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Preface to ”Novel Nanocomposites”

The development of novel nanocomposite materials with enhanced physical and chemical

properties is one of the most important emergent topics in recent years. Since the development

of affordable and commercially available nanomaterials, nanocomposites have become a highly

desirable product. The development of novel nanocomposites with enhanced optical properties

became of real interest for domains such as data transmission, sensors, nonlinear optics devices,

etc. Electric/dielectric nanocomposites are primary areas of focus within the research for novel

supercapacitors or other renewable energy applications; nanocomposites with specific surface

properties have become very attractive for antistatic, antibacterial, photocatalytic, etc., functional

surface applications while enhanced mechanical properties are desirable for a plethora of needs

in transportation, home appliances, architectural applications, etc. Having multiple levels of

functionality simultaneously is possible using nanocomposite materials, by achieving a synergistic

effect of nano-components/matrix properties. The present Special Issue, “Novel Nanocomposites:

Optical, Electrical, Mechanical and Surface Related Properties”, presents a collection of eight

original, high-quality research papers covering a broad range of subjects, from nanocomposite

synthesis/fabrication to the design and characterization of various nanocomposites materials

with enhanced optical, electrical, mechanical, and surface-related properties as well as practical

applications.

Mirela Suchea, Emmanouel Koudoumas, Petronela Pascariu
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Abstract: Although the research on zinc oxide (ZnO) has a very long history and its applications are
almost countless as the publications on this subject are extensive, this semiconductor is still full of
resources and continues to offer very interesting results worth publishing or warrants further investi-
gation. The recent years are marked by the development of novel green chemical synthesis routes for
semiconductor fabrication in order to reduce the environmental impacts associated with synthesis on
one hand and to inhibit/suppress the toxicity and hazards at the end of their lifecycle on the other
hand. In this context, this study focused on the development of various kinds of nanostructured ZnO
onto Si substrates via chemical route synthesis using both classic solvents and some usual non-toxic
beverages to substitute the expensive high purity reagents acquired from specialized providers. To
our knowledge, this represents the first systematic study involving common beverages as reagents
in order to obtain ZnO coatings onto Si for optoelectronic applications by the Aqueous Chemical
Growth (ACG) technique. Moreover, the present study offers comparative information on obtaining
nanostructured ZnO coatings with a large variety of bulk and surface morphologies consisting of
crystalline nanostructures. It was revealed from X-ray diffraction analysis via Williamson–Hall plots
that the resulting wurtzite ZnO has a large crystallite size and small lattice strain. These morphologi-
cal features resulted in good optical properties, as proved by photoluminescence (PL) measurements
even at room temperature (295 K). Good optical properties could be ascribed to complex surface
structuring and large surface-to-volume ratios.

Keywords: zinc oxide; green synthesis; nanostructured; optical properties; optoelectronics

1. Introduction

In optoelectronics, ZnO is commonly used as a polycrystalline nanostructured coating,
thin film, or single crystals. As the optical character of the material depends on its structure,
size, and shape of building blocks and the resulting surface structure that is a direct
consequence of the preparation process, the main goal of this work is to compare the
optical properties of various kinds of nanostructured ZnO coatings resulting from different
kinds of syntheses, including also a few green routes. The comparison was done by

Nanomaterials 2021, 11, 2490. https://doi.org/10.3390/nano11102490 https://www.mdpi.com/journal/nanomaterials
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evaluating PL spectral properties of ZnO layers grown onto Si substrates and relating them
to the specific bulk and surface structure via respective synthesis routes.

The wurtzite-type structure of ZnO is the most thermodynamically stable form of this
semiconductor and exhibits a wide bandgap at around 3.37 eV [1,2]. Compared to gallium
nitride, which is a semiconductor with a similar energy gap, ZnO possesses strong polar
binding, large exciton binding energy (60 meV), and relatively high longitudinal optical
(LO) phonon energy of 72 meV [2]. Due to the presence of oxygen and zinc atoms interlaced
along the c-axis, wurtzite-type ZnO is polar in this direction, thus gaining piezoelectric
properties. Although the as grown ZnO exhibits n-type conductivity [1,2], the development
of methods of n-doped and p-doped ZnO thin film deposition is still of vivid interest. Many
deposition techniques were used during ZnO thin films history: physical growth methods,
chemical methods, and combinations of them. Among chemical techniques, aqueous
chemical growth, sol-gel, dip coating, and biosynthesis are the most common ones [3–14].
Due to the aforementioned properties, the ZnO and its composite materials are considered
to be great candidates for light-emitting and laser devices, which cover the spectral range
from green over the blue to the near-UV. In addition, sensors, optical filters, and nonlinear
optics devices could be obtained by virtue of the remarkable ZnO properties [2]. Undoped
ZnO layers exhibit high electron concentration and are quite insensitive to visible light;
thus, they are also suitable as a semiconductor in thin-film transistors [2] or as transparent
conductive electrodes for various applications [2]. Compared to ITO films, ZnO layers
are chemically stable, can be safely fabricated at low-cost, and are harmless for living
creatures [2]. Piezoelectric and ferroelectric properties of ZnO films allow them be used
also in acoustoelectronic, acousto-optic, and memory devices [1,2]. Although the research
on ZnO has a very long history and its applications are almost countless as the publications
on this subject are extensive, this semiconductor is still full of resources and continues to
offer very interesting results worth publishing or warrants further investigation [15,16].
The recent years are marked by the development of novel green chemical synthesis routes
for semiconductors fabrication in order to reduce the environmental impact of fabrication
on one hand and reduce the toxicity and hazards at the end of their lifecycle on the other.
Green chemical syntheses are targeting the design of chemical products and processes that
reduce or eliminate the use or generation of hazardous substances. Green chemistry applies
across the life cycle of a chemical product, including its design, manufacture, use, and
ultimate disposal. Reducing or eliminating one or more high purity solvents or reagents
from a process result in a whole chain of substantial energy consumption, reduced use
of hazardous and toxic materials consumption used in the synthesis and purification of
the respective solvent or reagent, and generates long term positive effects on reducing
the environmental impact of chemical processing. As an example, ethanol is one of the
most used and cheap solvents, and it is synthesized by the hydration of ethylene and by
fermentation. In semiconductor fabrication, the highest purity of materials is required;
thus, ethanol synthesized by the ethylene hydration process is mostly used. Ethylene is
an essential chemical in the petrochemical industry. Ethylene is traditionally produced
through the steam cracking of hydrocarbons, and this method remains the predominant
method in the industry. In this process, ethanol is produced by a reversible exothermic
reaction between ethylene and water vapor. The process consists of three different steps
including reaction, recovery, and purification. Ethylene conversion is about 4–25%, and it
is recycled. Ethanol selectivity is 98.5 mol%. Phosphoric (V) acid coated onto a solid silicon
dioxide has been used mainly as the catalyst. Phosphoric acid is used as a catalyst, and
conversion is 4–25%. Acetaldehyde is produced as a byproduct, which can either be sold or
further hydrogenated in order to produce ethanol. The unreacted reactants are separated
from the vapor mixture of the reactor in a high-pressure separator and then scrubbed with
water to dissolve the ethanol. Ethanol–water mixture forms an azeotrope mixture that
needs special distillation techniques, which eventually increase the costs. This process is
not economically feasible because ethanol is a cheaper chemical than ethylene. Moreover, it
is non-renewable if ethylene is produced by hydrocracking petroleum products. Therefore,
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validating new technologies that may help to reduce the need for chemicals produced via
such kinds of chemical process is necessary.

In this context, this study focused on the development of various kinds of nanos-
tructured ZnO onto Si substrates via chemical route synthesis using both classic solvents
and some usual non-toxic beverages to substitute the expensive high purity reagents ac-
quired from specialized providers. To our knowledge, this is the first systematic study
involving common beverages as reagents in order to fabricate ZnO coatings onto Si for
electronic applications by ACG technique. Moreover, the present study offers comparative
information on obtaining nanostructured ZnO coatings with a large variety of bulk and
surface morphologies consisting of crystalline nanostructures with high crystallinity with
wurtzite type structure suitable for applications that require complex surface structuring
with a high number of grain boundaries and large surface-to-volume ratios and individual
highly crystalline ZnO nanostructures such as nonlinear optics and some optoelectronic
applications. All fabricated materials were thoroughly characterized by SEM, EDX, and
XRD, and their PL spectroscopic properties were analyzed.

2. Materials and Methods

The general idea of this work was to synthesize ZnO by using chemical reactants and
then try to substitute each one of them with nontoxic and mild reagents, using the Aqueous
Chemical Growth (ACG) method.

All experiments were performed at relatively low temperatures. During the synthesis
of nanostructured ZnO coatings onto Si substrates, the reaction mechanism is the following.

