
Contents lists available at ScienceDirect

Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

Optical and photocatalytic properties of ZnO and ZnS structures formed as
controlled calcination products of L-cysteine assisted aqueous precipitation
Selin Şen, Ayben Top*
Department of Chemical Engineering, İzmir Institute of Technology, Urla-İzmir, 35430, Turkey

A R T I C L E I N F O

Keywords:
Zinc oxide
Zinc sulfide
PL spectroscopy
Intrinsic defects
Photocatalytic degradation

A B S T R A C T

ZnO and ZnS structures were obtained by the calcination of the aqueous precipitation products of Zn(NO3)2,
NaOH and L-cysteine (Cys). Initial Cys:Zn molar ratios were changed as 0.1:1, 0.5:1, 1:1 and 1.5:1. All the
precursors were transformed into ZnO upon calcination at 700 °C. ZnS structures were obtained by calcining the
precursors prepared at the Cys:Zn ratios of 1 and 1.5 at 350 °C. In addition to changing chemical composition of
the precipitation products, calcination temperature and initial Cys:Zn ratio also affected morphology, surface
area, photoluminescence and photocatalytic properties of the final products. Free exciton energy values of the
ZnO samples were observed to be between 3.29 eV and 3.35 eV. PL spectra of the ZnO samples indicated blue
and green emission centers. Zinc interstitials (Zni), revealed by the blue emissions in the PL spectra were also
confirmed by Auger Zn L3M4.5M4.5 spectra. The samples calcined at 350 °C removed rhodamine B mainly by
adsorption. All the samples calcined at 700 °C successfully degraded the dye under UV light. Among the samples
calcined at 700 °C, ZnO sample prepared at Cys:Zn=0.5, which has the highest surface area and unique pho-
toluminescence spectrum exhibited the fastest photodegradation rate.

1. Introduction

Generation of large amounts of organic pollutants such as dyes,
pharmaceuticals, surfactants and fertilizers is one of the inevitable
consequences of the population growth and continuous industrial and
agricultural development. Contamination of water resources by these
wastes causes hazardous effects to the human health and balance of the
ecosystems. Thus, life-threatening effects of water pollution along with
the environmental regulations and limitation of water resources ne-
cessitate the treatment of the polluted effluents [1–7]. Among many
wastewater treatment methods including adsorption, membrane se-
paration and coagulation, advanced oxidation processes have been
proposed for the elimination of the persistent organic pollutants,
especially for the ones with low biodegradability. Advanced oxidation
processes are based on the generation of highly reactive radicals by
using ozone (O3), hydrogen peroxide (H2O2), Fenton's reagent, UV light
or a semiconductor catalyst. These radicals, then, convert the organic
pollutants to less toxic compounds [8,9].

In the case of semiconductor catalysts, radical generation is trig-
gered via photons. Basically, semiconductor catalysts absorb the pho-
tons having energy greater than band gap energies of the semi-
conductors by generating holes in the valence band (VB) and electrons
in the conduction band (CB). These photogenerated holes and electrons

react with water, hydroxyls and dissolved oxygen to form the radical
species capable of degradation of the pollutants [10,11]. Although
semiconductor based photocatalytic degradation processes are clean,
environmentally friendly and sustainable, photocatalytic reaction rates
are generally not fast enough to be employed in high throughput pro-
cesses [2,12]. Therefore, correlations between properties and photo-
catalytic activities of semiconductors should be well exploited for the
preparation of novel photocatalysts, practically applicable in the
treatment of the industrial effluents.

Photocatalytic performance of the semiconductors is a complex
phenomenon controlled mainly by their electronic and surface prop-
erties [12]. Defects [13–15] and morphology [16–18] were also re-
ported to affect photocatalytic activities of the semiconductor photo-
catalysts. Additionally, as the size of the semiconductors decreases to
nanoscale, they exhibit exclusive characteristics such as high surface
area and highly reactive surface, which promote photocatalytic abilities
of the semiconductors [19,20].

Zinc based semiconductors, ZnO and ZnS, with wide band gaps in
the near-UV spectral region have been mostly considered for electronic,
photovoltaic and optoelectronic applications [21–26]. Moreover, ZnO
and ZnS have also been demonstrated as promising heterogeneous
photocatalyst candidates alternative to TiO2 based semiconductors
[12,27–30]. For example, photo-induced water splitting properties of
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ZnS were reported [31–34]. Also, ZnO having antifouling and anti-
bacterial properties was proposed as an effective photocatalyst in water
treatment [8,35–39]. Although band gap energy of ZnO is close to that
of TiO2, ZnO has higher absorption efficiency and lower production cost
compared to TiO2 [8,40]. Additionally, superior to TiO2, zinc-based
semiconductors can be synthesized via a variety of synthesis routes
including precipitation [41], sol-gel [42], hydrothermal [43], sol-
vothermal [44], pulsed laser ablation [45] and chemical vapor de-
position [46] methods.

Aqueous precipitation is a simple and environmentally benign
method for the preparation of zinc based semiconductors. Besides,
utilization of different additives in this method coupled with the
availability of various post-synthesis treatment options allows the
synthesis of materials with different characteristics. In this study, it was
aimed to determine photocatalytic activities of zinc based semi-
conductors with different structural and optical properties synthesized
via aqueous precipitation route followed by calcination process.

