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Abstract— Using differential thermal analysis and thermogravimetry, we have studied thermal decomposition
of a mechanical mixture of thiourea and zinc acetate, resulting in the formation of a composite material con-
sisting of graphitic carbon nitride and zinc acetate, g-C;N,/ZnS, and possibly containing zinc oxide (ZnO)
inclusions. In the case of a mixture containing the stoichiometric sulfur : zinc ratio for zinc sulfide synthesis,
one can obtain a material containing only ZnS semiconductor crystals embedded in a g-C;N, matrix. ZnS is
formed in the temperature range 317—367°C as a result of decomposition of zinc complexes with thiourea.
Heating the mixture to above 560°C increases the rate of the thermal decomposition of g-C;N,, which
reaches completion between 720 and 740°C. The presence of oxygen in the reaction atmosphere also accel-
erates this process, without significantly changing the temperature range of synthesis or decomposition of
reaction products. The proposed technique can be used for the synthesis of g-C;N,-based composite mate-
rials and other semiconducting metal sulfides.
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INTRODUCTION

Zinc sulfide (ZnS) and zinc oxide (ZnO) are wide-
band-gap semiconductors with band gap E,z,s =
3.6 eVand E, 7,0 = 3.36 €V at 300 K, respectively. The
direct energy bands in these materials ensure efficient
room-temperature ultraviolet luminescence, attrac-
tive for a number of practical applications. ZnS and
ZnO can be used in gas sensors, photocatalytic coat-
ings, solar cells, and piezoelectric energy nanogenera-
tors [1—5]; as luminescent materials; and in light-
emitting diodes and lasers [6, 7]. ZnS single crystals
doped with silver ions are used as scintillators for ion-
izing radiation detection [8]. ZnO and ZnS nanopar-
ticles are used in semiconductor quantum dot light-
emitting diode displays [9].

Graphitic carbon nitride (g-C;N,) is also a semi-
conductor (E, = 2.7 eV at 300 K) and has a graphite-
like layered structure in which each layer is made up of
cells similar to heptazine molecules [10]. g-C;N, has
attracted considerable interest owing to its excellent
photocatalytic and photoluminescent properties,
attractive for practical application [11]. Moreover, it is
easy to synthesize via heat treatment of nitrogen-rich

organic compounds, for example, melamine [12],
cyanamides [13, 14], urea, and thiourea [15].

Composites of g-C;N, and ZnS have been reported
in the literature and can be prepared by a variety of
techniques [16]. Such materials ensure improved sep-
aration of photogenerated electron—hole pairs, which
allows them to bring about effective photocatalysis in
the visible spectral region. A typical process for the
fabrication of such composites involves separate syn-
theses and subsequent intermixing of their compo-
nents.

Previously, Chubenko et al. [17] proposed a
method for one-step synthesis of g-C;N,-based com-
posites via pyrolytic decomposition of a mechanical
mixture of thiourea and zinc acetate, which signifi-
cantly simplified and accelerated the synthesis process
in comparison with multistep methods [11].

The purpose of this work was to study in detail the
phase transformations in the thiourea—zinc acetate
system in the temperature range 500—625°C by differ-
ential thermal analysis and thermogravimetry with the
aim of developing processes for the fabrication of
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g-C;N,-based composites with tailored composition
and properties.

EXPERIMENTAL

Composite materials were synthesized in a 20 cm?
ceramic crucible mechanically sealed so as to ensure
free outflow of gaseous reaction products from the
crucible during decomposition of the starting materi-
als and simultaneously limit air inflow. Thus, the syn-
thesis conditions can be thought of as quasi-gas-tight.
The atmosphere in the crucible consisted of air con-
taining oxygen and water vapor. In the crucible we
placed a mixture of mechanically comminuted
thiourea (CS(NH,),) and zinc acetate dihydrate
(Zn(0,CCHs),"2H,0). Two compositions were used:
stoichiometric composition for ZnS synthesis—
25.75 wt % CS(NH,), + 74.25 wt % Zn(O,CCH;),
2H,0—and composition for the preparation of a
g-C;N,/ZnS composite—90 wt % CS(NH,), + 10 wt %
Zn(0O,CCHj;),"2H,0. In both cases, the total weight of
the chemical compounds loaded into the crucible was
2 g. Heat treatment was carried out in a muffle furnace
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for 30 min at temperatures from 500 to 625°C. The
average heating rate was 12°C/min. After heat treat-
ment, the synthesis products were furnace-cooled to
room temperature.