Zn+2 + 2OH− ↔ Zn(OH)2 ↔ ZnO + H2O (R1)

In reaction (R1), the source of zinc cations is typically zinc salts, such as zinc nitrate
(Zn(NO3)2), zinc acetate (Zn(CH3COO)2), or even metallic Zn. The hydroxyl anions can
result from the presence of water, alcohol, and other solvents containing hydroxyl radicals.
Moreover, OH− can be formed by the reaction of an amine, such as hexamethylenetetramine
(HMTA, (CH2)6N4) or even Ammonium carbonate ((NH4)2CO3), with water.

The pH value variation during the reaction could not be monitored due to the fact
that the high-pressure conditions in the autoclaves do not allow this. The effect of pH
on this kind of reaction was studied during an older work [17]. It was observed that as
the pH values increase, the precipitation of ZnO nanostructures starts earlier compared
to lower pH values, but the crystal quality becomes rather poor. The poor crystal quality
for large pH values can be attributed to a higher reaction rate, which can be confirmed
by the increase in precipitation rate of the material while increasing pH value. From the
SEM characterization, it is obvious that the pH values indeed affect the morphology of the
as-grown ZnO nanostructures according to each solvent that was used.

First, pure chemical reactants, Zn(NO3)2 or Zn(CH3COO)2 and HMTA, were used
in different solvents (water, ethanol, etc.). The samples resulting from these experiments
are used as reference samples and for direct comparison with others from the existing
literature.

Eco-friendly synthesis was achieved by substituting the chemical reactant of HMTA
with ammonium carbonate using as a source of baking ammonia sold in the local food
market. Baking ammonia has been listed as “Generally Recognized as Safe” (GRAS) by the
US Food and Drug Administration (21CFR184.1137) [18]. Baking ammonia is a mixture of
ammonium bicarbonate (NH4HCO3) and ammonium carbamate (NH2COONH4). It has
been used as a primary leavening agent by bakers, before the advent of baking soda and
baking powder, because under heating conditions it breaks into carbon dioxide (leavening),
ammonia (needs dissipation), and water [19]. The experiments were performed using the
same solvents and under the same temperature conditions by using both types of amines.
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To our best knowledge, it is the first time that baking ammonia is used for the ACG
synthesis of nanostructured ZnO coatings onto Si substrates. Si substrates were chosen
because Si technology is still the most important and used in our days for optoelectronic
devices. Si was choose to ensure that the proposed method would be compatible with the
actual optoelectronic and microelectronic devices technologies and will allow the obtained
ZnO materials to be integrated easily with other components in real life applications. Some
preliminary studies on the use of baking ammonia to grow photocatalytic ZnO onto PLA 3D
printed scaffolds were reported recently by the same research team [20]. After a systematic
study of using baking ammonia as the OH− source, the final step for green synthesized
ZnO was to substitute the zinc source. According to the literature, ZnO can be obtained
by oxidation of metallic Zn powder [21–25]. Consequently, instead of using Zn(NO3)2 or
Zn(CH3COO)2, Zn metal powder was used. Various experiments were performed by using
HMTA and baking ammonia dissolved in various solvents. Several syntheses were also
performed without the use of any type of amine.

2.1. Materials

ZnO nanostructured coatings were grown by the ACG technique onto well-cleaned
silicon (100) wafers obtained from SILCHEM Handelsgesellschaft mbH (Freiberg, Ger-
many) using zinc nitrate hexahydrate Zn(NO3)2·6H2O, ≥99.99%; zinc acetate dihydrate
Zn(CH3COO)2·2H2O, ≥99.99%; hexamethylenetetramine (CH2)6N4, >99.00%; and ethylic
alcohol, all purchased from, Sigma-Aldrich/Merck KGaA, Darmstadt, Germany and Zn
powder from Fluka. Seelze, Switzerland. All of these were used without any further
purification. Si wafers were as follows: single side polished; orientation: (100) ± 1◦; type:
p/boron; resistivity: 15.0 Ohmcm; thickness: 400 ± 25 μm. For the eco-friendly syntheses,
nontoxic and daily use reactants were used. Specifically, in addition to water, beverages
such as soda water, leavening agents used in traditional puff pastry and cookie recipes
such as baking ammonia, mild antiseptics such as hydrogen peroxide (2.8% w/w), and
ethyl alcohol based alcoholic beverages such as Raki and Ouzo (Greek products) were used
for the synthesis of the nanostructured ZnO.

2.2. Syntheses

1. The amount of 50 mL of equimolar (0.01 M) aqueous solution of Zn(NO3)2·6H2O and
HMTA was placed in a common laboratory oven preheated at a specific temperature
(95 ◦C or 195 ◦C) for 2 h, followed by washing with deionized water to remove
residual contaminants.

2. The amount of 50 mL of equimolar (0.01 M) aqueous solution of Zn(CH3COO)2·2H2O
and HMTA was placed in a common laboratory oven preheated at a specific tempera-
ture (95 ◦C or 195 ◦C) for 2 h, followed by washing with deionized water to remove
residual contaminants.

3. Replacing the water with ethanol, raki, and Ouzo for 1 and 2 synthesis conditions.
4. Replacing HMTA with the nontoxic baking ammonia for 1, 2, and 3 synthesis condi-

tions.
5. Replacing the Zn source with Zn metallic. The amount of 1.8 g metallic Zn powder

was dissolved in 35 mL of distilled water and 0.05 g HMTA under continuous stirring,
followed by thermal treatment in a laboratory oven at 195 ◦C for 24 h. Washing
occurred after.

6. Replacing water in synthesis 5 conditions with ethanol, soda water, lemon soft drink,
and hydrogen peroxide (2.8% w/w).

7. Changing the HMTA amount. Experiments that use 0.15 g instead of 0.05 g HMTA
were also performed under the exact same procedure by using the different solvents
(water, soda water, lemon soft drink, and hydrogen peroxide).

8. Replacing the HMTA with 0.05 g and 0.15 g nontoxic baking ammonia in synthesis 5
and 6 conditions.
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9. Elimination of the amine: 1.8 g metallic Zn powder dissolved in 35 mL of the desired
solvent (distilled water, ethanol, soda water, and hydrogen peroxide), followed by
thermal treatment in a laboratory oven at 195 ◦C for 24 h. Washing occurred after.

2.3. Characterization

All the prepared samples were characterized by using Scanning Electron Microscopy
(SEM) JSM-6390LV SEM from JEOL equipped with Inka-act Energy Dispersive X-ray
Analysis (EDX) system from Oxford and X-ray Diffraction (XRD) using using a Rigaku
RINT-2000 X-ray diffractometer. XRD patterns were recorded from 30◦ to 70◦ 2θ angles
using CuKα1 radiation with a monochromatic wavelength of 1.5405 Å operated at 40 kV
and 82 mA. Photoluminescence (PL) spectroscopy using a He-Cd, cw laser at 325 nm
with full power 35 mW was also performed. The samples were placed in a high vacuum
cryostat, which was cooled down to change the temperature from 300 K to 13 K. The
emission spectrum was measured using a very sensitive, LN2 cooled CCD camera.

3. Results and Discussion

3.1. Growth and Structuring

Scanning electron microscopy SEM micrographs were analyzed in order to examine
the morphology of the prepared samples, while energy dispersive X-ray EDX analysis
provided their elemental analysis. Their structural properties were assessed by using XRD
measurements via a size-strain Williamson–Hall plot. In addition, the optical properties
were studied through PL measurements.

Morphology and Structuring onto Si Substrates

SEM images of the samples synthesized via synthesis routes 1, 2, and 3 at 95 ◦C are
presented in Figure 1 for a synthesis temperature of 95 ◦C.
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Figure 1. SEM images of ZnO samples synthesized via synthesis routes 1, 2 and 3 at 95 ◦C.

