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Abstract: In this study, we report the synthesis of ZnO nanoparticles from Zn dross via hydrometal-
lurgical method by using acetic acid as a leaching agent. D205 dye molecules were then adsorbed onto
Zn dross originated ZnO nanoparticle film. The optical absorption confirms the photosensitization of
the synthesized ZnO nanoparticles with dye. The photoluminescence spectra reveal the excitonic-
and defect-related emission of ZnO nanoparticles. Compared to ZnO nanoparticles only, the longer
emission lifetime of ZnO nanoparticles with adsorbed dye indicates the transfer of photoexcited
electrons from dye to the ZnO nanoparticles. Furthermore, photodetection characterization of ZnO
film show the enhanced current density with the presence of dye under simulated solar illumination,
while that measured at dark is similar in both films with and without dye. This result confirms
the potentiality of Zn dross to be recycled into valuable ZnO nanoparticles particularly for the
applications in the visible light region, especially for sensing.

Keywords: zinc oxide; zinc dross; optical properties; photodetection properties

1. Introduction

Wide band gap semiconductors have been considered as active materials in many
applications such as light-emitting devices [1–3], solar cells [4–6], and photocatalysis [7–9].
One of the wide band gap semiconductors is ZnO with the band gap of 3.1–3.3 eV, and
thus absorbing light only in the UV region [10]. Many studies have been conducted to
synthesize ZnO nanostructures with different morphologies such as nanoparticles [11],
nanorods [12], nanotubes [13], and nanowires [14]. Tuning the properties of ZnO materials
has also been pursued by doping with other elements [15,16]. These approaches were
carried out intentionally by using specific chemical precursors to allow preferentially the
formation of high quality of ZnO nanomaterials.

On the other hand, the wide exploitation of Zn in industries has produces waste, i.e.,
Zn dross. As a byproduct of the galvanization process, zinc dross can contain more than
80% metallic zinc [17]. This valuable high content of zinc in the dross has motivated to
recover it and even to use for advanced materials. We have previously conducted leaching
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process of zinc dust using oxalic acid by hydrometallurgical method [18]. Based on our
previous study, zinc element in the dross presents in the form of its oxide with some metal
impurities, in which the metal composition mainly consisted of 96.3 wt% Zn and 3.6 wt%
Fe. To scale-up the process for commercial applications, consideration should be taken in
making this synthesis more viable in terms of cost incurred. Therefore, this study aims to
utilize zinc dross from industrial byproducts to synthesize ZnO nanoparticles by using the
economically viable acetic acid as a leaching agent in sensing. To investigate the possible
application in visible region, dye is adsorbed on the surface of ZnO nanoparticle film
followed the characterization of its absorption and photoluminescence (PL) properties.
Time-resolved PL is also used to examine the charge carrier dynamics on this dye-adsorbed
ZnO nanoparticles. The photodetection properties of both films with and without dye
are also characterized by measuring current density-voltage curves at the dark and under
simulated solar illumination.

2. Materials and Methods
2.1. Sample Preparation

ZnO nanoparticles were synthesized by using Zn dross as the raw material, in which
the recovery of zinc element contained in the dross was conducted via the hydrometallurgi-
cal method [18]. The synthesis process of ZnO nanoparticles from Zn dross is illustrated in
Figure S1 (see supplementary materials). Initially, 50 g of zinc dross was added to 500 mL
of 4 M acetic acid solution and the mixture was stirred at 60 ◦C for 2 h. During the leaching
process, the metal elements are extracted through dissolution in acid solution, producing
the solution containing zinc ion and some unwanted metal ions, which are also dissolved.
The solution with dissolved metal elements was separated from the residues by filtration.
100 mL of 25% ammonia solution was then added drop by drop to the filtrate in order to
precipitate the metal impurities such as Fe. The formed precipitate was filtrated to separate
it from the zinc acetate solution. Furthermore, 25 mL of zinc acetate filtrate was added
with 10 mL distilled water, and 25 mL of 4 M sodium hydroxide (NaOH) solution was
then added drop by drop to the zinc acetate solution under stirring at 60 ◦C until a white
precipitate of ZnO was formed. After drying the white precipitate in the oven for 60 min at
185 ◦C, the sample was ground, resulting ZnO powder.

The thin film of synthesized ZnO was fabricated by the method previously reported [19,20],
where 50 mg of synthesized ZnO powder was mixed with 20 mg of polyethylene glycol
(PEG) having molecular weight of 3400 and 1.5 mL acetylacetone. The resulted paste was
applied onto fluorine-doped tin oxide (FTO) coated glass using Scotch tape as a frame and
spacer. Excess solution was raked off with a glass rod. The resulting film was then dried
in air at room temperature and subsequently heated at 400 ◦C for 1 h. Dye adsorption
on ZnO film was conducted by immersing the film in 0.5 mM D205 dye solution in tert-
butanol:acetonitrile 1:1 mixture for 1 h. Gold (Au) coating was then performed on the films
with and without dye adsorption as an electrical contact.

