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This work describes a comparative assessment between zinc oxide (ZnO) nanoparticles (NP), zinc sul-
fide (ZnS) NP and ZnS-ZnO nanocomposite (NC). A chemical non-aqueous method was chosen for materi-
als synthesis. From XRD spectra, the crystalline phases and phase purity of the samples were confirmed.
The average crystallite sizes were calculated as 69 nm, 5 nm and 10 nm for ZnO NP, ZnS NP and ZnS-ZnO
NC, respectively, indicating a relatively pronounced growth and coarsening processes in ZnO NP. The low-
ering of band gap energy was verified through optical absorption spectra of ZnS-ZnO NC. Morphological
investigation revealed that ZnO consisted of plate-like structures, ZnS comprised of agglomerated spheres
while ZnS-ZnO NC exhibited both these structures. EDX and XPS spectra of ZnS-ZnO NC confirmed the
presence of Zn, S and O in the NC. The photocatalytic degradation of cationic dyes were observed to be the

highest by ZnS-ZnO NC compared to its individual components, ZnO and ZnS.
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1. INTRODUCTION

ZnO and zinc sulfide (ZnS) are important II-VI sem-
iconductors [4-9] containing earth-abundant elements
and have been intensively studied for applications in
UV-sensors, LASERS, field emitters, photocatalysis, etc.
[10]. However, both possess large optical band gap ener-
gies of 3.3 eV and 3.67 eV [10], respectively, because of
which, both these semiconductors are visible-light inac-
tive. Hence, a limitation is imposed as far as the visible-
light driven photocatalytic applications are concerned.
Nevertheless, the heterostructure of ZnO and ZnS, i.e.
ZnO coupled with ZnS, have enticed considerable theo-
retical and experimental studies since their couple de-
velop a unique heterostructure possessing the photoexci-
tation threshold energy much smaller relative to the
individual semiconductors [10-12].

Crystalline particles possessing high specific sur-
face area are often synthesized in non-aqueous media
which usually favors faster nucleation and growth pro-
cesses compared to aqueous medium. Contrariwise,
coarsening and oriented attachment may take place
relatively slow in non-aqueous solvent and exhibit a
huge impact on the particle size. During the supersatu-
ration processes, ability to isolate nucleation and
growth involving coarsening and oriented attachment
is essential for eventually tuning the particle size. Hu
et al. [1] reported zinc oxide (ZnO) nanoparticles (NP)
synthesis using zinc salts in different alcoholic media
with sodium hydroxide as the precipitant. They ob-
served that nucleation and growth processes completed
in the first several minutes of the reaction and the so-
formed particles had an average particle diameter of
3 nm. Further, the Authors stated that the subsequent
particle size increasing mechanism is directly reliant
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on the system. Subsequent to nucleation and growth
accomplishment, enlargement in size was found to be
controlled and dominated by coarsening process,
wherein, rate constant was found to depend upon the
anion [2]. Additionally, these three processes were co-
related to the chain length of the solvent alcohol [3].
Hu et al. [3] observed that although, nucleation and
growth processes were slower in small alcohol chain
(e.g. ethanol) as compared to longer chain alcohols
(e.g. 1-hexanol), the process of coarsening and subse-
quent enlargement in the size of the particles were
slower in the former as compared to the latter.

Considering these facts, in the present study, the
synthesis of ZnO NP, ZnS NP and ZnS-ZnO nanocom-
posite (NC) were performed in ethanol medium. The as-
synthesized NP and NC were then compared based on
their optical, morphological and photocatalytic proper-
ties. The impact of ZnS semiconductor coupled with
Zn0O NC and the corresponding alteration in the visi-
ble-light induced photocatalytic efficiency of the indi-
vidual components were mainly focused. The model
dyes selected for this comparison were methylene blue
(MB) and rhodamine B (RhB).

2. EXPERIMENTAL DETAILS
2.1 Chemicals and Instrumentation

Zinc acetate dihydrate Zn(OAc)2.2H20, Sodium hy-
droxide were procured from Loba Chemie. Methylene
blue (MB) was purchased from Merck. Sodium Sul-
phide (Na2S.9H20) and ethanol were Rankem made.