As it can be observed in Figure 1a, in a water solvent, the use of zinc nitrate and
HMTA determined the growth of rod-like nanostructures with high aspect ratios for which
the cross section is hexagonal and are randomly distributed onto the substrate. Thus,
it seems that the obtained rods preserve the crystal structure of wurtzite ZnO, which is
further highlighted from X-ray diffraction analysis. A careful inspection using the SEM
analysis software provides an average length and width of ~5 μm and ~500 nm, respectively.
Furthermore, the use of zinc acetate and HMTA resulted in flower-like structuring, as one
can observe in Figure 1b. Flower-like structures are formed by hexagonal nanorods with a
length of ~2–3 μm and a typical width of about 200–300 nm. In addition, several individual
rods with ~2–3 μm mean length and larger width of about 300–400 nm can also be observed.
It is worth noticing that the use of zinc acetate results in better substrate coverage of ~90%,
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while zinc nitrate use results in ~80% coverage. The use of ethanol as a solvent results in
the formation of co-existing flakes and flower-like structures composed of flakes when
using zinc nitrate, as presented in Figure 1c. Flakes thickness ranges between 200 and
800 nm, while their edge length is between 2 and 6 μm, and the substrate coverage is about
80%. By using zinc acetate, we obtained nanospheres with a mean diameter of ~500 nm
that reaches a substrate coverage of around 98%. Using ethanol containing Raki traditional
Greek drink as solvent results in the dense covering of the Si substrate with flake-like
structures in both zinc source cases, as shown in Figure 1e,f. In the case of zinc acetate,
the textures are crinklier, and the flakes are denser. Using Ouzo traditional Greek drink
as solvent results in a completely different morphology, as presented in Figure 1g,h. For
the use of zinc nitrate and HMTA, flower-like structures consisting of nanometer-scale
hexagonal rods of typical length and width of ~1 μm and ~500 nm, respectively, were
formed. The structuring changes to nanorods with a hexagonal cross section in presence of
zinc acetate. The average length of nanorods is ~700–800 nm, while the average width is
about 200 nm. The substrate coverage decreased from 80% to 60%, respectively. When the
growth temperature becomes 195 ◦C, the ZnO structuring onto the Si substrate changes
dramatically, as can be observed from Figure 2. Figure 2a shows tip rod-like ZnO micro-
structures resulting from the aqueous solution of zinc nitrate and HMTA. The tip rod length
is ~1.5–3 μm, while the width is ~700 nm. Some bigger rod-like structures are also present,
with a length of ~9 μm. In the case of zinc acetate such as a zinc source (Figure 2b), the
structuring is flower-like, consisting of tip nanorods with an average length of ~3–5 μm
and width of ~600–700 nm. A noticeable increase in substrate coverage from about 70% to
85% can be observed again for zinc acetate use. The use of ethanol results in structuring
consisting of the coexistence of tip rods at a of length ~9 μm and width of ~2 μm and flower-
like architectures consisting of tip rods with lengths and widths of about 7 μm and ~2 μm,
respectively, for zinc nitrate, as shown in Figure 2c. When zinc nitrate is substituted by
zinc acetate, the coating consists of spheres, with a mean diameter of ~500 nm (Figure 2d).
With the exception of a completely different way of structuring, there is an increase in the
coverage of the Si substrate from ~70% to 95%. In the case of Raki use as a solvent, there is
a remarkable change in ZnO coating morphology. When zinc nitrate and HMTA are used
at 195 ◦C, ZnO rod-like structures are grown on the Si(100), as observed in Figure 2e. These
rods possess a hexagonal cross section, mean length of ~5 μm, and width of ~2 μm. Close
morphology is observed when zinc acetate was used, but the rods become uncommon twin
hexagonal-truncated-pyramid rod-like structures (Figure 2f). A similar morphology of ZnO
was previously observed by Jun Zhang et al. and Suchea et al. [26,27]. The average length
and width of the twin hexagonal-truncated-pyramid rod-like structures were ~4–5 μm
and ~2 μm, respectively, while substrate coverage increased from ~94% to 98%. Using
Ouzo as the solvent, the zinc nitrate-HMTA reaction resulted in spiked mace-like structures
composed of rods with a mean length and width of ~2.5 μm and ~250 nm, respectively, as
it is observed in Figure 2g. When zinc nitrate was replaced by zinc acetate, nanorods with
hexagonal cross section were formed, possessing a mean length of ~600 nm and a width of
~200–300 nm (Figure 2h). The substrates coverage increased again from ~80% to ~85%.
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Figure 2. SEM images of ZnO samples synthesized via synthesis routes 1, 2, and 3 at 195 ◦C.

Replacing HMTA with the nontoxic baking ammonia for 1, 2, and 3 synthesis condi-
tions result in a completely different surface morphology of ZnO coatings. SEM characteri-
zation images of typical samples obtained at 95 ◦C are presented in Figure 3.

Figure 3a,c show that replacing HMTA with the nontoxic Baking ammonia for 1 and
2 synthesis conditions result in an obvious decrease in crystallinity and the formation of
agglomerated flakes in both cases of using an aqueous solution of zinc nitrate and zinc
acetate. The flakes have average widths and edge lengths of about 60 nm and 400 nm,
respectively, for zinc nitrate and a mean width of ~100 nm and edge length ~600 nm for zinc
acetate use (Figure 3b). The substrate coverage in both cases is ~60–70%. Using ethanol as
the solvent resulted in the formation of larger flakes than in the water case with an average
width ranging between ~150 and 400 nm and edge length of ~1–2 μm for zinc nitrate, as
depicted in Figure 3c, and average width and edge length of about 100 nm and 600 nm,
respectively, for zinc acetate use (Figure 3d). In both cases, substrate coverage was ~70–80%.
Using Raki as the solvent, the zinc nitrate–baking ammonia reaction resulted in rough
surfaces consisting of small agglomerations of about 2 μm diameter consisting of ZnO
nanoparticles. When zinc nitrate was replaced by zinc acetate, the morphology remains
the same, but the average diameter was ~1–2 μm. The substrates coverages remain ~70%
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(Figure 3e,f). Using Ouzo as a solvent, the zinc nitrate-baking ammonia reaction resulted
in spherical ZnO nanoparticles with a mean diameter size of ~2 μm (Figure 3g), while
the zinc acetate–baking ammonia reaction resulted in a more compact coating comprising
agglomerated flake structures (Figure 3h). In both cases, the substrates coverages range at
~70–80%.

Performing the same synthesis at a temperature of 195 ◦C results in the improvement
of Si coating crystallinity. SEM images of similar growth conditions as above at 195 ◦C are
presented in Figure 4.

Figure 3. SEM images ×2500 of ZnO samples synthesized via synthesis route 4 at 95 ◦C. For the case
of ZnO nanostructuring zoom images are inserted.
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When water was used as a solvent, the presence of zinc nitrate–baking ammonia
resulted in quite compact and rough coatings consisting of agglomerations of flakes
(Figure 4a). The average width and edge length of flakes are ~100 μm and ~400 nm,
respectively. The use of a solution of zinc acetate–baking ammonia in water at higher
temperatures resulted in flower-like architectures (Figure 4b) consisting of tip nanorods
with a length of several microns (~2–3 μm) and a typical width of around 500 nm. Isolated
tip rods with a mean length of ~5–6 μm and width of about 400 nm can also be observed.
With the exception of different morphologies, the substrate coverage decreases to 60% in
the case of zinc acetate use. By using zinc nitrate and baking ammonia in ethanol, the
coatings consist of nonhomogeneous ZnO tip rod flower-like structures (Figure 4c). Some
of these structures are composed of dense rods and have a diameter ranging between 2
and 3 μm, while some others consist of more spare rods having a length of ~1 μm and a
width of about 300 nm. When zinc nitrate was replaced by zinc acetate, ZnO short rods
with hexagonal cross sections were formed (Figure 4d). The average length and width
are 1–2 μm and ~300 nm–1 μm, respectively. The substrate coverage remained stable at
~70%. Figure 4e,f, depict the influence of Raki use on the morphology of the samples.
More or less spherical agglomerations with rough surfaces and a mean diameter of ~2 μm
were observed in both zinc source cases. The Si substrate coverage was ~75–80%. Zinc
nitrate–baking ammonia in Ouzo reaction results in typical 1–2 μm diameter sea urchin-like
ZnO spherical nanostructures that were formed (Figure 4g). In presence of zinc acetate,
agglomerated flakes with typical width and edge length of ~100 nm and 1 μm, respectively,
are formed (Figure 4h), resulting in an amorphous dense coating. To summarize, the
increased reaction temperatures determine the improvement of coatings morphologies and
structure evolution in almost all cases presented above.
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Figure 4. SEM images of ZnO samples synthesized via synthesis route 4 at 195 ◦C.

Using metallic Zn as a precursor in reaction conditions described in syntheses 5 and
6 determines a complete change of the ZnO growth onto the Si substrates. Changing the
HMTA amount from 0.05 g to 0.15 g in synthesis 7 conditions also results in significant
growth modifications. Typical SEM characterization images for materials obtained via
these syntheses are presented in Figure 5.