We synthesized precursors of the zinc based semiconductors by
employing L-cysteine as an additive in the aqueous precipitation
method. The precursors were prepared by using different Cys:Zn ratios.
Then, these samples were calcined at different temperatures to control
the chemical composition of the final products. We showed that L-cy-
steine can be used as a sulfur source in the preparation of ZnS samples
when appropriate Cys:Zn ratios and calcination temperature are used.
In addition to changing chemical composition of the zinc based semi-
conductors, Cys:Zn ratio and calcination temperature also alter mor-
phology, surface area and optical properties of these products. Finally,
effects of these chemical and physical properties of the Zn based
semiconductors on their photocatalytic activities were discussed.

2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Riedel de Haen,> 98
%), sodium hydroxide (NaOH, Sigma-Aldrich, 98–100.5 %), and L-cy-
steine (Aldrich,> 97 %) were used in the preparation of the precursors.
Rhodamine B (dye content ≥ 90 %) and FTIR grade potassium bromide
(≥ 99 %) were purchased from Merck and Sigma-Aldrich, respectively.
In all solution preparations and washing processes, deionized water was
employed. Pure terephthalic acid (TA) kindly supplied by Petkim
Petrochemical Co. (İzmir, Turkey) was used in the detection of hydroxyl
radicals.

2.2. Sample preparation

The precursors were prepared by adding 120mL 0.2M NaOH so-
lution (0.96 g NaOH/120mL) into equal volume of 0.1M Zn
(NO3)2.6H2O solution (3.57 g Zn(NO3)2.6H2O/120mL) containing L-
cysteine. Molar ratios of Cys to Zn were changed as 0.1:1, 0.5:1, 1:1 and
1.5:1 by using 0.145, 0.727, 1.454 and 2.181 g L-cysteine, respectively.
The as-synthesized samples (precursors) are referred to as CZ-0.1, CZ-
0.5, CZ-1 and CZ-1.5 according to the Cys:Zn ratio used in their pre-
parations. Similarly, the sample code, CZ-0, is assigned to the sample
synthesized without L-cysteine. The solutions were stirred at room
temperature for overnight. The precipitates formed were collected by
centrifugation. They were washed with deionized water, and were dried
in a vacuum oven at 40 °C. The dried precipitates were calcined at
350 °C or 700 °C for 2 h. The calcined samples are denoted as CZ-X-Y
where X is the Cys:Zn ratio and Y is the calcination temperature.

2.3. Characterization

Powder X-ray diffraction (XRD) experiments were carried out using
a Philips Xpert-Pro (Panalytical, Almelo, Netherlands) diffractometer
with an incident CuKα radiation at 1.54 Å. Fourier transformed infra-

red (FTIR) spectra of the samples were obtained by using KBr disk
technique. The spectra were taken on an FTIR-8400S (Shimadzu, Kyoto,
Japan) spectrophotometer with 2 cm−1 resolution. Scanning electron
microscopy (SEM) images of the samples were obtained using an FEI
Quanta 250 FEG (FEI Company, Hillsboro, OR) model instrument.
Thermal gravimetric analyses (TGA) of the samples were performed by
using a TGA-51 (Shimadzu, Kyoto, Japan) system. In these experiments,
the samples were heated from room temperature to 1000 °C with a
heating rate of 10 °C/min under nitrogen atmosphere. Nitrogen physi-
sorption measurements were used to determine Brunauer, Emmett and
Teller (BET) surface area values of the samples. These experiments were
carried out using an ASAP 2010 (Micromeritics, Norcross, GA) model
static volumetric adsorption equipment. UV–vis spectra of the calcined
samples dispersed in ethanol were obtained by employing a UV-2450
(Shimadzu, Kyoto, Japan) model spectrophotometer.
Photoluminescence (PL) spectra of the powder samples were taken
using LS-55 model fluorescence spectrophotometer (Perkin Elmer,
Waltham, MA) equipped with a front surface accessory. Excitation
wavelengths were used as 325 nm and 275 nm for the ZnO samples and
the other samples, respectively. X-ray photoelectron spectroscopy (XPS)
of the samples was performed on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer. X-band electron paramagnetic resonance
(EPR) spectroscopy experiments were carried out using a CMS 8400
Adani model benchtop spectrometer at room temperature.

2.4. Photocatalytic degradation experiments

Rhodamine B (RhB) was used as a model dye to evaluate photo-
catalytic activities of the calcined samples. First, a dye stock solution
with a concentration of 1× 10−5 M was prepared by using the molar
extinction coefficient of RhB at 554 nm, 8.8×104 cm mol-1 L-1 [47].
50mL stock solution was treated with 50mg sample in dark for 1.5 h to
establish the adsorption equilibrium between the dye molecules and the
sample. Then, the solution was irradiated with a UV light source
(Osram dulux S blue UVA, 2×9W) for 2 h. During the adsorption and
the UV irradiation periods, 0.5mL aliquots were withdrawn at definite
time intervals and were centrifuged at 8000 rpm for 3min to separate
particulate matter. Absorbance values of the dye solutions were mea-
sured at 554 nm using a Shimadzu UV-2450 model UV–vis spectro-
photometer. Co/C values used in the kinetic analyses were calculated by
using the Beer-Lambert law as follows:

=C
C

A
A

o o
(1)

where Ao, A, Co, and C are initial absorbance, absorbance value mea-
sured at time t, initial dye concentration, and dye concentration at time
t, respectively.