The morphology of the resultant materials was
examined by scanning electron microscopy (SEM) on
a Hitachi S-4200 microscope. Their crystal structure
and phase composition were determined by X-ray dif-
fraction on a DRON-4 diffractometer with CuK, radi-
ation (A = 0.154184 nm). Structural and phase trans-
formations were investigated by differential thermal
analysis (DTA), thermogravimetry (TG), and deriva-
tive thermogravimetry (DTG) using a Netzsch STA
409 PC/PG system. Data were collected in the range
25—800°C at a heating rate of 10°C/min in an argon
atmosphere or argon—air mixture with an argon : air
volume ratio of 1 : 1.

RESULTS AND DISCUSSION

The X-ray diffraction data in Fig. 1 confirm that
heat treatment of CS(NH,), in the temperature range
450—625°C led to the formation of pyrolytic g-C;N,
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Fig. 1. X-ray diffraction patterns of ZnS synthesized via thermal decomposition of Zn(O,CCH3),2H,0, g-C3N, prepared via
thermal decomposition of CS(NH,),, and composites prepared from a 25.75 wt % CS(NH,), + 74.25 wt % Zn(0O,CCH3),2H,0

mixture at 500°C and from a 90 wt % CS(NH,), + 10 wt % Zn(O,CCH3),2H,0 mixture at 500 and 625°C.
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Fig. 2. Microstructure of the composites synthesized at (a) 550, (b) 575, (c) 600, and (d) 625°C from a 90 wt % CS(NH,), +

10 wt % Zn(0,CCH3),-2H,0 mixture.

and that heat treatment of Zn(O,CCH;),"2H,0 in this
temperature range yielded crystalline ZnO, in agree-
ment with previously reported results [18, 19]. Heat
treatment of the stoichiometric mixture of the starting
materials, containing 25.75 wt % CS(NH,), and
74.25 wt % Zn(0O,CCH,;),-2H,0, allowed us to obtain
a composite consisting of g-C;N, and ZnS with a
cubic (sphalerite) structure, as was evidenced by the
set of reflections characteristic of this semiconductor
and observed in its X-ray diffraction pattern (Fig. 1).
Heat treatment of the thiourea-rich mixture of the
starting materials, consisting of 90 wt % CS(NH,),
and 10 wt % Zn(O,CCH;),-2H,0, in the temperature
range indicated above led to the formation of a com-
posite consisting of both g-C;N, and ZnS, possibly
with ZnO as an impurity phase (Fig. 1). The presence
of the oxide was suggested by only one, relatively weak
reflection, at 20 = 69°. Most reflections from ZnO
with a hexagonal (wurtzite) structure are not seen in
X-ray diffraction patterns. The possibility of the exis-
tence of a crystalline ZnO phase in composites pre-
pared by the method in question was inferred previ-
ously [17, 20] from the presence of a photolumines-
cence band characteristic of ZnO and related to lattice
defects. ZnO formation can be due to the interaction
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of Zn atoms with the water vapor resulting from
Zn(0O,CCH;),"2H,0 dehydration and decomposition,
and remaining in the crucible throughout the synthe-
sis process, and with atmospheric oxygen present in
the crucible. The excess of thiourea in the starting
mixture can block water vapor release from molten
Zn(0O,CCH;),, creating favorable conditions for ZnO
formation. The oxide is a more stable compound than
is ZnS, so it undergoes no sulfidation as the tempera-
ture is raised or in the presence of excess sulfur in the
reaction zone. The absence of the 002 reflection from
g-C;N, after synthesis at a temperature of 625°C is due
to delamination of this compound because the van der
Waals bonds that keep together individual layers of the
material rupture at temperatures above 600°C [11]. At
the same time, g-C;N, does not undergo complete
decomposition in this process, as evidenced by the fact
that the 210 peak of g-C;N, persists in X-ray diffrac-
tion patterns.

Heat treatment of a mixture of the starting materi-
als at 550°C led to the formation of a composite con-
sisting of particles less than 500 nm in size, platelike
inclusions ranging in size from 2 to 3 um, and spheri-
cal particles about 800 nm in diameter (Fig. 2a). Given
that g-C;N, crystals resulting from thiourea decompo-
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Fig. 3. TG, DTA, and DTG curves ofa 25.75 wt % CS(NH,), + 74.25 wt % Zn(0,CCH3),2H,O0 stoichiometric mixture for ZnS

synthesis in an argon atmosphere.
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Fig. 4. TG, DTA, and DTG curves of a 90 wt % CS(NH,), + 10 wt % Zn(O,CCHj3),-2H,0 thiourea-rich mixture in an argon

atmosphere.