Zinc powder with 0.05 g of HMTA dissolved in water resulted in sunflower-like ZnO
structures with a diameter ranging between 2 and 5 μm (Figure 5a). As it is shown in
Figure 5b, the increase in the amount of HTMA (0.15 g) did not affect the geometry of the
structures, while their diameter increased up to ~7 μm. One noticeable difference is that
when 0.05 g of HMTA was used, the sunflower-like structures were not well developed
and, as a result, their size varies. The increased HMTA amount helps the homogenous
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growth of structures. The effect of HMTA quantity increase relative to substrate coverage is
that it decreases from ~70–80% to a lower percentage. Figure 5c,d illustrate the influence of
ethanol in the formation of ZnO structures. Mushroom-like architectures were developed
with both amounts of HMTA. Similar morphologies have been previously reported by
Jinzhou Yin et al. [28]. Substrate coverage increases from 40 to 60%, with an increasing
the amount of HMTA. Using soda water as the solvent results in the formation of tip rods
with a mean length of ~8 μm and width ~1 μm, as depicted in Figure 5e. Simultaneously
with the presence of tip rods, agglomerated rods with hexagonal cross sections were also
formed, as observed from the inset of the figure. The 0.15 g of HMTA determines the
formation of hexagonal cross section rod-like structures, and the ~5 μm diameter flower-
like agglomerations are formed by the flakes, as observed from Figure 5f. The rods forming
the rod-like structures possess lengths of ~6 μm and widths of ~700 nm. The substrate
coverage is about the same (80–85%). The use of lemon beverage results in flake structures
for both amounts of HMTA (Figure 5g,h). The 0.05 g of HMTA resulting coating flakes
show a width of~100 nm and an edge length of ~500 nm, while the respective dimensions
when 0.15 g of HMTA was used are ~100 nm and ~600 nm. Finally, hydrogen peroxide
(2.8% w/w) use determines the growth of coatings consisting of a combination of flakes and
agglomerated hexagonal rods when 0.05 g of HMTA was used (Figure 5i). The width and
edge length of flakes are ~250 nm and ~2 μm, respectively, while the rods have a length of
~1–2 μm and a width of ~800 nm. An increase in the amount of HMTA (0.15 g) resulted
in coatings structured as clusters of rods, shown in Figure 5j, with an average diameter of
~5 μm and tip rods with a length of ~6 μm and width of ~2 μm.

Figure 5. Cont.
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Figure 5. SEM images ×2500 of ZnO samples synthesized via synthesis routes 6 and 7 for samples
with smaller features zoom images are inserted.

By replacing the HMTA with 0.05 g and 0.15 g nontoxic baking ammonia in synthesis
5 and 6 conditions, the eco-friendly chemical synthesis effects on ZnO structuring onto Si
substrates were studied. Figure 6 shows typical SEM images of the obtained coatings.
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Figure 6. Cont.
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Figure 6. SEM images of ZnO samples synthesized via synthesis route 8.

Using an aqueous solution of Zn metallic powder and baking ammonia, sunflower-like
ZnO structures with a mean diameter of ~3–5 μm were formed (Figure 6a). The addition
of more baking ammonia controls the formation of a mixture of various sized nanorods
and irregular flower-like agglomerations, suggesting a change of growth mechanism, as
observed in Figure 6b. Nanorods with a hexagonal cross sections possessing a length
of ~8 μm and width of ~800–900 nm coexist with flower-like structures composed of
flakes possessing a mean diameter of ~5 μm. Figure 6c presents the mushroom-like
ZnO structures formed by the reaction of zinc powder with 0.05 g of baking ammonia in
ethanol. Smaller mace-like structures with rough surfaces result when the amount of baking
ammonia was increased (Figure 6d). The substrate coverage decreased as the amount of
baking ammonia increased. Using soda water as the solvent resulted in the formation of
rods, with an average length ~4 μm and width of ~600 nm, mixed in a mass of a structure
composed of flakes with mean width and edge length of ~100 nm and ~600 nm, respectively
(Figure 6e). Figure 6f illustrates the result of increasing the amount of baking ammonia;
the rod-like structures with hexagonal cross sections developed while the background
material appears to be a mixture of nanoparticles and flakes agglomerations. The substrate
coverage increased (~90%). By using the lemon beverage as a solvent, fluffy coating
structures consisting of thin flakes were formed for both baking ammonia amounts. The
substrate coverage increased from 50% to 80% (Figure 6g,h). Irregular structures consisting
of hexagonal rods randomly grown from a ZnO compact agglomeration background
deposited onto the substrate were the result of hydrogen peroxide used as a solvent, as
shown in Figure 6i,j.

Finally, baking ammonia was eliminated, and syntheses were performed by using the
eco-friendly route 9. SEM images at ×2500 and ×5000 magnifications of the ZnO samples,
prepared with only Zn metallic powder in various solvents via synthesis 9, are presented
in Figure 7.
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Figure 7. SEM images of ZnO samples synthesized via synthesis route 9 at 195 ◦C (a,b) two different
magnifications for samples grown in water, (c,d) two different magnifications for samples grown
in ethanol, (e,f) two different magnifications for samples grown in soda water (g,h) two different
magnifications for samples grown in hydrogen peroxide.

Sunflower-like structures with irregular shapes of different sizes (Figure 7a,b) resulted
from the use of aqueous solution as the solvent. The average diameter of these structures
is ~6.5 μm. The substrate coverage can be estimated at about 40–50%. Figure 7c,d reveal
only a very small coverage of the substrate area (~30–35%) with inhomogeneous ZnO
nanoparticles. Small and larger rods, as well as hexagonal flakes, are formed. Soda water
solvent use results in the growth of large flower-like structures with a mean diameter of
~10 μm. The flower-like structures consist of flakes with an average width of ~250 nm and
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an edge length of ~2 μm (Figure 7e,f). The substrate coverage reaches ~85–90%. The use of
hydrogen peroxide (2.8% w/w) solvent results in coatings consisting of an inhomogeneous
mixture of long tip rod structures mixed with spherical agglomerations of densely packed
ZnO nanorods, as observed in Figure 7g,h. The tip rods have typical lengths of ~8 μm and
a width of 500 nm, while the sphere-like structures are composed of nanorods with a mean
length of ~1–2 μm and a width ~500 nm, respectively.

At this point, SEM characterization and micrograph analysis depict the profound
relationship between ZnO morphology and the synthesis method, revealing an evolution
from rod-like nanostructures to nanospheres or sunflower-like morphology. A further
understanding of the microstructure can be attained by using X-ray diffraction, which
can provide us with information regarding the interplanar distance, size of the crystalline
domains, and the lattice strain of ZnO structuring onto Si substrates, as the commercially
available high purity reagents used in typical ACG synthesis are replaced with cheaper
nontoxic common ingredients coming from the local market in a trial confirming if nanos-
tructured ZnO coatings suitable for optical and optoelectronic applications can be obtained
in a cheap and eco-friendly nontoxic manner. Up to this point, from this study, one can
observe that some of the proposed eco-friendly chemical routes are quite promising and
further tuning of the reaction conditions may result in high quality nanostructured ZnO
coatings onto crystalline Si substrates.

In addition to SEM studies, qualitative composition evaluation of all coatings was
performed by EDX analysis. Due to the fact that most of the samples required prepara-
tion by Au metallization in order to avoid charging under electron beam exposure, EDX
accurate quantitative estimation of elemental composition was not possible. Qualitative
EDX analysis and rough stoichiometry estimation proved the presence of ZnO formation
in all the fabricated samples. Coatings consisting of well-structured materials showed no
presence of any other element except Si, Zn, and O. Coatings consisting of mixed mor-
phology materials obtained via eco-friendly routes also showed the presence of some C
contamination in various very low percentages. Some typical EDX spectra are presented in
Figure 8.

Figure 8. Cont.
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Figure 8. Typical EDX spectra of (a) ZnO samples synthesized with zinc nitrate and HMTA at 195 ◦C
in ethanol solvent on Si(100) substrate and (b) ZnO samples synthesized with zinc acetate and HMTA
at 95 ◦C in Ouzo solvent on Si(100) substrate.

3.2. XRD Characterization

XRD characterization of all synthesized materials was performed.
Materials resulting from synthesis 1 and 2 routes resulted in the formation of ZnO

wurtzite phase according to JCPDS card no. 36-1451. In Figure 9a, the X-ray diffraction
pattern presents a typical set of diffraction peaks of wurtzite ZnO (card no. 079-0208) that
can be assigned to (100), (002), (101), (102), (110), (103), (200), (112), and (201) reflections,
as observed in Figure 9. In the cases of synthesis 3 and 4 with the use of ethanol, Raki,
and Ouzo as solvents, the presence of Zn(OH)2 phase was observed, suggesting that ZnO
syntheses were not complete. A slight improvement in crystallinity was observed for
syntheses at higher temperatures in all situations. Two typical XRD spectra corresponding
to the pure phase ZnO coating obtained from synthesis 2 (a) and to the incompletely
formed ZnO phase coating obtained via synthesis 3 in the Ouzo solvent (b) are presented
in Figure 9.

Figure 9. XRD spectra corresponding to the pure phase ZnO coating obtained from synthesis 2 (a) and to the incomplete
formed ZnO phase coating obtained via synthesis 3 in Ouzo solvent (b).
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Furthermore, once the salt precursors were replaced with metallic Zn powder precur-
sor, the nanostructured ZnO coatings also show the occurrence of pure metallic Zn phases
in certain situations. Figure 10 reveals XRD patterns for the samples obtained from zinc
powder in different solvents.