Formation of hydroxyl radicals on the surface of select samples
exposed to UV irradiation was monitored using TA as a probe molecule,
which reacts with hydroxyl radicals to form photoluminescent 2-hy-
droxyterephthalic acid (HTA) [48]. In these experiments, 15mg sample
was dispersed in 15mL of 5× 10−4 M TA prepared in aqueous solution
of 2×10-3 M NaOH and the mixture was stirred in dark at least for an
hour. Then, the mixture was exposed to the UV lamps used in the RhB
degradation experiments. Aliquots were withdrawn and were cen-
trifuged. PL spectra of HTA in the supernatants were recorded as a
function of irradiation time. The measurements were performed on a
Perkin Elmer LS-55 model fluorescence spectrophotometer by using an
excitation wavelength of 315 nm.

3. Results and discussion

3.1. Structural and thermal characterization

Crystal structures of the as-synthesized and the calcined products
were investigated using XRD analysis. XRD patterns of the samples
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prepared at Cys:Zn molar ratios of 0.1, 0.5, 1 and 1.5 are given in Figs.
S1a, 1a, 1b and S1b, respectively. Among as-synthesized samples, CZ-
0.5, CZ-1 and CZ-1.5 did not show any diffraction peaks indicating
amorphous nature of these samples. CZ-0.1, on the other hand, ex-
hibited diffraction peaks with 2θ values of 15.3, 15.8, 19.0, 20.8, 26.0,
26.9, 27.8, 28.8, 29.6, 30.9, 31.6, 33.3, 34.2, 35.8, 36.9, 38.5, 39.0,
40.9, 47.2, 48.2 and 49.2 degrees. This pattern matches to the XRD
peaks of a β-Zn(OH)2 structure with a PDF card number of 20–1435
except missing peaks at 17.1, 21.4 and 32.4 degrees, which correspond
to (112), (114) and (217) planes, respectively.

Fig. 1 and Fig. S1 also indicate that crystal structures of the calcined
samples are determined by both Cys:Zn ratio and calcination tem-
perature. CZ-0.1−350 and all the samples calcined at 700 °C formed
wurtzite type ZnO structure (PDF card number=80−0074). However,
in the XRD spectra of CZ-1−350 and CZ-1.5−350, three broad peaks
centered at about 28.6 (111), 48.1 (220) and 56.2 (311) degrees were
observed indicating cubic zinc blende type ZnS crystal structure (PDF
card number= 05−0566). For these samples, the peak position asso-
ciated with (220) plane shifted ∼0.6 degree to the higher 2θ value
compared with the peak position of (220) plane in the XRD spectrum of
the standard ZnS. Interestingly, the sample CZ-0.5−350 has a unique
XRD pattern, composed of two broad peaks at 31.8 and 55.2 degrees,
which corresponds to an unfamiliar crystal structure.

Previously, we synthesized a sample in the absence of L-cysteine
using the same experimental procedure as outlined in Section 2.2 and
denoted the sample as C1-SA. This sample corresponds to CZ-0 in the
current study. Unlike the samples synthesized in the presence of L-cy-
steine, C1-SA formed ε-Zn(OH)2 crystal structure (PDF card
number= 76–1778). Calcination of C1-SA at 700 °C yielded wurtzite
type ZnO, in consistent with the results of the current study [49].

Ma et al. (2012) also employed L-cysteine to prepare N-doped ZnO/
ZnS composites. The authors used higher concentration of Zn source
(0.25M) and NaOH (0.5M) and performed calcination under nitrogen
atmosphere. They observed that only the sample prepared at Cys:Zn
ratio of 5 and calcined at 400 °C formed a pure zinc blende ZnS phase.
At the same calcination temperature, lower Cys:Zn ratios used in the
synthesis of the precursors were resulted in mixtures of ZnS and ZnO
[50].

Crystallite sizes of the ZnO samples were estimated using the
Scherrer equation as given below:

=d K
cos (2)

where K is the Scherrer constant (0.9), λ is the X-ray wavelength
(1.5406 Å), θ is the Bragg angle and β shows the full width at half
maximum (FWHM) of the peak [51,52]. Using Gaussian profile, in-
strument broadening effect was corrected via the following equation:

= exp standard
2 2

(3)

where βexp and βstandard are the FWHM values of the sample and the
standard, respectively and β is the corrected width [51]. In the calcu-
lation of β values, βstandard was taken as the average FWHM of Y2O3
sample calcined at 1100 °C for 1 h [53]. Average crystallite sizes of the
ZnO samples calculated by using corrected width values are given in
Table 1. Crystallite sizes of the samples prepared in the presence of L-
cysteine are lower than that of CZ-0−700. Both amount of L-cysteine
used in the synthesis of the precursors and calcination temperature of
these precursors influence the crystallite sizes of the ZnO samples.

Functional groups of the samples and qualitative estimation of L-
cysteine incorporation into the precursors were assessed via FTIR

Fig. 1. XRD patterns of the samples prepared at Cys:Zn ratio of a) 0.5 and b) 1.

Table 1
Average crystallite sizes and BET surface area values of the calcined samples.

