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We have found one step synthesized g-C3N4/ZnO/ZnS composite to be promising for engineering of white-light
sources. The composite was fabricated by simultaneous pyrolytic decomposition of thiourea and zinc acetate
with a consequent in situ polymerization of the products at 550-625 °C and characterized by SEM, XRD, EDX and
low temperature PL spectroscopy. The composite synthesized at 550 °C demonstrates blue PL with a peak at 2.74
eV while higher temperatures of the synthesis result in a broad spectra with a maximum at 2.22 eV and comprise
of the bands of g-C3N4 and mixed ZnO/ZnS as they have been resolved by low temperature PL. The proper

selection of the synthesis temperature allows an extension of light emitting spectra of g-C3N4/ZnO/ZnS com-
posites from blue to white light range. The results obtained show ternary systems containing g-C3N4 and wide
band-gap semiconductors are suitable for white-light emitting and optoelectronic devices.

1. Introduction

In the last decades, graphitic carbon nitride (g-C3N4) became a
subject of an intensive study in the field of photocatalysis due to the
good combination of its basic properties: high chemical and temperature
stability, broad absorption spectra, large specific area and a lot of sur-
face states participating in photocatalytic reactions [1-5]. Such interest
has a reason. Nowadays modern society faces a lot of ecological chal-
lenges concerning water contamination with industrial and urban
wastes and air pollutions from burning hydrocarbon fuels and industrial
emissions. Some of them can be overwhelmed by utilization of photo-
catalytical systems using “green” solar energy [6-9]. Photocatalytic
coatings can be also used to evaluate hydrogen from water under the sun
light [7,10-12].

Outstanding photocatalytic properties of g-C3N4 leave in a shadow
its attractive luminescent characteristics. Native blue temperature
dependant tunable luminescence of this material [13,14] can be in
principle combined with luminescence of other materials to cover a
white-light range [15,16]. Despite the fact that many composites con-
sisting of g-C3N4 and other semiconductors including binary and ternary
systems were investigated [3-5] they were rarely considered for light-
—emitting purposes.
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To obtain heterojunction system with broad emission spectra in the
visible range g-CsN4 can be combined with chalcogenide semi-
conductors such as zinc oxide (ZnO) or zinc sulfide (ZnS) which are
known for their high luminescence efficiency defined by the direct band
gap structure [3]. ZnO is an important semiconductor material with
many promising applications in optoelectronics, photovoltaics, sensors
and photocatalythic systems [17-20]. Wide band gap of 3.37 eV at room
temperature and high exciton binding energy (60 meV) of ZnO [17]
provide good optoelectronic and photocatalytic characteristics in the
ultraviolet spectral range [21,22]. However, strong intrinsic electron
conductance and weak absorption in the visible range prove that
coupling of ZnO with other semiconductor materials is needed to
improve its characteristics [21,23]. ZnS is another wide band gap (up to
3.60 eV at room temperature) material possessing higher reduction
potential than ZnO [7,22]. g-C3N4/ZnO/ZnS composites fabricated by
multi step technological routs [7,24,25] were already indicated as a
good photocatalysts but their luminescent properties were not well
studied yet, especially at low temperatures. However combination of
blue-green g-C3N4 luminescence with yellow-red ZnO/ZnS defect bands
provides opportunity to use g-C3N4/ZnO/ZnS composites as phosphorus
to fabricate white or colored light sources based on ultraviolet or blue
LEDs. That phosphorus-on-LED approach is already proved to be
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Fig. 1. SEM images of the surface (a) and XRD plot (b) of the materials synthesized at different temperatures from the mixture of thiourea and zinc acetate dehydrate.

conventional for the semiconductor white-light emitting devices [26].
Also electrical pumping of g-C3N4/Zn0O/ZnS can not be excluded.

Our experiments presented in this paper were focused on the detailed
study of photoluminescence (PL) in the wide temperature range from 10
to 300 K of g-C3N4/Zn0O/ZnS heterojunction composites synthesized by
novel simplified one-step pyrolytic process involving simultaneous
decomposition of thiourea and zinc acetate with an idea to find out a
way for engineering of white-light sources.