Figure 10. Grazing incidence X-ray diffraction for the synthesized samples from (a) Zn powder and Hexamethylenetetramine
(HMTA), (b) Zn powder and baking ammonia, and (c) Zn powder at 195 ◦C in water, ethanol, soda water, lemon beverage,
and hydrogen peroxide, respectively.

First, for the Zn powder and HMTA method, five solvents were used, namely water,
ethanol, soda water, lemon beverage, and hydrogen peroxide. In the case of water, all
diffraction peaks can be assigned unambiguously as ZnO. On the other hand, in the case
of ethanol, unidentified diffraction peaks located at 38.99◦ and 43.19◦ can be observed.
According to card no. 001-1238, these are consistent with metallic Zn with a = b = 0.26 nm
and c = 0.49 nm. Furthermore, in the case of soda water and lemon beverage, only a small
diffraction feature located at 38.30◦ corresponding to Zn(OH)2 was detected. Finally, in
the hydrogen peroxide solvent, pure ZnO was obtained. For the Zn powder and baking
ammonia method, pure ZnO can be observed for water and hydrogen peroxide solvent. On
the other side, in soda water and lemon beverage solvent, unreacted Zn(OH)2 is observed,
while a phase combination between metallic Zn and Zn(OH)2 occurred in ethanol. For
the last synthesis method, pure ZnO was obtained when water, soda water, and hydrogen
peroxide solvents were used. At the same time, the presence of metallic Zn is observed
again for ethanol. These results suggest the existence of three stages of ZnO formation:
(i) full reaction of Zn(OH) in ZnO; (ii) combination between unreacted metallic Zn/ZnO;
(iii) unreacted Zn(OH)2/ZnO. For instance, a full reaction took place in the case of using
water and hydrogen peroxide as solvents for Zn powder and HMTA and Zn powder
and baking ammonia reactions, respectively. One can observe that the use of Zn powder
also resulted in pure ZnO in the soda water solvent. In stage (ii), a combination between
unreacted metallic Zn/ZnO occurred only for the ethanol solvent. Finally, a combination
between unreacted Zn(OH)2/ZnO appeared in stage (iii), and it is related to soda water and
lemon beverage solvents for Zn powder and HMTA and Zn powder and baking ammonia
use. The dependence of crystalline features and synthesis method, as well as the used
solvent, is obvious. For a deeper understanding of the obtained ZnO crystallinity state
and evolution, the size-strain plot Williamson–Hall method [29] was employed. This plot
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provides insight into how the residual strain in the crystallite distorts the crystal lattice
and, hence, results in the broadening of diffraction peaks. In such cases, Williamson–Hall
analysis should be used with Equation (1) by adding the two widths, given by crystallite
size, τ and the lattice strain ε:

βcosθ =
kλ

τ
+ 4εsinθ (1)

where k is a shape factor of the crystallites taken as 0.9, and λ is the X-ray wavelength (e.g.,
1.54 Å). By examining Equation (1), it is clear that the intercept of the linear fit is related to
the mean crystallite size, while the slope determines the strain term. The XRD analyses
associated Williamson–Hall plots are shown in Figure S1 in Supplementary Materials for
each synthesis method as a red line. The values of the intercept and slope, as well as the
fitting parameter R2 that shows the goodness of fit, are listed in each case. Furthermore, the
mean crystallite size and the lattice strain were determined and are tabulated in Table 1.

Table 1. Mean crystallite size and the lattice strain derived from Williamson–Hall plot.

Synthesis Method/Solvent
Mean Crystallite Size,

d (nm)
Lattice Strain,

ε (%)

Zn powder and HMTA/water 37.4 0.18
Zn powder and HMTA/ethanol 33.6 0.23
Zn powder and HMTA/soda water 40.7 0.11
Zn powder and HMTA/lemon beverage 40.7 0.13
Zn powder and HMTA/hydrogen peroxide 49.5 0.17
Zn powder and baking ammonia/water 42 0.12
Zn powder and baking ammonia/ethanol 33.8 0.09
Zn powder and baking ammonia/soda water 37.4 0.11
Zn powder and baking ammonia/lemon beverage 36.3 0.11
Zn powder and baking ammonia/hydrogen
peroxide 43.3 0.16

Zn powder/water 39.6 0.17
Zn powder/ethanol 29.4 0.15
Zn powder/soda water 40.7 0.14
Zn powder/hydrogen peroxide 44.7 0.12

One can observe that the size of the crystalline domain spans over a wide range of
values, from 29.4 nm up to 49.5 nm. At the same time, SEM analysis revealed complex
morphologies: The smallest value of the crystalline domains corresponds to flower-like
structures, while the largest one corresponds to a combination of flakes and agglomerated
hexagonal rods. It is worth mentioning that the ethanol solvent resulted in the smallest
mean crystallite size in the case of each synthesis method, which is ascribed to a poorer
crystal quality in this case. At the same time, grazing incidence XRD patterns indicated
the presence of metallic Zn for this case, ascribed above to stage (ii). On the opposite side,
the best crystalline quality given by the use of hydrogen peroxide as a solvent is related
to a full reaction of Zn(OH) to ZnO, as XRD analysis shows the presence of pure ZnO
onto the substrate. Although the mean crystallite size has a large variation span from one
synthesis to another, the lattice strain remains small for all materials (e.g., 0.1–0.2%). In
the following, it will be shown that the different ZnO crystalline quality (i.e., different
density of structural defects) would determine strong differences in photoluminescence
(PL) spectra.

3.3. Photoluminescence Studies

As demonstrated above from scanning electron microscopy micrographs and X-ray
diffraction analysis via Williamson–Hall plots, a variety of ZnO onto Si substrates sample
morphologies was achieved. Such ZnO nanostructures have attracted much attention due
to excellent high crystalline quality (mean crystallite size larger than 29 nm in each case,
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reaching even to 49 nm) and small lattice strain, which could be promising candidates for
optical and optoelectronic applications.

The direct valence band of the wurtzite ZnO structure is split into three states, com-
monly called A (also called the light hole band), B (also called the heavy hole band), and
C (also called the crystal-field split band) sub-bands, due to crystal field and spin–orbit
interactions [2]. The luminescence properties of the obtained ZnO nanostructures have
been intensively studied using photoluminescence spectroscopy. Generally, the typical
photoluminescence spectrum of the nanostructured ZnO shows its band edge and exciton
luminescence in the UV region. It also presents a green-centered broadband (GL) com-
monly related to deep-level defects [30]. The first of these bands is usually reported in
the literature as NBE (near-band edge excitonic), while the second is known as the DLE
band (deep-level emission) [31]. The sizeable binding exciton energy of ZnO (60 meV,
nearly three times that of gallium nitride [30]) is responsible for the room temperature
luminescence of this material, and it persists at temperatures as high as 700 K according to
the literature [32]. Usually, the ratio between the integrated spectral intensity of NBE and
DLE bands is used to estimate the contribution of recombination due to defect levels [33]. In
ZnO nanostructures, the interaction between these bands becomes more complex because
a high surface-volume ratio increases the density of surface defects, which strongly affects
the processes of photoluminescence emission.

ZnO UV emission (also called near-band emission, NBE) is located close to its absorp-
tion edge (3.37 eV) and is produced by excitonic or band–band recombination. Bound
excitons are extrinsic transitions and are related to dopants, native defects, or complexes,
which usually create discrete electronic states in the bandgap [34] and, at low temperatures,
are the dominant radiative channels. When the ZnO structure has high crystallinity, the
UV emission is more intense than the emission in the visible region [35]. Although it is
known that the NBE emission peak is composed of several peaks and shoulders of less
intensity, in many works, its study is carried out indistinctly, analyzing only the sum of
these emissions.

The photoluminescence (PL) of ZnO nanostructures also exhibits a DLE band due to
the defect emissions. Several photoluminescence emission centers in the visible region
are dependent on the synthesis technique and, hence, on the vacancies, surface defects,
and morphology of the ZnO nanostructures. The ZnO visible PL mechanism is still far
from being fully understood. The emissions in the region from 3.1 eV down to 1.653 eV are
usually referred to as DLE. The deep levels denote the allowed levels inside the bandgap
of the semiconductor that produces transitions with energy in the visible range of the
spectrum. The band broadness is assumed to come from a superposition of many different
deep levels (yellow peak, green peak, and blue peak) that emit simultaneously. Some
previous work attributed the green and orange luminescence to extrinsic impurities such
as Mo, Cu, Li, or Fe [35]. Various research studies show that undoped ZnO also presents
photoluminescence peaks in the visible region and is generally ascribed to the electronic
transition from single ionized VO+ centers to the valence band edge [36,37].

Typical PL spectra of samples synthesized via synthesis routes 1, 2, and 3 at 95 ◦C and
195 ◦C are presented in Figure 11.