Sample Cys:Zn
mole ratio

Calcination
temperature (oC)

Average
crystallite size
(nm)

BET surface
area (m2/g)

CZ-0−700 0 700 66 ± 7 3*
CZ-0.1−350 0.1 350 8 ± 2 85
CZ-0.1−700 700 23 ± 4 16
CZ-0.5−350 0.5 350 – 65
CZ-0.5−700 700 20 ± 3 36
CZ-1−350 1 350 – 19
CZ-1−700 700 33 ± 8 19
CZ-1.5−350 1.5 350 – 15
CZ-1.5−700 700 34 ± 7 16

* taken from Top and Çetinkaya (2015) [49].
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spectroscopy. TGA data were used to get quantitative estimation of L-
cysteine content of the precursors. FTIR spectrum and TGA curve of L-
cysteine are presented in Fig. S2 and Fig. S3, respectively. Fig. S2 in-
dicates characteristic bands of L-cysteine related to SH (2550 cm−1),
CO2- (823 cm−1) NH3+ (1065, 1347, 1585 and 3180 cm−1) vibrations
[54]. In its DTGA curve, L-cysteine has a major degradation peak cen-
tered at 251 °C. In this degradation step, almost 80 % of total mass of L-
cysteine was converted to gaseous products.

FTIR spectra of the samples prepared at Cys:Zn ratios of 0.1, 0.5, 1
and 1.5 are shown in Figs. S4a, 2a, 2b and S4b, respectively. CZ-0.1
exhibits vibration bands associated with both Zn(OH)2 and L-cysteine in
its FTIR spectrum. The bands between 400 and 1200 cm−1 pre-
dominantly represent Zn(OH)2 vibrations whereas those between
1200−1800 cm−1 are mainly because of incorporation of L-cysteine
into the precursor. The band at 481 cm−1 indicates lattice Zn-O vi-
brations. Additionally, asymmetric stretching vibrations of Zn-O-Zn

Fig. 2. FTIR spectra of the samples prepared at Cys:Zn ratio of a) 0.5 and b) 1.

Fig. 3. TG and DTG curves of the samples a) CZ-0.5 and b) CZ-1.
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were observed at 1040 and 1075 cm-1 [55,56]. At higher Cys:Zn ratios,
intensities of the bands between 1200 and 1800 cm−1 increase relative
to those of the bands observed at lower wavenumbers. Presence of L-
cysteine in the as-synthesized samples was also confirmed by a band at
∼2920−2930 cm−1, which corresponds to C–H stretching vibrations.
FTIR spectra of CZ-1−350 and CZ-1.5−350 indicate mainly adsorbed
and oxidized species on ZnS surface and degradation products of L-cy-
steine as Zn-S-Zn vibrations are observed at about 350 cm-1 [57].
Mainly, the band at about 1400−1420 cm−1 is because of the forma-
tion of Zn-OHCO2 complex at the surface. No peak associated with ZnS-
H absorption band at ∼2500 cm−1 was observed [57,58]. The bands at
620 cm−1 and 1120 cm−1 were proposed to be related to the oxidation
products with unknown oxidation state and nature. OH stretching and
HeOeH bending vibrations are identified by the bands at about
3400 cm−1 and 1600−1620 cm−1, respectively [58]. FTIR spectrum of
the sample, CZ-0.5−350, with undefined crystal structure looks like the
FTIR patterns of the ZnS samples except the presence of a band at
492 cm-1 that corresponds to Zn-O vibrations. This band shifted to
441 cm-1 for the sample, CZ-0.1−350. Zn-O vibrations are also ap-
parent at ∼420−450 cm-1 in the FTIR spectra of all the ZnO samples
calcined at 700 °C, as expected. Additionally, quite weak absorption
bands at about 1120 cm-1 and 3400−3500 cm-1 region were observed
in these spectra.

TGA and corresponding DTG curves of CZ-0.5 and CZ-1 are given in
Fig. 3a and Fig. 3b, respectively. DTG curves of CZ-0.5 and CZ-1 in-
dicate four-step and three-step mass losses, respectively. The first peak
observed at about 100 °C for both samples is because of the evaporation
of moisture and other volatiles in the samples. The other peaks pre-
dominantly indicate degradation of L-cysteine. The differences in the
number and position of these peaks can be explained by the formation
of different degradation products. Weight loss between onset and
ending temperatures of the degradation peaks was used to calculate
amount of L-cysteine incorporation into the precursors, roughly. Ac-
cordingly, initial L-cysteine contents were estimated as 37 % and 49 %
for the samples CZ-0.5 and CZ-1, respectively.

3.2. Morphology and surface area results

SEM images of the samples are given in Fig. 4 and Fig. S5. CZ-
0.1 has mixed morphology composed of plate-like structures (char-
acteristics of β-Zn(OH)2) and irregular structures (Fig. S5a) [49].

Calcination of this sample generated pores in the plate-like structures
(Figs. S5b-c). Additionally, spherical structures with 20−40 nm dia-
meters formed upon calcination of CZ-0.1 at 700 °C (Fig. S5c). At
Cys:Zn ratio of 0.5, cauliflower-like aggregates are apparent in the SEM
pictures of the precursor and the sample calcined at 350 °C as given in
Fig. 4a and Fig. 4b, respectively. Spherical nanoparticles with diameters
between 20 nm and 50 nm and occasional rod-like structures were ob-
tained upon calcination of CZ-0.5 at 700 °C (Fig. 4c). Interestingly,
larger well-defined spherical nanoparticles with sizes between 50 nm
and 100 nm were observed for CZ-1 (Fig. 4d) and the size and mor-
phology of these nanostructures did not change appreciably upon cal-
cination (Figs. 4e-f). When Cys:Zn ratio was increased to 1.5, inter-
connected irregular morphology was observed (Figs. S5 d–e).
Calcination of CZ-1.5 at 700 °C, on the other hand, yielded nano-
particles having sizes between 50 and 100 nm as revealed by Fig. S5f.