2. Materials and methods

Composites g-C3N4/ZnO/ZnS were synthesized within one step
process by thermal decomposition of thiourea and zinc acetate dehy-
drate and subsequent in situ polymerization of the products in the oxy-
gen containing ambient at 550-625 °C in the manner described before
[14,27,28]. The precursors of an analytical grade at an equal amount by
mass were placed inside ceramic crucible which was sealed with an
aluminum gasket. Sealing prevented diffusion of ambient air from
outside of the crucible but did not block evaporation and escaping of
gaseous species from it. The crucible was placed inside a muffle furnace
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Fig. 2. PL spectra of the g-C3N4/ZnO/ZnS composite synthesized at 550 °C measured in the temperature range 10-300 K.
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Fig. 3. PL spectra of the g-C3N4/Zn0O/ZnS composite synthesized at 600 °C measured in the temperature range 10-300 K.

and heated to a target temperature at the rate of about 5 °C/min, kept for
30 min and cooled down to room temperature for 12 h.

The morphology of the synthesized g-C3N4/Zn0/ZnS composites was
studied with Hitachi S-4800 scanning electron microscope (SEM). Their
atomic composition was analyzed by energy-dispersive X-ray spectros-
copy (EDX) using Bruker QUANTAX 200 EDX spectrometer. Crystalline
phases in the composites were identified by X-ray diffraction analysis
(XRD) using DRON-4 diffractometer (A = 1.54184 Io\).

Photoluminescence (PL) spectra were recorded in the temperature

range of 10-300 K using closed cycle helium cryostat under excitation
by HeCd-laser radiation (A = 325 nm) with optical power density of
about 0.1 W/cm?. Solar LS SDH-VI spectrometer was used for registra-
tion of the PL spectra.

3. Results

The as-synthesized samples had a form of porous monolithic ingot
dark yellow-brown in color. They were milled down in an agate mortar
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Fig. 4. PL spectra of the g-C3N,4/ZnO/ZnS composite synthesized at 625 °C measured in the temperature range 10-300 K.
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Fig. 5. Fitting with Gauss functions of the 10 K and 300 K PL spectra of the composites synthesized at different temperatures.

before the subsequent analysis. SEM images showed that the synthesized
material consisted of compact crystals covered with flake-like species.
With an increase of the synthesis temperature up to 625 °C the flakes
became more and more perforated and begun to extinct (Fig. 1, a).
Availing for the performed XRD analysis compact crystals may be
identified as ZnO and ZnS semiconductor particles. The flakes can be
referred to g-C3Ny4 because it is known that this organic polymer begin to
decompose at temperatures higher than 600 °C [1,3,29] that is why the
perforations occur.

EDX analysis showed that oxygen concentration appeared to be not
higher than in g-C3Ny4 synthesized at the same conditions and temper-
ature from thiourea [14] and do not exceed 7.45-8.4 at.%. The C/N
atomic concentration ratio varies from 0.81 at 550 °C to 0.84 at 625 °C.
That numbers is higher than the stoichiometric value for g-C3N4 equal to
0.75. During the synthesis it is not possible to overwhelm the kinetic
limit associated with evaporation of carbon in volatile species (HCN and
CyNy) produced by partial decomposition of g-C3N4 at temperatures
above 540 °C [30]. Thus, carbon in the synthesized material can be
presented in the elementary form as a result of combustion of carbon
containing residue from the acetic acid (CH3COO") in a closed space.
The Zn/S concentration ratio is mach higher than the stoichiometric
value for crystalline ZnS (obviously equal to 1) across whole studied
temperature range, and increases to 4.6 at synthesis temperature of
625 °C from 1.77 at 550 °C. Remaining zinc can be bonded to oxygen
forming ZnO clusters.

The XRD analysis (Fig. 1, b) showed the presence of polymerized g-
C3Ny in the composite. Two typical peaks located at 20 = 12.8 deg and
20 = 27.5 deg are presented on the XRD spectra of the samples syn-
thesized at 550-625 °C. They associate with g-C3N4 (210) and (002)
phases [29]. The XRD spectra also contain a number of peaks corre-
sponding to crystalline ZnS with cubic sphalerite structure and ZnO with
hexagonal wurtzite structure: at 26 = 33.2 deg — ZnS (200), 47.6 deg —
ZnS (220) and ZnO (102), 56.5 deg — ZnS (311) and ZnO (110), 69.5 deg

Table 1

Energy positions (in eV) of the peaks corresponding to the bands in the PL
spectra of the g-C3N4/ZnO/ZnS composites synthesized at different tempera-
tures (the band numbers correspond to those in Fig. 5).