From Figure 11, one can clearly observe that even at RT almost all the samples exhibit
ZnO UV emission NBE located close to its absorption edge (3.37 eV) and is produced by
excitonic or band–band recombination. Bound excitons are extrinsic transitions and are
related to dopants, native defects, or complexes, which usually create discrete electronic
states in the bandgap. The only sample that had no PL emission is the one synthesized in
Raki, which behavior is quite expected based on ZnO structuring onto the Si substrate. At
RT, the UV emission is centered at 388 nm for water, 375 nm for ethanol, and 372 nm for
Ouzo, which corresponds to energies of ~3.196 eV, ~3.307 eV, and ~3.333 eV, respectively.
A better estimation of the energy band gap of ZnO can be given at low temperature PL
measurements. At 13 K, the NBE emission is centered at 374 nm for water and 366 nm for
ethanol and Ouzo. These wavelengths correspond to ~3.316 eV and ~3.388 eV, respectively,
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and are closer to the value of ~3.37 eV that is estimated as the NBE emission corresponding
to the bound exciton (D0X) of ZnO. In both spectra, one can observe a broadband emission
from 450 nm to 700 nm, and the photoluminescence (PL) of ZnO nanostructures also
exhibits a weak DLE band emission due to the defect emissions related to defects or
impurities deriving from the solvents. At RT, the sample prepared in the aqueous solution
exhibited the highest PL intensity, which at a lower temperature (13 K) was almost double.

Figure 11. Typical PL spectra of samples synthesized via synthesis routes 1, 2, and 3 at 95 ◦C and 195 ◦C.

By increasing growth temperature, the ZnO samples’ characteristic PL emission
strongly changed for all kinds of solvents. At RT, the PL spectra included both the NBE,
as well as the DLE (450 nm–650 nm) emissions; at 13 K, the visible emission considerably
diminished. The UV emission at RT is centered at 387 nm for water and raki, 382 nm for
ethanol, and 377 nm for Ouzo, and the corresponding energies are 3.204 eV, 3.246 eV, and
3.289 eV, respectively. At 13 K, the NBE peaks are centered at 367 nm for water and Ouzo
and at 368 nm for ethanol and raki. The corresponding energies are 3.379 eV (water and
Ouzo) and 3.370 eV (ethanol and raki), respectively. It is observed that ZnO synthesized
in ethanol at 195 ◦C exhibits the strongest UV emission, which at 13 K becomes almost
14 times higher and, in the spectrum, an obvious shoulder becomes visible at ~380 nm
wavelength near the central peak. This corresponds to ~3.26 eV. This value may be asso-
ciated with a first-order longitudinal optical (LO) replica (DAP-LO). The shift of the two
peaks is near the theoretical LO phonon energy in ZnO (70–75 meV) [38]. The broadening
of the NBE peak as the temperature increases (see Figure 11) is attributed to the thermal
decomposition and ionization of bound excitons, as well as to the strong coupling of
phonons and excitons [38]. The photoluminescence intensity increases as the temperature
is lowered to 13 K as a consequence of temperature quenching effects.
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Replacing HMTA with nontoxic baking ammonia for 1, 2, and 3 synthesis conditions
results in completely different surface morphology of ZnO coatings, and their PL character-
ization also reveals these changes. Typical PL spectra of samples synthesized via synthesis
route 4 at 95 ◦C and 195 ◦C are presented in Figure 12.

Figure 12. Typical PL spectra of samples synthesized via synthesis route 4 at 95 ◦C and 195 ◦C.

As it can be observed, in this case only the sample synthesized in aqueous solution
exhibited low intensity NBE emission. The emission is centered at 382 nm, corresponding
at 3.246 eV; its energy is close enough to the energy gap of ZnO. The samples prepared in
ethanol, Raki, and Ouzo did not emit in the UV spectral region. Surprisingly, at 13 K, ZnO
nanostructured materials synthesized in water and Raki solvents show clear NBE emission.
The UV emission for water is centered at 381 nm and 366 nm for Raki, corresponding
to energies of 3.255 eV and 3.388 eV, respectively. When the synthesis temperature was
195 ◦C, the PL performance of the samples improved, as observed in Figure 12. At RT,
the ZnO sample synthesized in ethanol has a strong UV emission, accompanied by a
weak visible emission. The UV emission is centered at 387 nm for water and 382 nm for
ethanol, corresponding to 3.204 eV and 3.246 eV, respectively. At low temperature (13 K),
the UV emission of ZnO samples synthesized in water is centered at 363 nm, 368 nm for
ethanol, and 378 nm for Raki, corresponding to energies of 3.416 eV, 3.370 eV, and 3.280 eV,
respectively. The best PL performance was exhibited to be synthesized in ethanol, and the
emission intensity increased about four times when the PL temperature decreased at 13 K.

Using metallic Zn as a precursor in reaction conditions described in synthesis 5 and
6 determined a complete change of ZnO growth onto the Si substrates, and this reflects as
well on the PL characteristic emission of the respective ZnO nanostructured coatings, as
shown in Figure 13.
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Figure 13. Typical PL spectra of samples synthesized via synthesis route 6 at 195 ◦C.

Even at RT, all the samples synthesized in different solvents exhibit clear the charac-
teristic NBE emission of ZnO along with a very weak broad emission in the visible spectral
region. At RT, the UV emission is centered at 380 nm for water and ethanol, at 384 nm
for soda water, at 379 nm for the lemon beverage, and 385 nm for hydrogen peroxide
(2.8% w/w), corresponding to the energies of 3.263 eV, 3.229 eV, 3.272 eV, and 3.221 eV,
respectively. At 13 K, all of the peaks attributed to NBE emission are centered at 367 nm,
which corresponds to 3.380 eV. The highest PL intensity, at RT, is exhibited by the sample
prepared with hydrogen peroxide (2.8% w/w), which increased four times at 13 K.

The effects of replacing the HMTA with nontoxic baking ammonia in synthesis 5 and 6
conditions and the eco-friendly chemically synthesized ZnO onto Si substrates PL emission
spectra were studied and are presented in Figure 14.

Figure 14. Typical PL spectra of samples synthesized via synthesis route 8 at 195 ◦C.

One can easily notice from Figure 14 that all of the prepared samples, independently of
the solvent, have the characteristic UV emission of ZnO at both temperatures. Furthermore,
at RT, a very weak broad emission at the visible spectral region is observed. At RT, the UV
emission is centered at 387 nm for water and hydrogen peroxide (2.8% w/w), at 379 nm for
ethanol, at 384 nm for soda water, and 378 nm for lemon beverage, corresponding to the
energies of 3.204 eV, 3.272 eV, 3.229 eV, and 3.280 eV, respectively. At 13 K the characteristic
NBE emission peaks are centered at 367 nm for water, ethanol, soda water, and hydrogen
peroxide (2.8% w/w) and 366 nm for the lemon beverage. The corresponding energies are
3.380 eV and 3.390 eV. The highest PL emission intensity at RT can be observed for the
sample prepared with water, and its intensity increases 15 times at 13 K.
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Finally, after the baking ammonia was eliminated, and syntheses were performed
using the eco-friendly route 9; the obtained nanostructured ZnO materials show the PL
characteristic emission spectra presented in Figure 15.

Figure 15. Typical PL spectra of samples synthesized via synthesis route 9 at 195 ◦C.

All the prepared samples, independent of the solvent used, show the characteristic UV
emission of ZnO at both temperatures. At RT, the very weak broad emission in the visible
spectral region is observed. At RT, UV emission is centered at 384 nm for water and soda
water, at 380 nm for ethanol, and 386 nm for hydrogen peroxide (2.8% w/w), corresponding
to the energies of 3.229 eV, 3.263 eV, and 3.212 eV, respectively. When the temperature
decreased at 13 K, all the peaks attributed to exciton recombination are centered at 367 nm,
which corresponds to 3.380 eV. The highest PL intensity at RT is shown by the sample
prepared with hydrogen peroxide (2.8% w/w), and it increases 63 times at 13 K.

Using the PL results, an estimation of quantum yield (QY) can be obtained by evaluat-
ing the ratio of RT/LT PL intensity integration. This estimation results in the following
observations:

(1) The samples with Zinc salts, HMTA, or Baking soda (Figures 11 and 12) show a QY of
10–30%, the highest value for the sample prepared in ethanol.

(2) The samples with Zinc powder, HMTA, or Baking soda (Figures 13 and 14) results
in QY ranging from 4% up to 20%, with the best value for the sample prepared in
hydrogen peroxide.

(3) The samples synthesized via synthesis route 9 (Figure 15) show QY values ranging
from 3% up to 20%, with the better value corresponding to the sample prepared in
soda water.

Figure 16 summarizes, in a comparative manner, the previous results regarding the
PL performance for all the samples synthesized during this study. Some samples exhibited
a very strong PL characteristic NBE emission peak.
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Figure 16. Summary of PL performance for all the samples synthesized during this study.