In our previous study, SEM picture of the as-synthesized sample
prepared without any additive, indicated octahedral structures, typical
morphology of ε-Zn(OH)2 crystals [49]. Thus, plate-like, cauliflower-
like, irregular and spherical structures observed in the current study
clearly demonstrate morphogenic effect of L-cysteine.

BET surface area values of the calcined samples are given in Table 1.
The samples with spherical morphology (CZ-0.5-700, CZ-1-700, CZ-1.5-
700 and CZ-1-350) exhibit surface area values proportional to their
particle sizes, as expected. The highest surface area was obtained for
CZ-0.1-350 sample. Surface area values of CZ-0.1-350 and CZ-0.1-700
were determined as 85m2/g and 16m2/g, respectively. The lower
surface area of CZ-0.1-700 can be explained by its higher crystallite
size. Similar behavior was also observed for the calcined TiO2 samples.
Surface area of TiO2 decreased dramatically from 190.5m2/g to
0.80m2/g, as its crystallite size increased from 9.37 nm to 60.3 nm
upon calcination [59].

3.3. Optical properties

UV–vis absorption spectra of the samples calcined at 700 °C and
350 °C are given in Fig. 5 and Fig. S6, respectively. For ZnO samples,
excitonic peak positions vary between 370 nm (3.35 eV) and 377 nm
(3.29 eV) indicating no correlation with initial Cys:Zn ratio. These free
exciton (FX) energy values of the samples are slightly lower than the
free exciton energy of bulk ZnO crystals, reported as 3.377 eV [60]. For
ZnS samples, CZ-1−350 and CZ-1.5−350, excitonic peaks appear at

Fig. 4. SEM pictures of the samples prepared at Cys:Zn ratio of 0.5 a) as-synthesized, b) calcined at 350 °C, c) calcined at 700 °C and the samples prepared at Cys:Zn
ratio of 1 d) as-synthesized, e) calcined at 350 °C, f) calcined at 700 °C (Scale bars: a, b, d, e =3 μm; c, f =1 μm).
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321 nm (3.86 eV) and 328 nm (3.77 eV), respectively. For the sample
with unidentified crystal structure, CZ-0.5−350, the excitonic peak is
blue-shifted to 304 nm (4.08 eV) in its UV spectrum.

PL spectra of the ZnO samples were taken to monitor crystal defects
of these samples. The PL spectra were deconvoluted into Gaussian
peaks and are given in Fig. 6 and Fig. S7. % area values of the decon-
voluted peaks of the PL spectra are given in Table 2. PL spectrum of
each sample was fitted to five Gaussian peaks with small shifts in the
peak positions. The first deconvoluted peak (Peak #1) observed at
∼395 ± 5 nm (3.14 ± 0.04 eV) is mainly due to the recombination of
excitonic band [61,62]. Similarly, excitonic energy values of ZnO
structures were reported to vary between 3.12 and 3.26 eV [13,61–64].

A violet/blue emission peak at about 420 nm (2.95 eV), two blue
emission peaks at ∼442 nm (2.81 eV) and ∼485 nm (2.56 eV) and a
green emission peak nearby 523 nm (2.37 eV) are also identified with a
few to several nm shifts in the PL spectra of the ZnO samples. These
violet/blue and blue emission centers are related to Zn defects. Zeng
et al. (2010) proposed that blue emissions centered at 415, 440, 455

and 488 nm are due to transitions of Zn interstitials (Zni) based on the
results of EPR spectroscopy [65]. Blue emissions were also observed in
the PL spectra of the other ZnO samples. For example, PL spectra of
nanoparticles, nanosheets and nanoflowers indicated three common
blue emission peaks at about 420 nm (2.95 eV), 456 nm (2.71 eV) and
484 nm (2.56 eV) [61]. In another study, PL spectrum of ZnO na-
nosheets was deconvoluted into two blue emission peaks at 424 nm
(2.92 eV) and 451 nm (2.75 eV) [62].

The Peak #2 (∼2.95 eV) in Table 2, can be assigned to the Zni to VB
transitions, in consistent with the calculated (2.9 eV above VB) and
experimentally determined (0.22 eV below CB) energy levels of Zni,
[61,65]. It was also proposed that electrons at CB or Zni state can
further relax to extended Zni states and, then, they finally can reach VB
with blue emissions. The position of extended Zni states is slightly
below Zni state [62,65]. Therefore, the Peak #3 (2.81 eV), can be at-
tributed to the transitions from extended Zni state to VB. Considering
the position of zinc vacancies (VZn), which is 0.30 eV above VB, the
Peak #3, can also be due to Zni to VZn transitions. Transitions from

Fig. 5. UV–vis spectra of the samples calcined at 700 °C.

Fig. 6. Deconvoluted PL spectra of a) CZ-0.5-700, b) CZ-1-700.
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extended Zni states to VZn are also possible. Thus, Peak #4 at 485 nm
(2.56 eV) is likely to correspond to extended Zni state to VZn transitions
[61,62].