sition are usually platelike in shape [19], it is reason-
able to assume that the spherical particles in the com-
posite we produced consist of ZnS and that the plate-
like particles consist of g-C;N,, whereas submicron
fragments result from thermal defoliation of larger

plates. The particle size of g-C;N, further decreases as
the temperature is raised from 550 to 625°C (Fig. 2). It
is well seen that the microstructure of the composite
includes a porous g-C;N, shell covering dense ZnS
particles. With increasing temperature, the porosity of
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Fig. 5. TG, DTA, and DTG curves of a 90 wt % CS(NH,), + 10 wt % Zn(O,CCHj3),-2H,O0 thiourea-rich mixture in an argon—

air atmosphere.

the shell increases as a result of g-C;N, decomposition
at temperatures above 575°C. The shell consists of
platelets on the order of 25 nm in thickness and 50 to
100 nm in side length, which form a network of cells
ranging in size from 300 to 500 nm.

The DTA, TG, and DTG results for the starting
mixture with the stoichiometric composition for ZnS
synthesis (Fig. 3) demonstrate that, in the range 107—
167°C, zinc acetate melts and dissolves thiourea to
form zinc complex with thiourea,
[Zn(CS(NH2)2)2 (CH;COO0),], which then decom—
poses at temperatures from 317 to 367°C to form ZnS
with a hexagonal structure. At 707°C, it probably
undergoes a phase transition to cubic ZnS.

The thermal analysis results for the 90 wt %
CS(NH,), + 10wt % Zn(0O,CCH,),-2H,0 mixture are
presented in Fig. 4. Because of the relatively low con-
centration of zinc acetate in the mixture, there is no
peak attributable to its melting (107°C). Other typical
peaks are also missing or shifted relative to values
determined in the case of ZnS synthesis (Fig. 3). The
polymerization of azine rings during g-C;N, synthesis
is known to occur in the range 250—330°C, overlap-
ping with the ZnS formation process between 317 and
367°C. In addition, raising the temperature leads to
g-C;N, decomposition, which accelerates starting at
560°C and reaches completion between 730 and
740°C.

Since the composite was synthesized in a quasi-
gas-tight crucible under an atmosphere containing
oxygen and water vapor, it is reasonable to compare
the thermal analysis data considered above with anal-
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ogous data obtained under an argon—oxygen atmo-
sphere. The corresponding data presented in Fig. 5
demonstrate that the presence of oxygen has a signifi-
cant effect on the processes in the composite system,
primarily accelerating g-C;N, decomposition. In
addition, there is a peak at a temperature of 707°C,
due to the phase transition of ZnS.

CONCLUSIONS

Heat treatment of a 25.75 wt % CS(NH,), +
74.25 wt % Zn(0O,CCH;),2H,0 mixture in the tem-
perature range 500—625°C leads to the formation of a
composite material consisting of ZnS particles on the
order of 800 nm in size in a g-C;N, matrix. Raising the
temperature from 575 to 625°C leads to defoliation of
large g-C;N, plates, about 2—3 lum in size, into smaller
plates, less than 100 nm in size, which form a porous
structure coating the ZnS particles.

The use of DTA, TG, and DTG for gaining insight
into phase transformations in the thiourea—zinc ace-
tate system has made it possible to find that ZnS syn-
thesis proceeds through the formation of zinc com-
plexes with thiourea at temperatures from 107 to
167°C, followed by their decomposition in the range
317—367°C and the formation of ZnS with hexagonal
symmetry. Further raising the temperature leads to
g-C;N, decomposition. The process speeds up starting
at a temperature of 560°C and reaches completion
between 720 and 740°C. The presence of oxygen also
accelerates this process, without significantly chang-
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ing the temperature range of synthesis or decomposi-
tion of reaction products.

The composite material obtained in the case of a
starting mixture with a nonstoichiometric composi-
tion relative to ZnS, 10 wt % CS(NH,), + 90 wt %
Zn(0O,CCH;),"2H,0, possibly contains the ZnO
phase.

Thus, we have proposed a simple, one-step tech-
nique for the synthesis of nanostructured composites
by heating a starting mixture containing a metal ace-
tate and thiourea in a closed crucible. The use of
thiourea allows one to synthesize metal sulfides
through the formation of a complex of metal ions with
thiourea, and a considerable excess of thiourea in a
starting mixture helps obtain a nanostructured g-C;N,
matrix for the sulfides being synthesized.

The proposed technique can be useful for the syn-
thesis of nanostructured composites containing fillers
in the form of narrow-band-gap semiconducting
metal sulfides, including those with properties of
topological insulators, and their combinations.
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