As it can be observed, NBE emission at RT position changes from 3.224 eV (light
blue line: zinc powder/baking ammonia in water at 195 ◦C) to 3.303 eV (red line: zinc
salts/HMTA in ethanol solution (95 ◦C)). The FWHM of the NBE emission PL peak pro-
vides information about the homogeneous/inhomogeneous broadening of the natural
linewidth of the transition, which can be related to crystallinity disorder. First, validation
of the line shape could be conducted by using a Voigt function with a different ratio of
Lorentzian/Gaussian component. For instance, a Lorentzian is an ideal line shape, and
deviation to a Gaussian indicated disorder. A PL spectrum may also have phonon side
bands. The inhomogeneity might be caused by band gap fluctuations, which can be due to
chemical fluctuations or electrostatic potential variations. The latter can also be related to
the degree of compensation, i.e., the ratio of donors to acceptors. If there is a high density
of donors or acceptors locally, which cannot be screened, then the band gap fluctuations
are observed, resulting in the broadening of the NBE PL peak. Hence, the FWHM of a
peak also provides insight into the doping of the investigated material. If the material is
strained and/or elongated, it is known that a built-in (or external) (piezo) electric field
results in tilting of the energy levels and, thus, in the broadening of PL peaks. The same
effect appears whenever some charges are present around, for example, the surface. More-
over, the increase in laser power in the PL experiment can also result in the broadening
of the NBE peak since more and more levels are filled; thus, as the samples are formed of
many ZnO nanostructures, their collective emission will blend, and the peaks may become
broader. The FWHM of the peaks was evaluated to be about 200 meV for all samples, and a
Lorentzian fit for the NBE emission peak was used for all samples. From low temperature
PL spectra (13 K), the strong emission observed at ~3.38 eV corresponds to free exciton
(FX), as well as emission at lower energy which can be assigned to the donor-bound exciton
(D-X) and phonon-assisted transitions. The sample synthesized in aqueous solutions of
zinc salts and baking ammonia (black line) does not show the FX emission, while the
sample prepared with zinc powder in soda water solvent shows a blue shift 50 meV from
the FX peaks. The observation of the emission associated with FX, the high PL intensity,
and the small FWHM indicates good crystal quality of ZnO nanostructures, even in the
samples grown in solvents such as soda water.

The best PL performance was detected on the following.
ZnO synthesized by zinc salts and HMTA at 95 ◦C in ethanol solution (QY ~30%).
ZnO synthesized by zinc salts and baking ammonia at 195 ◦C in ethanol solution (QY

~30%).
ZnO synthesized by zinc powder at 195 ◦C in soda water solution (QY ~20%).
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Finally, one can observe that for, the Zn powder and HMTA method, X-ray diffraction
analysis showed the best crystal quality for the hydrogen peroxide solution, for which
the mean crystallite size d is 49.5 nm; the crystal quality then decreased systematically
when using soda water, lemon beverage, water, and ethanol. In the case of ethanol, the
mean crystallite size reached 33.6 nm, which corresponds to a relative decrease of 32%. At
the same time, using hydrogen peroxide and soda water as solvents also resulted in the
highest PL intensity at 295 K. Moving forward to the Zn powder and Baking ammonia
method, using the water as a solvent resulted in high crystal quality (e.g., d = 42 nm) and
concomitantly the highest PL intensity. At the opposite side, ethanol solvent resulted in
the worst crystal quality (e.g., d = 33.8 nm), as well as the smallest PL intensity. For the
last synthesis method, namely the zinc powder method, ZnO with the best crystal quality
(e.g., d = 44.7 nm) was obtained in hydrogen peroxide, and it is related to the highest PL
intensity at 295 K. Moreover, ZnO with the worst crystal quality was obtained in ethanol,
presenting also the smallest PL intensity. In light of the above information, it seems that
the crystal quality that it is related to the PL intensity, together with the microstructure,
plays a pivotal role in designing devices with targeted physical properties.

4. Conclusions

This study is focused on the development of various kinds of nanostructured ZnO
onto Si substrates via chemical route synthesis using both classic solvents, such as raki and
Ouzo, as well as of some usual non-toxic beverages, such as soda water, lemon beverage,
or hydrogen peroxide. In this manner, the expensive high purity reagents acquired from
specialized providers were successfully substituted in ACG synthesis of ZnO. Scanning
electron microscopy micrographs reveal the close relationship between ZnO morphol-
ogy and the synthesis method, revealing an evolution from rod-like nanostructures, to
nanospheres or sunflower-like morphology. Since the microstructure determines different
optical properties, disclosure of the main structural parameters becomes mandatory. In
this sense, the Williamson–Hall method was used to provide a separate description of the
effects given by the size and strain in the total broadening of the diffraction peaks. For
instance, for the Zn powder and HMTA method, X-ray diffraction showed the best crystal
quality for hydrogen peroxide solution for which the mean crystallite size d is 49.5 nm;
then, the crystal quality decreased systematically when used soda water, lemon beverage,
water, and ethanol. In the case of ethanol, the mean crystallite size reached 33.6 nm, which
corresponds to a relative decrease of 32%. At the same time, using the hydrogen peroxide
and soda water as solvents also resulted in the highest PL intensity at 295 K. Moving
forward to the Zn powder and baking ammonia method, using water as solvent resulted
in high crystal quality (e.g., d = 42 nm) and concomitantly the highest PL intensity. At
the opposite side, ethanol solvent resulted in the worst crystal quality (e.g., d = 33.8 nm),
as well as the smallest PL intensity. For the last synthesis method, namely zinc powder
method, ZnO with the best crystal quality (e.g., d = 44.7 nm) was obtained in hydrogen
peroxide, and it is related to the highest PL intensity at 295 K. Moreover, ZnO with the
worst crystal quality was obtained in ethanol, presenting also the smallest PL intensity. Due
to large surface-to-volume ratios and individual highly crystalline ZnO nanostructures, PL
investigations proved that direct band-gap ZnO growth onto the Si substrates possesses
wurtzite type structure, suitable for applications that require complex surface structuring
with a high number of grain boundaries, such as nonlinear optics and some optoelectronic
applications.

In summary, in the first set of experiments, zinc nitrate and zinc acetate (zinc salts)
and HMTA were reacted in water, ethanol, Raki, and Ouzo solvents. Each synthesis was
performed at 95 ◦C and 195 ◦C for 2 h. The morphology of the nanostructured ZnO
onto Si coatings was characterized by diversity, depending on the zinc precursor and
the solvent used, as well as the synthesis temperature. Higher temperatures resulted
in the formation of ZnO nanostructures with better crystallinity. A typical example is
a sample prepared using Raki as the solvent; the flake-like structure was converted to
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hexagonal section rods when the synthesis temperature increased from 95 ◦C to 195 ◦C.
Regarding crystallinity, XRD patterns revealed the hexagonal wurtzite phase of ZnO.
The PL characterization of the samples synthesized at 95 ◦C revealed higher emission
intensity from the sample synthesized in aqueous solutions, while the increase in the
synthesis temperature rendered ethanol solvent the best. This can be correlated to the
ZnO nanostructuring onto the Si substrate and the crystalline structure. Furthermore, the
HMTA was replaced by baking ammonia. The derived morphologies were different from
the ones that resulted when HMTA was used instead of baking ammonia. The structural
characterization of the synthesized samples revealed the existence of Zn(OH)2 byproducts
along with ZnO. The existence of these byproducts was confirmed by PL characterization.
Broad and intense PL emission peaks existed on the visible region of the electromagnetic
spectrum. Furthermore, according to the PL characterization, only water and ethanol were
the solvents that resulted in materials with UV emission at RT. After the substitution of
HMTA by baking ammonia, the zinc salts were substituted by zinc powder. SEM images
proved that the use of different solvents resulted in different ZnO structuring, while the
XRD patterns revealed the hexagonal wurtzite phase of ZnO. All the obtained samples
exhibited the UV emission at RT according to the PL characterization, but soda water and
hydrogen peroxide used as solvents permitted the growth of materials with the strongest
NBE emission. The simple substitution of HMTA by baking ammonia and the use of zinc
sources in the same solvents similar to before results in a new kind of ZnO structuring with
new properties. Upon changing the solvent and the amount of baking ammonia, different
ZnO morphologies were derived. The UV emission peak was present in the PL spectra
of the samples at RT, with higher intensities for the nanostructured ZnO synthesized in
water. The last set of studied materials included samples prepared by decomposition
of zinc powder in water, ethanol, soda water, and hydrogen peroxide (2.8% w/w). The
morphology changes again according to the different solvents, while XRD characterization
revealed the hexagonal wurtzite phase of ZnO. All the samples were characterized by PL
spectroscopy at room temperature and 13 K. Typical features, such as NBE and DLE bands,
were observed, and different contributions of DLE intensity were interpreted as measures
of structural defect densities; the UV emission corresponding to the NBE emission of
ZnO was observed at RT, but the sample prepared in hydrogen peroxide solvent had the
strongest emission. It was proved that a large variety of ZnO nanostructures and individual
nanostructures with high crystallinity and excellent optical properties can be obtained by
using some very cheap and facile chemical synthesis routes with high reliability. Further
optimization of the desired synthesis route can tune the material properties to achieve the
necessary quality needed for a specific application.