Measurement 10 300
temperature, K

Synthesis temperature, °C 550 600 650 550 600 650

Band number 1 3.083 3.14 3.259 - 3.187 3.236
2 2.87 2.874 2.893 2.853 2877 2.859
3 2722 2707 2697 2739 2731 2.665
4 2593 2562 2513 2592 254 2.5
5 2.445 2434 2437 242 2.34 2.399
6 - 2314 2313 - 2.318  2.293
7 - 2.22 2226 - 2178  2.193
8 - 2122 2133 2122 2.09

—ZnS (400) and ZnO (201), 76.9 deg — ZnS (331) and ZnO (202). g-C3N4
(002) plane peak at 27.5 deg can also overlap with ZnS (111) plane peak
at 28.6 deg and seem to disappear at synthesis temperature of 625 °C.

Low and room temperature PL spectra of the g-C3N4/ZnO/ZnS
composite synthesized at 550 °C measured in the temperature range
10-300 K are presented in Fig. 2. They are typical for unmodified g-C3N4
fabricated at the same temperature 550 °C [13,14,31]. The spectra of the
composite have complex structure and include several overlapping
bands corresponding to different transitions between energy bands in
the g-C3N4. Maximum of the integral spectra is located at 2.74 eV. Its
intensity gradually drops with an increase of the measurement tem-
perature. Emission bands corresponding to the ZnS or ZnO band-to-band
transitions were not found.

PL spectra of the g-C3N4/ZnO/ZnS composites synthesized at 600
and 625 °C also measured in the same temperature range from 10 to 300
K shown in Figs. 3 and 4 significantly differ from the ones of the sample
fabricated at 550 °C. The most prominent is that new wide band with the
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Fig. 6. Illustration of the g-C3N4/ZnO/ZnS composite synthesis process. Diagram built using data from references [36-42].

maximum located approximately at 2.22 eV has appeared. This
extended band consists of few sub-bands.

Fitting of the PL spectra with Gauss functions reveals some common
bands illustrated in Fig. 5 and summarized in Table 1. The bands from 1
to 5 can be identified as belonging to radiative transitions in g C3Ny4
[13,30,31]. The bands 6-8 correspond to radiative transitions in ZnS or
ZnO [20,32-34] and are not resolved in the spectra of the sample syn-
thesised at 550 °C.

Some specific features can be noted at the data presented in Table 1.
First, the peak energy of each band decreases with an increase of the
temperature. This phenomenon can be easily attributed to band-gap
narrowing in semiconductors according to empirical Varshni equation
[35]. Second, the intensity maximum of the g-C3N4 PL band shifts to
lower energies with growing synthesis temperature.

4. Discussion

In our experiments two different precursors were mixed in a crucible
and heated simultaneously. Each of them undergoes individual chemical

n-ZnO

0.086 eV

transitions during thermal processing. Thiourea transforms to thio-
cyanic acid/isothiocyanic acid (TCA/IsoTCA) tautomers and then to
melamine at approximately 230-240 °C losing ammonia [36] and
sulphur containing gaseous species such as carbon disulfide (CS,) and
hydrogen sulphide (H3S) [37]. That process is represented at the dia-
gram on the Fig. 6. At an increasing temperature melamine consequently
transforms to melam, melem, melon and then at 420 °C it begins to
polymerize into g-C3N4 [29]. Due to the kinetic limit [30] polymeriza-
tion of g-C3Ny4 is usually not completed leaving some of the melon
polymeric chains not interconnected with each other.

Heated zinc acetate dyhydrate loses its water (H20) and acetic acid
groups (CH3COOH) and forms basic zinc acetate (ZngsO(CH3COO)g) at
approximately 235 °C [38-41]. At temperatures higher than 270 °C basic
zinc acetate reacts with HyO vapor resulting in a replacement of acetic
acid groups with oxygen and formation of ZnO. That process is
completed at 330 °C [38-40]. Formation of ZnS can be explained as a
result of interaction of sulphur containing species (CS; and HjS) in a
closed volume of the ceramic crucible with ZnO synthesised from zinc
acetate in the conditions of limited oxygen supply. The presence of ZnS
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is not usual because in the case of unlimited supply of oxygen it must
oxidize to ZnO at temperatures above 300 °C [42]. It is also known, that
ZnO is unstable in the acidic environment and easily reacts with acids
(H,S in that case) producing appropriated compounds (ZnS).

The condensation temperature of ZnO/ZnS (below 320 °C) is lower
than that of g-C3Ny4 (higher than 420 °C). That is why g-C3N4 covers
already formed ZnO/ZnS crystals. At the composite synthesis tempera-
ture of 550 °C PL of ZnO/ZnS is not visible because crystallites of these
wide band gap semiconductors are screened with g-C3Ny flakes. Partial
decomposition of g-C3N4 at higher temperatures leads to stripping of
ZnO/ZnS and their PL begins to dominate in integral PL spectra.