Green emission in PL spectra of all samples is centered at
523 ± 2 nm (2.37 ± 0.01 eV), very close to the reported value
(520 nm=2.38 eV) of green emission center of ZnO films [66], na-
norods [67], and nanowires [68]. In order to identify the nature of
defects associated with 520 nm peak, these film, nanorod, and nanowire
samples were annealed under different atmospheres. More specifically,
reducing conditions at high temperatures were used to introduce
oxygen vacancies (VO) and Zni into ZnO structures [66,67]. Annealing
of ZnO nanorods under 20 % H2 in Ar atmosphere caused an increase in
the peak intensity at 520 nm whereas annealing under oxygen flow at
the same temperature and time interval did not change the peak in-
tensity significantly [67]. Similarly, stronger peak signal at 520 nm was
observed upon vacuum annealing after oxidation of the nanowires [68].
Thus, the green emission at 520 nm was attributed to VO [68] or both
VO and Zni defects [67]. Conversely, the opposite behavior was ob-
served in another study. For ZnO films, intensity of the green emission
enhanced as partial pressure of oxygen in the annealing atmosphere
increased at constant annealing temperature. Additionally, at the same
annealing atmosphere, intensity of the green emission also enhanced as
temperature increased. Hence, VZn, oxygen interstitial (Oi) and antisite
oxygen (OZn) defects were suggested to be generated by annealing
under oxidizing conditions and high temperatures. Considering the
calculated energy levels of VZn, Oi and OZn, reported as 3.06 eV, 2.28 eV
and 2.38 eV below CB, green emission at 520 nm was attributed to OZn
defects [66]. In another study, the green emission observed at 2.25 eV
was shown to be due to the surface superoxide (·O2−) formation, rather
than surface hydroxylation or native defects such as VO based on the
conductivity and PL measurements of ZnO nanoparticle films taken
under various atmospheric conditions [69].

Comparison of the areas of the green emission peaks of CZ-0.1−350
and CZ-0.1−700 at 520 nm given in Table 2 indicates that % area of
this peak increases as calcination temperature increases. Because cal-
cination under oxygen containing atmosphere at the higher tempera-
ture is expected to fix oxygen vacancy defects, antisite oxygen defects
or surface superoxide formation is likely to contribute to the green
emission associated with Peak #5.

Room temperature PL spectra of the other samples, CZ-0.5−350,
CZ-1−350, and CZ-1.5−350 are given in Fig. S8. PL signals of these
samples are weaker than those of the ZnO samples. The sample with
unidentified crystal structure, CZ-0.5−350, has slightly different PL
pattern compared to the PL spectra of the ZnS samples, CZ-1−350, and
CZ-1.5−350. However, four peaks with small shifts are apparent in all
samples. The first peak at about 330 nm (3.75 eV) is due to excitonic
emissions and this value is very close to the excitonic transition energy
of ZnS nanowires reported as ∼3.68 eV [70]. The second peak observed
at ∼420 nm (2.95 eV) can be related to interstitial defects [71]. Denzler
et al. (1998) suggested that because of the larger size of sulfur, position
of sulfur interstitial (Si) defects should be blue-shifted relative to that of
Zni. By simple deconvolution of the spectrum, the authors determined

the positions of Si and Zni bands as 416 nm and 424 nm, respectively
[72]. For CZ-1.5−350, the peak position of interstitial defects is 3 nm
blue-shifted compared to those of CZ-0.5−350 and CZ-1−350 sug-
gesting the presence of higher amount of Si in CZ-1.5−350. Because
initial cysteine content of CZ-1.5−350 is higher than those of the
others, CZ-1.5−350 is likely to have more Si defects corroborating with
the suggested positions of interstitial defects. For the ZnS samples,
another blue emission at 456 nm (2.72 eV) was also obtained. This peak
is a few nm blue-shifted for CZ-0.5−350. McClean and Thomas (1992)
also observed a peak around 460 nm for ZnS films. Annealing of the
films at 400 °C under N2 atmosphere increased the peak intensity upon
release of sulfur suggesting that the blue emission was related to sulfur
vacancy. The authors also observed that the peak intensity decreased
upon controlled reduction of zinc vacancies and proposed that the blue
emission was due to S-Zn vacancies acting as self-activated centers [73].
Thus, the third peak observed at 456 nm can be attributed to sulfur and
zinc vacancies. Finally, the last peak observed at about 490 nm
(2.53 eV) can also be due to zinc vacancies [74].

3.4. XPS and EPR spectroscopy results

XPS and EPR measurements were also performed to analyze the
crystal defects of select ZnO samples. XPS survey scans of the samples,
CZ-0−700, CZ-0.5−700, and CZ-1−700 are given in Fig. S9. XPS
spectra indicate Zn 2s, Zn 2p, Zn 3s, Zn 3p, Zn 3d, Zn LMM, O 1s, and O
KLL peaks confirming high purity of the samples [75–77]. To provide
further evidence for Zni defects indicated by PL spectra, Auger Zn
L3M4.5M4.5 peaks of the samples observed with a maximum of
498.5 ± 0.5 eV were used (Fig. 7). Deconvolution of this peak yielded
two peaks centered at 495.3 ± 0.5 eV and 498.5 ± 0.5 eV. The high
binding energy peak is due to the lattice Zn2+ whereas the shoulder
peak with low binding energy reveals the presence of the metallic Zn, in
other words, Zni defects [78–81]. Auger Zn L3M4.5M4.5 peaks also in-
dicate that Zni peak areas of CZ-0.5−700, and CZ-1−700 are close to
each other and are slightly higher than that of CZ-0−700.

EPR spectra of the samples CZ-0−700, CZ-0.5−700, and CZ-
1−700 are given in Fig. 8. For all samples an EPR signal at about
g=2.01 was observed. CZ-0−700 has the strongest signal whereas a
quite weak signal was obtained for CZ-1−700. The EPR signal at g ≈
2.0 was mostly proposed to be due to singly charged vacancies (VO+ or
VZn−) [82,83]. However, g≈ 2.0 signal was also attributed to surface
defects based on the core shell model and this signal was shown to be
correlated with the red emissions in PL data, originated from VO+ [84].