2.2. Measurements

ZnO powder was characterized by using X-ray diffractometer (Rigaku Smartlab,
Rigaku Corporation, Tokyo, Japan, anode material is Cu with Kα 1.5406 Å) to determine
its composition, size, and formed structure. Microstructure observation was done by using
scanning electron microscope (LEO 1550 Gemini, Carl Zeiss AG, Oberkochen, Germany).
Absorption spectra were taken using ultraviolet–visible light (UV-vis) spectrometer (UV-
2450, Shimadzu Corporation, Kyoto, Japan). In PL measurement, a 266 nm pulse laser
(VisUV, PicoQuant GmbH, Berlin, Germany) with a line width of 15 ps and a repetition
rate of 10 MHz was focused on samples with a microscope objective (Olympus PLN 40X
(NA = 0.65), Olympus Corporation, Tokyo, Japan). The focused laser beam has a diameter
of ≈ 1 µm. The PL signal was recorded by spectrometer (AvaSpec-HSC1024x58TEC-
EVO, Avantes BV Apeldoorn, The Netherlands). Time-resolved PL measurement was
carried out using single-photon avalanche photodiode (MPD, Picoquant GmbH, Berlin,
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Germany) connected to a time-correlated single-photon counting acquisition module
(TCC900, Edinburgh Instruments Ltd., Livingstone, United Kingdom). Current density-
voltage (J-V) characteristics were measured in the dark and under a solar simulator with
AM1.5G filter by using a source measurement unit (Keithley 2400, Tektronix Inc., OR, USA).
All sampled were tested in-ambient conditions and a simulated light intensity with the
spot size diameter of 3 mm was adjusted to 100 mW/cm2 calibrated with an optical power
meter (PM100D, Thorlabs Inc., Newton, NJ, USA). In order to allow the measurement in
parallel metal-semiconductor-metal configuration, each sample surface was divided into
two regions by scratching.

3. Results and Discussion

Typical X-ray diffraction (XRD) pattern of the obtained particles is shown in Figure 1a,
indicating the formation of hexagonal ZnO particles with space group of P63mc. The peaks
in XRD pattern are in conformance with the database values for ZnO (JCPDS -361451).
During the leaching process of zinc dross, zinc and other metal impurities are dissolved
in acetic acid solution. The selective separation of Zn with other metals occurs with the
precipitation of metal impurities by the addition of ammonium hydroxide. By adding
the NaOH to the Zn acetate precursor, ZnO particles are formed. The data taken in XRD
also shows ZnO nanoparticles with the crystallite size ranging from 30 nm to 70 nm. SEM
images of ZnO film are shown in Figure 1b and Figure S2, in which the corresponding
grain size distribution histogram in Figure S3 shows the average grain of about 180 nm in
both horizontal and vertical diameters. This confirms that one grain or secondary particle
in SEM contains several crystallites.
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Figure 1. (a) X-ray diffraction pattern and (b) scanning electron microscope image of zinc dross
originated ZnO nanoparticle film.

The absorption spectra of ZnO nanoparticle films with and without dye adsorption
are shown in Figure 2a, in which the spectra are normalized at 300 nm. For the ZnO
nanoparticle film, the absorption spectrum reveals the shoulder at about 360 nm, which
corresponds to the absorption band of ZnO nanoparticles [21]. As shown from the Tauc
plot in Figure S4, the band gap of synthesized ZnO is determined to be 3 eV (413 nm),
which is higher compared to that reported band gap value of 2.88 eV for ZnO thin film [22].
With the dye adsorption on ZnO nanoparticles, this shoulder disappears and on the other
hand the absorption in the visible region is appeared with the peak of 520 nm. This peak
corresponds to the dye optical absorption since no absorption peak in the visible region is
observed for ZnO only. The disappearance of shoulder might be caused by the absorption
overlapping between D205 and ZnO considering the D205 absorption peak at 387 nm which
is attributed to a mixture of the intermolecular charge transfer (ICT) and the π-π* excitation
from HOMO to LUMO +1. On the other hand, the absorption peak in the visible region, has
a good agreement with the reported peak absorption at around 516 nm for D205-anchored
ZnO nanoparticles, which is blue shifted from the absorption peak of D205 solution at
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530 nm, ascribed the ICT transition from HOMO to LUMO, due to the moderate interaction
between dye molecule and ZnO surface [23]. The appearance of visible absorption indicates
the photosensitization of ZnO nanoparticles with adsorbed D205 dye molecules. Upon light
absorption, the charge carriers are excited to the higher energy levels and later lose their
energy through the relaxation process and finally fall back down to the ground state. PL
spectroscopy can be used to study the radiative relaxation. Figure 2b shows the PL spectra
of ZnO nanoparticle film with dye adsorption (red-colored) and without dye adsorption
(black-colored) by using the excitation of 266 nm pulse laser with the pulse width of 15 ps.
Both samples with and without dye adsorption have emission peak at 387 nm relatively
with the same intensity, indicating the radiative recombination which belongs to excitonic
emission of ZnO and not D205. This strongly correlates that D205 dye has no luminescence
peak at wavelength less than 550 nm [24]. For ZnO nanoparticle sample, we also observed
another emission peak at longer wavelength, i.e., 610 nm. This emission peak in the visible
region may be related to the luminescent point defects, i.e., either a surface oxygen vacancy
center or zinc vacancy center [25]. Furthermore, this emission peak is red-shifted to 625 nm
with the higher intensity (around three times) with the dye adsorption on ZnO surface. It is
possibly due to the strong bonding at the interface between ZnO and dye molecules which
shifts the defect levels energetically and reorganize the interfacial charge [26]. Furthermore,
the higher emission intensity with the dye adsorption indicates the effective electron
transfer from dye molecules to ZnO thus contributing to the higher intensity. The emission
peak in the visible region was also reported for D205-anchored ZnO particles, which were
synthesized from high purity chemical precursors [24].
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Figure 2. (a) Absorption and (b) photoluminescence (PL) spectra of the zinc dross originated ZnO
nanoparticle films with (red-colored) and without (black-colored) dye adsorption.

