the same time, the VBM is 0.36 eV lower than the
H,0/0, oxidation potential at pH = 0, making photo-
generated holes oxidize water to produce oxygen. Shifting the
pH into neutrality will also shift the redox potentials upward,
and at pH = 7, the P1 polymorph will remain active. For the P3
polymorph, the CBM is 1.39 and 0.99 eV higher than the H*/
H, reduction potential at pH = 0 and 7, respectively, highly
favorable for producing hydrogen from water. On the other
side, the VBM is significantly higher than the H,0/0,
oxidation potential at either pH = 0 or 7. Nonetheless, one
may apply an external bias voltage or modify the P3 band gap
by substitution to induce water oxidation.

The absorption spectra of WC;N were calculated using the
HSE06 + RPA method and are depicted in Figure 6. The first
absorption peaks of the P1 and P3 polymorphs locate at about
2.70 and 1.44 eV, respectively, close to their direct band gaps,
and they are significantly smaller than that of g-C;N, (3.7 €V)
and also one of the theoretically predicted C;N¢ nanosheets
(4.37 €V),"" hence ideal for the preparation of optoelectronic
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Figure 6. Calculated optical absorption spectra () of the P1 and P3
polymorphs by the HSE06 + RPA approach (top) and their optical
absorption spectra as a function of the wavelength (bottom, the visible
light ranges from 380 to 750 nm).

devices in the visible range. Moreover, the optical absorption
coeflicients of P1 and P3 at 300 nm are approximately as high
as 4 X 10° and 3 X 10° cm™, respectively, several times larger
than those of g-C;N, and C;Ng nanosheets.'' Therefore,
WC;Ny does exhibit potential in the practical applications of
high-efficiency optoelectronics.

In structural terms, we have already alluded to the porous
nature of the P1 and P3 polymorphs; in case that also
translates into a sufliciently large specific surface area and open
channels, this could improve their ability of transporting matter
and harvesting photons. In addition, the layered, hence
anisotropic crystal structures of WC;Ny, should allow for
internal electric fields, a favorable property for the separation
and transfer of photogenerated electron—hole pairs, thus
enhancing the photocatalytic activities.”® In terms of the
electronic structure, unlike g-C;N,, whose molecule-like
excitation is highly confined to triazine units, thus requiring
a large activation energy and resulting in a low carrier
separation rate,”” the excited electron of WC;N will mostly go
from nitrogen 2p to a tungsten 5d orbital for the P1 phase
which should effectively increase the separation rate of the
electron—hole pairs. On the other hand, the indirect band gap
of WC;Ny facilitates the separation of photogenerated
electron—hole pairs since excited electrons must travel a
certain k-space distance within the conduction band before
returning to the valence band, also reducing the probability of
photogenerated electron—hole recombination.”***~** In sum-
mary, WC;Ng should exhibit potential in photocatalysis and
optoelectronic devices.

After synthesis, future experimental research on WC;N4 may
address adsorption sites for molecules for various applications.
Because of the porous structure, WC;N4 may be tried as a
structural host for batteries.
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B CONCLUSIONS

We have predicted the synthetic conditions and crystal
structures of two WC;Ng polymorphs adopting the P1 and
P3 space groups. Both melaminate phases containing complex
C;N* anions form layer-like porous structures with layers
connected by W—N bonds and fivefold (P1) and sixfold (P3)
tungsten coordination. In addition to significant ionicity,
COHP chemical-bonding analysis indicates sizable covalency
without antibonding, the P1 polymorph being less covalent
than P3. Both P1 and P3 polymorphs are indirect semi-
conductors with gaps of 2.25 and 1.21 eV, respectively, making
them favorable for practical applications in electronic devices.
In addition, both have suitable band-edge potentials for water
splitting. The CBM of P1 is 0.66 eV (0.25 eV) higher than the
H*/H, energy level at pH = 0 (7), while its VBM is 0.36 eV
(0.77 eV) lower than the H,0/O, energy level at pH = 0 (7),
so there is driving force for overall water splitting, either in the
acidic or neutral environment. As for P3, its CBM is 1.39 eV
(0.99 eV) higher than the H*/H, energy level at pH = 0 (7);
hence, it is highly favorable for photocatalytic water reduction.
As for the photoelectronic transition between VBM and CBM,
the very small overlap between nitrogen 2p to tungsten Sd
orbitals for the Pl phase suggests favorable charge-carrier
transport due to reduced electron—hole recombination. In
terms of optical absorption, the first absorption peaks of P1
and P3 locate at 2.7 and 1.35 €V, respectively, and their optical
absorption coefficients are as high as 4 X 10° and 3 X 10° cm™
at 300 nm, thus improving the photocatalytic performance.
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