PAN Alytical Spectris technologies PW 3040/60 X-
ray diffractometer with Cu Kal radiation, working
voltage of 40 kV and 30 mA current was used to ana-
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lyze the X-ray Diffraction (XRD) pattern of the sam-
ples. UV-Vis absorption spectra were acquired using
Shimadzu 1800 UV-Vis spectrophotometer within the
scanning wavelength of 200-1100 nm. Morphological
information was obtained using JEOL Field Emission
Scanning Emission Microscopy (FESEM), Model:
7610F equipped with Energy Dispersive X-ray (EDX)
analyzer.

2.2 Synthesis Procedure

For the synthesis of ZnO NP, 0.2 M Zn(OAc)z2.2H20
was dissolved in equal volumes of water and ethanol
matrix. Similarly, 0.2 M NaOH solution was prepared
in a similar manner. The two solutions were mixed and
stirred for 4 h at 60 °C. The resultant was centrifuged,
washed and dried at 80 °C for 4 h. For the synthesis of
7ZnS NP, 0.2 M Zn(0OAc)2.2H20 was dissolved in H20
and ethanol matrix and similarly, another solution of
NasS was prepared. Rest of the steps were similar to
that of ZnO NP. For the synthesis of ZnS-ZnO NC, af-
ter mixing 0.2 M each Zn(OAc)2.2H20 and NaOH in
water-ethanol matrix, the resultant was stirred for
30 min at 60 °C. This was followed by the addition of
0.2 M NaszS solution (prepared in water-ethanol ma-
trix). The resulting solution was stirred for 4 A at
60 °C. Thereafter, the precipitate from the respective
solutions were centrifuged, washed and dried at 80 °C
for 4 h.

2.3 Procedure for Photocatalysis

50 mL RhB and MB solutions with an initial con-
centration of 5 uM were prepared. To this, 0.05 g of the
respective photocatalyst added. The six solutions were
then stirred vigorously for 30 min and then left undis-
turbed in dark condition. Thereafter, the solutions were
exposed to visible light irradiation for 60 min. 5 mL of
the supernatant containing the dye concentration from
each of the solutions were then subjected to UV-Vis
absorption measurements. The efficiency of the photo-
catalysts was estimated from equation 1.

Degradation efficiency = [(Ao — A)/Ao] X 100 %, (€))

where, Ao and A are the initial and final absorbance at
Amax of MB dye.

3. RESULTS AND DISCUSSION
3.1 Sample Characterization

The XRD peaks of ZnO, ZnS and ZnS-ZnO NC have
been indexed and the spectra are presented in Fig. 1.
The diffraction pattern of ZnO displayed the character-
istic peaks corresponding to that of wurtzite ZnO
(JCPDS No. 36-1451), while that of ZnS represented
the cubic phase (JCPDS No. 15-1691) [10]. In case of
ZnS-ZnO NC, the pattern consists of diffraction peaks
from ZnS and ZnO which have been differentiated us-
ing (*) and #), respectively, in the figure. The de-
creased intensity of ZnS peak in ZnS-ZnO spectra indi-
cated that the formation of ZnO tended to a lower crys-
tallization of ZnS [10]. No shifts in the diffraction plane
were observed indicating that ZnO and ZnS existed in
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the coupled form. The average crystallite sizes of the
as-synthesized NP and NC were calculated based on
the Scherer equation [8] and were found to be 69 nm
for ZnO, 5 nm for ZnS and 10 nm for ZnS-ZnO NC.
From these values, it may be concluded that the growth
and coarsening processes in ZnO were more pro-
nounced relative to that in ZnS and that the presence
of ZnS nuclei in the growth medium of ZnS-ZnO hin-
dered crystallite agglomeration.
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Fig. 1 — XRD spectra corresponding to ZnO, ZnS and ZnO-ZnS
NC

Fig. 2 equates the optical absorption curves of as-
synthesized ZnO, ZnS and ZnS-ZnO NC. The absorption
maximum of ZnO and ZnS NP are located in the
UV-region while that of ZnS-ZnO NC in the UV-Vis re-
gion. The corresponding band gap energies were esti-
mated to be 3.4 eV for ZnO, 3.9 eV for ZnS and 3.2 eV for
ZnS-ZnO NC. A hypsochromic shift was observed in case
of ZnO and ZnS NP as compared to their bulk counter-
parts, which may be attributed to their nanometric size.
Further, a bathochromic shift w.r.t as-synthesized ZnO
and ZnS NP was observed in case of ZnS-ZnO NC. Ac-
cording to Literature, the coupling of ZnS and ZnO NP
would activate their visible light absorption property as
a consequence of increased number of surface defect cen-
ters and the development of surface granule-like layer
structures that increases light scattering [13]. Thus, a
similar explanation is valid in this case as well.
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Fig. 2 — Absorption spectra of ZnO, ZnS and ZnS-ZnO NC