To investigate the interfacial electron transfer between D205 dye and ZnO nanoparti-
cles originated from Zn dross, the time-resolved PL decay measurements were taken at
400 nm and 600 nm. Figure 3 shows time-resolved PL decay curves at 400 nm and 600 nm
emission wavelength recorded for ZnO nanoparticles with and without dye adsorption.
The decays were then fitted with exponential decay in order to determine the emission
lifetimes. The fitting results are shown in Table 1, with all cases the lifetime can be character-
ized as being in the nanoseconds range. For the emission at 400 nm, the decays of both ZnO
nanoparticles with and without dye adsorption could be satisfactorily fit by bi-exponential
function. The decay of ZnO nanoparticles only has decay constants of 0.45 ns and 3.00 ns
with relative amplitudes of 46% and 54%; while the decay of ZnO nanoparticles with
dye has decay constant of 0.56 ns and 3.79 ns with relative amplitudes of 57% and 43%,
respectively. The average emission lifetime at 400 nm becomes slower from 1.82 to 1.95 ns
as adsorption of dye on ZnO nanoparticles. Upon photoexcitation, the electrons are excited
from HOMO to LUMO of the dye. These photoexcited electrons are then transferred to the
conduction band of ZnO nanoparticles. These additional photoexcited electrons in ZnO
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causes the longer lifetime of photoexcited electrons in ZnO. At emission at lower energy
of 600 nm, the decay of ZnO nanoparticles could be well described by a tri-exponential
function with decay constants of 0.24 ns, 1.34 ns, and 9.00 ns with relative amplitudes of
22%, 50%, and 28%, respectively. From emission at higher energy of 400 nm to lower energy
of 600 nm, the averaged time decay constant for ZnO nanoparticles has been found to
increase from 1.82 nm to 3.38 ns. This indicates that the defect-related emission lifetime of
ZnO nanoparticles is almost double that those of excitonic-related emission. With the dye
adsorption, the emissions at 600 nm could be satisfactorily fit by bi-exponential function,
like the emission at 400 nm for both ZnO nanoparticles with and without dye. The decay
constants of sample with dye adsorption were found to be 0.91 ns and 8.34 ns with relative
amplitudes of 57% and 43%, respectively. At emission of 600 nm, longer lifetime was
also found from 3.38 ns to 4.09 nm as dye molecules adsorbed on nanoparticle surface,
due to the transferred of photoexcited electrons from the LUMO of dye to the conduction
band of ZnO nanoparticles. From emission at higher energy of 400 nm to lower energy of
600 nm, the averaged time decay constant for ZnO nanoparticles with dye has also been
found to be almost double from 1.95 nm to 4.09 ns, like those of ZnO nanoparticles only.
From 400 to 600 nm, the comparable degree of emission lifetime shortening for both ZnO
nanoparticles with and without dye adsorption clearly shows that the observed lifetimes
belong to the excitonic- and defect-related emission of ZnO nanoparticles, or in other word
there is electron transfer from dye to ZnO nanoparticles synthesized from Zn dross.

Figure 3. Normalized time-resolved PL spectra at emission peak of (a) 400 nm and (b) 600 nm of the
zinc dross-originated ZnO nanoparticle films with (red-colored) and without (black-colored) dye
adsorption.