3.5. Rhodamine B photodegradation activities

RhB removal profiles of the samples calcined at 350 °C and at 700 °C
are given in Fig. S10 and Fig. 9a, respectively. All the samples calcined
at 700 °C exhibited UV-light induced dye photodegradation activity.
The samples calcined at 350 °C, on the other hand, removed the dye
mostly by adsorption rather than photodegradation.

At low dye concentrations, the number of catalytic sites is not the

Table 2
Summary of deconvolution results of PL spectra of ZnO samples.

Sample Peak #1 3.94 ± 0.04 eV Peak #2 2.97 ± 0.02 eV Peak #3 2.80± 0.02 eV Peak #4 2.56 eV Peak #5 2.37 ± 0.01 eV

Value (nm) Area (%) Value (nm) Area (%) Value (nm) Area (%) Value (nm) Area (%) Value (nm) Area (%)

CZ-0−700 399 11 420 4 441 58 485 9 523 18
CZ-0.1−350 394 16 419 4 442 51 485 10 525 19
CZ-0.1−700 400 9 420 4 442 53 485 8 521 26
CZ-0.5−700 390 18 414 22 445 35 485 7 521 18
CZ-1−700 397 11 420 4 441 60 485 10 525 15
CZ-1.5−700 400 14 419 7 440 57 485 10 525 11
Possible assignments FX → VB Zni → VB ex-Zni → VB

Zni → VZn
ex-Zni → VZn CB → OZn

·O2− → VB
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limiting factor and photodegradation rate is proportional to the dye
concentration. Thus, the reaction kinetics can be described by the ap-
parent first order kinetics as follows [85]:

=dC
dt

kC (4)

where k is the rate constant. Integrated form of the equation is:

=C
C

ktln o
(5)

Photodegradation first-order kinetic plots of the samples calcined at
700 °C are given in Fig. 9b. Calculated rate constants and R2 values are
summarized in Table 3. Linear lines obtained in the kinetic plots con-
firm that the photodegradation process follows the apparent first-order
reaction kinetics. The sample CZ-0.5−700 exhibited the fastest RhB
degradation kinetics whereas the slowest degradation rate was ob-
served for the sample prepared in the absence of L-cysteine, CZ-0−700.
The other samples, CZ-0.1−700, CZ-1−700, and CZ-1.5−700 showed
similar photodegradation activities.

Photocatalytic activity of the semiconductors can be dictated by
many factors including band gap, morphology, surface area, and de-
fects. UV spectra given in Fig. 5 indicate that positions of the excitonic
peak and, hence, band gap energy values of the ZnO samples are close
to each other. SEM pictures show that CZ-0.5−700, CZ-1−700 and CZ-
1.5−700 have all spherical morphology (Fig. 4 and Fig. S5). Among
these three samples, CZ-0.5−700 has the highest surface area because
of its lower size. Surface area of CZ-0.1−350 is higher than those of the
samples calcined at 700 °C but its photocatalytic performance is quite
low most probably because of some organic residuals in this sample
(Fig. S4a).

Photocatalytic activity of the samples can also be governed by their
crystal defects because some differences in the PL spectra of the samples
were observed. Indeed, contributions of VO defects to the photo-
degradation activities of ZnO catalysts were reported [13,14,18,86].
Besides, Zni defects can also promote photocatalytic degradation pro-
cess, even though Zni defects were proposed to accelerate photo-
catalytic activity less efficiently than VO [13].

XPS analyses show that the samples, CZ-0−700, CZ-0.5−700 and
CZ-1−700 have similar Zni contents. However, deconvolution of the
purple/blue emission region of the PL spectra of the ZnO samples
yielded three peaks associated with different forms of Zni transitions.
One striking difference is that % area of Peak #2 in PL spectrum of CZ-
0.5−700 (the sample with the highest photocatalytic activity) is much
higher than those of the other ZnO samples (Table 2). Peak #2 corre-
sponds to the transition of neutral Zni to the VB whereas the others
(Peak #3 and Peak #4) are mostly related to extended states of Zni that
form as a result of ionization reactions. For titania photocatalysts,
Ohtani (2013) proposed that shallow traps can enhance photocatalytic
activity by facilitating the migration of electrons through CB and traps.
The author also suggested that deep traps may reduce photocatalytic
activity as a result of higher probability of electron-hole recombination.
Thus, shallow donors can participate the electron transport processes by
donating electrons to CB with the formation of electron deficient levels
(electron traps) and, then, by accepting photoexcited electrons to these
traps [87]. Energy state of neutral Zni defects (shallow donors) is closer
to the CB compared to those of the ionized forms of Zni and, hence,
neutral Zni defects are more likely to participate charge separation
process. Additionally, high surface area of CZ-0.5−700 can also con-
tribute to superior photocatalytic activity of this sample by providing
more active sites for the reaction and by facilitating the diffusion of the
reactants during the photodegradation reaction [88].

Two main routes, direct and indirect oxidation, were proposed for
the photodegradation of dyes by semiconductors. In the direct oxida-
tion, the degradation occurs because of charge transfer between dye
and photogenerated carriers such as holes and electrons that form im-
mediately via irradiation of the semiconductor. Reactive oxygen species
such as OH radicals (OH·) and superoxide radicals (·O2−) generated as a
result of adsorption of hydroxyl, water or molecular oxygen dissolved in
water on the semiconductor surface can also mediate photodegradation
process by indirect oxidation [89,90]. Among these different mechan-
isms, OH· accelerated photodegradation was regarded to dominate most
of the dye photodegradation processes [48,89–94]. In the case of RhB
photodegradation, OH· was reported to rupture the cyclic structure of

Fig. 7. Auger Zn L3M4.5M4.5 spectra of CZ-0-700, CZ-0.5-700, and CZ-1-700.