The surface morphology of the as-synthesized sam-
ples were studied through FESEM and Fig. 3 displays
the results. The morphology of ZnO NP resembles con-
tinuous flake-like structure with enlarged particle size,
as may be observed from Fig. 3 (a). On the other hand,
FESEM image of ZnS (Fig. 3 (b)) shows the existence of
very small spherical particles agglomerated to form
longer extensions. These results are consistent with the
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XRD results. The FESEM image of ZnS-ZnO NC, as
shown in Fig. 3 (c), represents the existence of plate-like
structure with irregular smaller particles, wherein, the
former may be due to ZnO phase while the latter be-
cause of ZnS, based on their individual morphology. This
further indicates that ZnO and ZnS exists as individual
phases. Fig. 3 (d) corresponds to the EDX spectra of ZnS-
ZnO NC. It may be observed from the percentage compo-
sition that the weight percentage of S and O are approx-
imately similar in this NC. Please note: Au spectral lines
are observed in the EDX spectra because of gold-coating
done on the sample prior to FESEM analysis.

Fig. 3 — FESEM micrographs of (a) ZnO, (b) ZnS, and (c) ZnS-
Zn0, and (d) EDX spectra of ZnS-ZnO NC
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Fig. 4 - (a) XPS wide-survey spectra, (b) Zn 2p, (c) S 2p, and
(d) O 1s of ZnS-ZnO NC

The chemical composition and oxidation states of
the respective elements present in ZnS-ZnO NC were
interpreted based on the results from XPS characteri-
zation that have been displayed in Fig. 4. The wide
survey scan of ZnS-ZnO NC clearly represents Zn, O
and S in the sample, in accordance with the EDX spec-
tra. Two peaks at 1020.7 eV and 1043.5 eV for Zn 2psse
and Zn 2p1s2, respectively, were observed for Zn, as may
be seen in Fig. 4 (b), which are in agreement with the
earlier reports [13, 14] and confirms the existence of Zn
in ZnO and ZnS. Additionally, the Zn 2p doublet sepa-
ration appears at 23-23.1 eV which further proves that
Zn ions bind to S and O ions in ZnS and ZnO lattices,
respectively [15]. The asymmetric S 2p peaks was de-
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convoluted into two sub-peaks, as shown in Fig. 4 (c),
which corresponds to S 2ps2 at 160.3 eV and S 2piz at
161.3 eV binding energies, representing the occurrence
of S in ZnS [16]. The absence of S peak at binding en-
ergy value of ~162 eV corresponds to the non-existence
of surface defects due to S-S species in ZnS [17]. Like-
wise, the asymmetric O 1s peak was deconvoluted into
530.3 eV and 531.1 eV components, as may be observed
in Fig. 4 (d), which corresponds to the presence of 0%~
in ZnO [18, 19].

3.2 Photocatalytic Studies

Fig. 5 shows the results of MB and RhB adsorption
and photocatalytic degradation after 60 min of visible
light irradiation by ZnO NP, ZnS NP and ZnS-ZnO NC.
The adsorption and photocatalytic degradation efficien-
cies of the samples with the respective dyes have been
presented in Table 1.
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Fig. 5 — (a) Adsorption spectra of MB dye, (b) Degradation spectra
of MB dye, (c) Adsorption spectra of RhB dye, and (d) Degradation
spectra of RhB dye with ZnO, ZnS and ZnS-ZnO NC

It may be observed from Fig. 5 (a) that the adsorp-
tion of MB dye was the least for ZnO and comparable
in case of ZnS and ZnS-ZnO NC. This observation may
be ascribed to the larger particle size in the former as
compared to the latter which consequently resulted in
lower specific surface area in ZnO relative to ZnS and
ZnS-ZnO NC. The photolysis of MB dye after 60 min of
visible light irradiation did not produce any apprecia-
ble decrease in MB absorption maxima as seen in Fig. 5
(b). However, upon the addition of the as-synthesized
samples, MB dye degradation was accelerated. The
results of adsorption and photolysis indicates that light
irradiation and presence of a photocatalyst are both
equally important to effectively degrade the complex
molecular structure of dyes.