Table 1. Kinetic parameters of emission decay analysis.

Thin Film Emission Peak τ1(ns) a1 τ2(ns) a2 τ3(ns) a3 τave(ns)

ZnO 400 nm 0.45 46% 3.00 54% 1.82
ZnO/dye 400 nm 0.56 57% 3.79 43% 1.95

ZnO 600 nm 0.24 22% 1.34 50% 9.00 28% 3.38
ZnO/dye 600 nm 0.91 57% 8.34 43% 4.09

The photodetection properties of both ZnO nanoparticle films with and without
dye were characterized by applying a voltage between the gold contact on these two
regions and measuring the current flowing through parallel metal–semiconductor—metal
configuration as shown in the inset of Figure 4a. Here, the current measured is converted
into current density by dividing it by area of illuminating light spot in order to know
the effect of illumination. The current density–voltage (J-V) curves of both films without
and with dye are shown in Figure 4a,b, respectively. Measurements were conducted in
forward bias and then back to zero intersection. All the curves showed Schottky barrier
formation between metal–semiconductor interface. Schottky barrier heights of Au/ZnO
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interface could range from 0 to 1.2 eV, depending on the crystal, the surface preparation,
and the conditions under which the contact is formed [27]. At the dark, similar J-V curves
could be clearly seen for those with and without dye, indicating no significant effects on
the corresponding dark current with the presence of dye. Under illumination, the higher
current was measured relative to the dark for both films due to the additional carriers
generated under illumination. The observed trend at the dark and under illumination like
to those reported for the ZnO film deposited using DC-unbalanced magnetron sputtering
(DC-UBMS) with silver as the metal contact measured under UV light irradiation [28].
Furthermore, the enhancement of the photocurrent with the presence of dye is higher than
that without dye because dye absorbs visible light while ZnO only absorbs only UV light
under irradiance of solar simulator, so the visible light-excited carriers in dye are then
transferred to the conduction band of ZnO. The addition of visible light-excited carriers
in dye to the UV light-excited carriers in the conduction band of ZnO makes the larger
photo-generated carriers and subsequently the more sensitive photodetection with the dye.
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Figure 4. Current density–voltage (J-V) curves in the dark (black-colored) and under simulated solar
illumination (red-colored) of zinc dross-originated ZnO nanoparticle film (a) without and (b) with
dye adsorption. The inset in (a) is the schematic illustration of parallel metal-semiconductor-metal
configuration.

The observed visible light absorption and transfer of photoexcited electrons from dye
molecules to ZnO nanoparticles reveals the dye sensitization and the potential application
of Zn dross originated ZnO nanoparticles in visible light region. In current synthesis
process, optimization of the resulted ZnO nanoparticles from Zn dross should be carried
out in terms of acid solution concentration, temperature, and duration. After the synthesis
process, certain treatment such as meshing might also be taken in order to selectively obtain
the certain size of the ZnO particles.

4. Conclusions

ZnO nanoparticles have been successfully synthesized from ZnO dross via hydromet-
allurgical method. During the leaching process, acetic acid could recover zinc in the form of
zinc acetate which is then used to synthesize ZnO nanoparticles. XRD and SEM investiga-
tions confirm the synthesized ZnO particles in the size of nm order and the agglomeration
of ZnO nanoparticles forming secondary particles with larger size, respectively. The optical
absorption has revealed the photosensitization of the synthesized ZnO nanoparticles with
D205 dye adsorption. The PL spectra has two emission peaks corresponding to the reveal
the excitonic- and defect-related recombination in ZnO nanoparticles. With the dye adsorp-
tion, ZnO nanoparticles has showed the longer emission lifetime relative to those without
dye, confirming the transfer of photoexcited electrons from dye to the ZnO nanoparticles.
Moreover, photodetection characterization of ZnO film has showed the enhanced photocur-
rent with the presence of dye under simulated solar illumination, while at the dark both
ZnO films with and without dye revealed similar characteristics. The results obtained in
this study shows the potentiality of Zn dross to be recycled into more valued materials,
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i.e., ZnO nanoparticles, with the properties comparable with those purposely synthesized
from high purity raw chemicals. Further investigation should be considered in order to
utilize in various real applications such as photocatalysis, emitting devices or solar cells,
detectors, and even for sensing devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-435
2/11/1/6/s1, Figure S1: Schematic illustration of synthesis process of ZnO nanoparticles from Zn
dross. Figure S2. SEM images of ZnO nanoparticle film. Figure S3. (a) Illustration of grain size with
vertical and horizontal measurements. Zn dross-originated ZnO grain size distribution histograms of
(b) horizontal and (c) vertical diameters determined from the SEM image. Figure S4. Tauc plot for Zn
dross-originated ZnO nanoparticles as a function of photon energy, revealing the band gap energy of
3 eV (413 nm).
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