In order to understand the PL spectra of the g-C3N4/ZnO/ZnS com-
posite we constructed and analyzed its electron energy band structure
presented in Fig. 7. There ZnO and ZnS are supposed to be n-type
semiconductors accounting for intrinsic defects in these materials usu-
ally acting like donor impurities [19,33]. g-C3N4 is considered as an
intrinsic semiconductor, i.e. the Fermi level Er locates at around the
energy band-gap center.

The registered PL spectra of g-C3N4 consist of five distinguishable
bands corresponding to several recombination transition processes in its
energy band structure. Its valence band (Ey(g_c3ns) is formed by C-N
o-bonds with sp® hybridization and by z-bonds C-N with sp? hybridiza-
tion as well as N3 lone pairs (LP). Conduction band of g-C3N4 (Ec(g.c3n4))
is the superposition of excited ¢- and z-bonds (marked correspondingly
as o* and 7*) [43,44].

The bands composing the PL spectra of the material synthesized at
550 °C are defined by allowed radiative transitions between ¢* and o
energy levels (band 1 which becomes more prominent at lower mea-
surement temperatures) [31], from ¢* to Ny LP level (band 2) [43,44],
7*- Ny LP transitions (band 3) [45,46], between nitrogen defects level
(triple bonds C=N, NH, groups and N vacancies) and Ny LP (band 4)
[43,471, transitions to oxygen defect energy levels (band 5) [43-45].
Blurring of bands 4 and 5 are supposed to be caused by energy dispersion
of oxygen and nitrogen defect levels.

ate position of the points.

In the composites synthesized at 600 and 625 °C the band 5 also
overlaps with possible transitions in ZnO and ZnS. These semiconductors
usually have structural defects such as Zn vacancies and Zn interstitials
as well as oxygen (or sulfur in the case of ZnS) vacancies and interstitials
[17]. Excited electrons from the ZnO conduction band (E¢zno)) can
move to the oxygen vacancy levels (Vo) located near the valance band.
The energy of Eczn0)-Vo transition is 2.46 eV [47]. Approximately the
same energy of 2.41 eV is typical for electron transitions in ZnS from the
sulfur vacancy level Vg to the sulfur interstitial level S; [35].

The energy of the band 6 corresponds to transitions from the E¢zno)
in ZnO to oxygen interstitial levels (O;). Its energy is 2.28 eV [47]. There
is similar energy of 2.31 eV for transitions from sulfur vacancy level (Vs)
in ZnS to zinc vacancy levels (Vz,) [32]. An appearance of the band 7 is
probably a result of radiative transitions of electrons from zinc inter-
stitial atoms Zn; in the ZnO band gap to Vg levels [47]. The energy of this
transition is 2.24 eV. Transitions from zinc interstitial states (Zn;) to O;
levels in ZnO (2.06 eV) as well as transitions from Zn; to Vz, in ZnS (2.00
eV) are considered to be responsible for the lowest energy band 8
[33,47].

A diffusion exchange of electrons and holes between the semi-
conductors in the heterojunction composite is supposed to influence the
intensity of particular bands. In the contact regions conduction band
electrons in g-C3N4 are energetically favored to move to ZnO and ZnS.
As for holes, they can leave ZnO and ZnS moving to g-C3N4. Note that
the balance in the charge carrier exchange can be controlled by an
external electric bias which is useful for a design of light emitting
devices.

PL spectra of g-C3N4/ZnO/ZnS heterojunction composite samples
fabricated at different temperatures measured at 300 K were used to
calculate chromaticity coordinates of the PL color. Obtained points were
placed on the standard CIE 1931 chromaticity diagram (Fig. 8). Ac-
cording to presented diagram the color of the luminescence light form
the sample synthesized at 550 °C can be considered as blue. The color of
light irradiated by the samples synthesized at 600 and 625 °C is very
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similar and matches to white domain [48].
5. Conclusion

Heterojunction g-C3N4/ZnO/ZnS composites synthesized by pyro-
lytic decomposition of thiourea and zinc acetate with a consequent
in situ polymerization of the products in a closed ambient at 550-625 °C
allow getting their room temperature luminescence varied from blue to
white as a function of the synthesis temperature. Intrinsic defect states in
the semiconductors are mainly involved in the radiative electron tran-
sitions. An appropriate choice of the synthesis conditions affords engi-
neering of the spectrum of the emitted light. Moreover, a use of other
precursors providing synthesis of g-C3N4 based heterojunction com-
posites with other semiconducting oxides and chalcogenides can extend
this opportunity. Such materials look promising for wide band visible
light-emitting devices operating with optical or electrical pumping.
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