Table 1 — Summary of the photocatalytic studies

Sample % Adsorption in % Degradation in
60 min 60 min
MB RhB MB RhB
Zn0O 2 21 29 46
7ZnS 20 26 52 50
ZnS-ZnO 20 30 70 69
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As far as the MB photocatalytic degradation efficien-
cies of the synthesized samples are concerned, it may be
noted that least degradation was achieved with ZnO,
followed by ZnS and maximum degradation was
achieved with ZnS-ZnO NC as the photocatalyst. Thus,
the coupling of two different semiconductor NM proved
to be beneficial in terms of photocatalytic studies. Like-
wise, Fig. 5 (c) represents the adsorption spectra of RhB
dye in the presence of the respective samples. As in the
case of MB dye, the adsorption was found to be mini-
mum in ZnO, intermediate in ZnS and highest in ZnS-
7Zn0O NC. The degradation spectra, presented in Fig. 5
(d), entails that ZnS-ZnO NC exhibited the highest deg-
radation efficiency as compared to their individual com-
ponents. In both the cases of MB and RhB dye degrada-
tions, the inefficient action of ZnO and ZnS NP is under-
standable as both these NP absorb only UV-light, as was
confirmed from their UV-Vis spectrum. However, in case
of ZnS-ZnO NC due to the coupling of the two semicon-
ductor NM, a bathochromic shift in the absorbance spec-
trum was observed which was tending to the visible re-
gion. As a consequence, the heterostructure of ZnS-ZnO
NC was able to excite upon the action of visible light
irradiation. Further, the recombination of exciton pairs
is suppressed in ZnS-ZnO NC on account of their match-
ing band position [20]. Therefore, visible light induced
excitation of electron-hole pairs occurred in ZnS-ZnO
NC, wherein, the photo-generated holes transferred from
Zn0O to ZnS promptly while photo-excited electrons on
ZnS readily moved to ZnO because both VB and CB
maxima of ZnO are higher than that of ZnS [20]. Conse-
quently, the electrons on ZnO surface then interacted
with adsorbed Oz to form superoxide radicals which fur-
ther reacted with H2O and HO™ located on the surface of
the photocatalyst to form hydroxyl radicals. These pro-
cesses then led to the oxidation of organic dyes, MB and
RhB, to form the degraded products. Meanwhile, holes in
7ZnS surface has the potential to directly oxidize the ad-
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sorbed dye molecules. Thus, it may be concluded that the
effective separation of the photo-generated exciton pairs
was responsible for the superior photocatalytic efficiency
of ZnS-ZnO NC as compared to their individual compo-
nents.

4. CONCLUSION

The synthesis of ZnO and ZnS NP as well as their
coupled NC was successful as was verified from the
various characterization results. Interpretation of the
XRD spectra led to the conclusion that both ZnO and
ZnS NM were present as separate phases in the NC.
UV-Vis absorption spectra revealed the visible-light
active nature of ZnS-ZnO NC. From the FESEM imag-
es, formation of regular sheet-like structures was evi-
dent for ZnO NP, small sized spherical particles ag-
glomerated with each other for ZnS NP and formation
of irregular-plate like structure for ZnS-ZnO NC were
revealed. The EDX spectra of ZnS-ZnO NC confirmed
the existence of Zn, O and S in the sample with a simi-
lar weight percentage of O and S. XPS studies further
confirmed the elemental composition of the as-
synthesized NC. The enhanced photocatalytic degrada-
tion of two cationic dyes, MB and RhB, was observed
with ZnS-ZnO NC as compared to individual ZnO and
ZnS NP. This increase in photocatalytic degradation
efficiency of the NC corresponds to its visible light acti-
vation and suppression of electron-hole pair recombina-
tion. Thus, ZnS-ZnO NC heterostructure may be con-
sidered as an effective visible light photocatalyst for
MB and RhB dyes degradation.
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