Fig. 8. EPR spectra of CZ-0-700, CZ-0.5-700, and CZ-1-700.
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the dye and to induce total mineralization [94]. Generation of OH·
radicals by the holes depends on the potential value of the VB. If the
valence band edge position (EVB) of the semiconductor is more positive
than the redox potential value of OH·/H2O, formation of OH· radicals is
thermodynamically feasible [95]. The valence band edge position (EVB)
and the conduction band edge position (ECB) of the semiconductors can
be calculated using the following equations based on the Mulliken
electronegativity theory:

= +E eV vs NHE
E

[ . ] 4.5
2VB

g
(6)

=E eV vs NHE E E[ . ]CB VB g (7)

where χ is the absolute electronegativity and Eg is the band gap energy
[96,97]. Optical band gap energies of the representative ZnO and ZnS
samples were estimated using λ1/2 method by taking λ1/2 as the wa-
velength, at which the absorption is 50 % of that at the excitonic peak
[98]. Eg values (in eV) were, then, calculated by applying the simple
formula, Eg= 1240/λ1/2, where λ1/2 is in nm. The parameters used in
these equations and calculated EVB and ECB values of the representative
ZnO and ZnS samples are given in Table S1. EVB values of ZnO and ZnS
were estimated as 2.89 eV vs. NHE and 2.55 eV vs. NHE, respectively.
Calculated EVB values are greater than OH·/H2O potential value re-
ported as ∼2.3 ± 0.1 eV vs. NHE indicating that both ZnO and ZnS
semiconductors synthesized in the current study are capable of gen-
erating OH· radicals [95,99,100]. ECB values determined as -0.31 eV vs.
NHE and -1.03 eV vs. NHE for ZnO and ZnS, respectively are more
negative than potential value of O2/·O2−, -0.28 eV vs. NHE [100,101].
These results indicate that thermodynamically, photogenerated ZnO
holes have a higher oxidation potential to form hydroxyl radical species
compared to the ZnS holes. In addition to this, excited ZnO electrons
have a much lower reduction potential than excited ZnS electrons to
catalyze reduction of dioxygen species to superoxide anions. We ob-
served that only ZnO samples have photodegradation ability and that
ZnS removes the dye by adsorption. Thus, RhB photodegradation is
mainly dictated by the extent of the oxidation reactions initiated in the
valence band.

To test the correlation between OH· generation and photocatalytic
activity, we compared relative amounts of OH· formed on select ZnO
sample surfaces by using TPA as a probe molecule. For CZ-0−700

(control sample), CZ-0.1−350 (the sample with the highest surface
area) and CZ-0.5−700 and CZ-1−700 (the samples mainly focused in
the current study), PL signals of HTA evolved as a result of the reaction
between OH· and TPA are given in Fig. 10. CZ-0.1−350, which re-
moved RhB by adsorption predominantly, generated negligible amount
of OH· radicals. The sample with the highest RhB photodegradation
activity, CZ-0.5−700, released the highest amount of OH· at the early
stages of the irradiation exposure. The kinetics of OH· formation of the
other two samples is slower compared to that of CZ-0.5−700. These
observations indicate that charge separation is more efficient for CZ-
0.5−700 and that RhB photodegradation mechanism of the samples is
mainly by indirect oxidation.

4. Conclusions

L-cysteine was used as an additive in the synthesis of the precursors
that form as a result of aqueous precipitation reaction of Zn(NO3)2 and
NaOH. ZnO and ZnS structures were obtained by simply using certain
Cys:Zn ratios in the preparation of the precursors and by calcining these
precursors at specific temperatures. A variety of morphologies in-
cluding spherical nanoparticles, plate-like, cauliflower-like and inter-
connected structures were observed in the SEM pictures of the samples
obtained.

Blue and green emission centers with similar peak positions were
detected in the PL spectra of the samples. However, different peak areas
obtained in the deconvolution of the PL spectra indicate that defect
densities of the samples are different. Among all samples, the highest
photodegradation activity was exhibited by the sample CZ-0.5−700,
which has above average surface area and has the highest peak area
associated with neutral Zni to VB transitions observed at ∼420 nm in its
PL spectrum. The samples calcined at 350 °C removed the dye mainly

Fig. 9. a) Rhodamine B removal profiles and b) photodegradation first-order kinetic plots of the samples calcined at 700 °C.

Table 3
Photodegradation kinetic parameters of the samples calcined at 700 °C.

Sample k (min−1) R2

CZ-0−700 0.022 ± 0.001 0.988
CZ-0.1−700 0.047 ± 0.002 0.987
CZ-0.5−700 0.140 ± 0.003 0.998
CZ-1−700 0.042 ± 0.002 0.988
CZ-1.5−700 0.045 ± 0.002 0.976

Fig. 10. OH% radical generation kinetics of select samples.
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by adsorption process.
In conclusion, we showed that chemical composition, morphology,

surface area and defect properties of the semiconductor photocatalysts
can easily be tuned by changing the concentration of the additive and
by applying different calcination temperatures. We also demonstrated
that these simple synthesis route modifications can provide opportu-
nities to increase the performance of semiconductor photocatalysts.
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