The wide range of ZnO morphologies induces different sizes of the crystalline domains,
and we proved the further relationship relative to the optical properties. In this context,
it is clear that the use of different synthesis methods leads to a tuning of main structural
parameters that are further related to different optical properties. This approach can help
design devices with targeted optical properties using simple chemical methods.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11102490/s1, Figure S1: Wiliamson-Hall plot (red line) for the synthesized samples
from Zn powder & Hexamethylenetetramine (HMTA)—column 1, Zn powder & baking ammonia—
column 2 and Zn powder at 195 ◦C in water, ethanol, soda water, lemon beverage and hydrogen
peroxide, respectively—column 3. The value of the intercept and slope, as well as the fitting parameter
R2, that shows the goodness of fit are listed in each case.
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Abstract: A new type of material based on carbon/ZnO nanostructures that possesses both adsorption
and photocatalytic properties was obtained in three stages: cellulose acetate butyrate (CAB)
microfiber mats prepared by the electrospinning method, ZnO nanostructures growth by dipping and
hydrothermal methods, and finally thermal calcination at 600 ◦C in N2 for 30 min. X-ray diffraction
(XRD) confirmed the structural characteristics. It was found that ZnO possesses a hexagonal
wurtzite crystalline structure. The ZnO nanocrystals with star-like and nanorod shapes were
evidenced by scanning electron microscopy (SEM) measurements. A significant decrease in Eg

value was found for carbon/ZnO hybrid materials (2.51 eV) as compared to ZnO nanostructures
(3.21 eV). The photocatalytic activity was evaluated by studying the degradation of three dyes,
Methylene Blue (MB), Rhodamine B (RhB) and Congo Red (CR) under visible-light irradiation.
Therefore, the maximum color removal efficiency (both adsorption and photocatalytic processes)
was: 97.97% of MB (C0 = 10 mg/L), 98.34% of RhB (C0 = 5 mg/L), and 91.93% of CR (C0 = 10 mg/L).
Moreover, the value of the rate constant (k) was found to be 0.29 × 10−2 min−1. The novelty of this
study relies on obtaining new photocatalysts based on carbon/ZnO using cheap and accessible raw
materials, and low-cost preparation techniques.

Keywords: carbon/ZnO nanostructures; electrospinning; photocatalyst; photocatalytic activity

1. Introduction

A major worldwide problem of modern society is the disposal and treatment of wastewater coming
from industrial processes. It is known that about 97% of water is represented by oceans in the form of
salty water. This is not appropriate for human consumption or agricultural use, and only less than 3%
of water is useful [1]. The quality and quantity of water are the main issues that need to be addressed
by finding methods to eliminate contaminants or pollutants195 induce adverse environmental effects,
as well as for human health. In addition, the residual liquids containing dyes coming from the textile
industry often create severe environmental hazards because of their direct disposal into nearby water
bodies. More than 15% of the dyes are lost in wastewater during dyeing operations. This affects the
surface esthetic merit of water and reduces light penetration, disturbing aquatic life and hindering
photosynthesis [2]. Furthermore, some dyes are either toxic, mutagenic or/and carcinogenic [1].

It is known that ZnO is considered one of the most important oxide semiconductors with a band
gap energy of 3–3.37 eV and a large exciton binding energy of 60 meV, having a high capacity to
decompose organic pollutants under ultraviolet (UV) irradiation or sunlight exposure [3]. Due to
its unique properties, ZnO is widely used for a large variety of applications such as light-emitting
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diodes, nanolasers, piezo-electric devices, UV-shielding materials, antibacterial agents, field effect
transistors, solar cells and gas sensors [4–9]. Moreover, this semiconductor material is considered an
excellent photocatalyst for the degradation of some organic dyes in wastewater. Many researchers
have been trying to improve the photocatalytic properties of ZnO by doping with various metals
(La, Sm, Er, Ce, N, Ag, and so on,) [10–13], combining with other metal oxides (NiO, CeO2, SnO2,
CuO, CdO, BaTiO3, NaNbO3, TiO2, Bi2O3, CuFe2O4) [14] or with various carbon-based nanostructures
(multi-walled carbon nanotubes (MWCNTs), graphene, graphene oxide) [15–18].

Recently, composite materials based on a combination of metal oxide semiconductor nanomaterials
and different types of carbon species have been intensively used as photocatalysts due to their
remarkable physico-chemical properties and potential applications in water purification and
environmental protection [1,19–21]. In addition, it was demonstrated that the development of
materials based on ZnO and carbon leads to an increase in the stability and efficiency of photocatalytic
performance [1,19–21]. One of the simplest and cheapest methods of obtaining carbon-based materials
is the use of polymer matrices followed by their carbonization at high temperature in N2 atmosphere.
The most widely used polymer in obtaining ZnO/carbon-based nanomaterials is polyacrylonitrile (PAN)
and is generally used as electrodes for supercapacitors [22–24]. It was shown that carbon nanofibers
play an important role in energy conversion and storage, catalysis, sensors, adsorption/separation,
and biomedical applications due to its good conductivity and chemical stability, tunable structural
flexibility, and low cost [24,25].

The main goal of this study is to point out the remarkable results of carbon/ZnO-based catalysts
in photocatalytic degradation, starting from easily accessible and low-cost materials. For this purpose,
electrospun fiber mats of cellulose acetate butyrate (CAB) were chosen for growing on them the desired
ZnO nanostructures followed by their calcination at 600 ◦C in N2 atmosphere for 30 min. It is known that
CAB is a thermoplastic polymer that softens in the first phases and then follows the degradation process.
Moreover, it is a relatively inexpensive and accessible polymer. In this work, we aimed to produce
a new type of material based on carbon/ZnO nanostructures that possess both adsorption and
photocatalytic properties. To our knowledge, the development of carbon/ZnO nanostructures starting
from CAB fiber mats obtained by electrospinning method, followed by ZnO nanostructures growth on
them by dipping or hydrothermal method, and finally thermal calcination at 600 ◦C in N2 atmosphere
for 30 min, and then their testing for adsorption/degradation of organic dyes, have not been reported
in the literature so far. The details on the structural, morphological, and optical properties of the
carbon/ZnO nanostructures were achieved and discussed. Furthermore, the development of new
hybrid materials based on carbon/ZnO nanostructures will add valuable insights to scientific research
by combining adsorption and photocatalytic processes.

2. Materials and Methods

2.1. Materials

Cellulose acetate butyrate was obtained by commercial sources, Eastman product—CAB
551-0.2—with 52 wt% butyryl content and 2 wt% acetyl content (Mn = 30,000), zinc acetate
[Zn(CH3COO)2·2H2O], purchased from Sigma-Aldrich (Taufkirchen, Germany), and ammonia (NH3),
purchased from Chemical Company SA, Iasi, Romania. All the chemicals were of reagent grade and
were used without further purification.

2.2. Carbon/ZnO Hybrid Nanostructures Preparation

CAB fibers were prepared using the electrospinning method described in detail in previous
work [26]. Briefly, the prepared viscous solution of 32% CAB in 2-methoxyethanol as the solvent was
transferred in a syringe of the electrospinning setup. The main parameters of the electrospinning
process were: high voltage source (25 kV), a 15 cm distance between the needle tip and the collector,
and the flow-rate of 0.75 mL/h. Two methods were used in the growth of ZnO nanocrystals in CAB
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membranes: dipping and hydrothermal, followed by heat treatment at 600 ◦C for 30 min in N2

atmosphere to obtain carbon/ZnO hybrid nanostructures. The M1 sample was obtained using the
dipping procedure which consists in successive dippings of the membrane in an ammonium zincate
bath with 0.1 M concentration and pH = 11, at room temperature, and then in a hot water bath, at about
97 ◦C, in 50 repeating cycles. After that, the sample M1 was thermally treated at 240 ◦C in the air
for 1 h.

The M2 sample was prepared by the hydrothermal method consisting of: (i) ZnO seeded onto
CAB nanofiber mat by 10 dippings; (ii) growth of ZnO nanocrystals by a hydrothermal method
in ammonium zincate bath at (96–98 ◦C) for 3 h, followed by heat treatment at 240 ◦C in the air
for 1 h. The carbon/ZnO hybrid nanostructures M1 (T) and M2 (T) were developed after calcining of
membrane M1 and M2 at 600 ◦C in N2 atmosphere for 30 min. A representative diagram in preparing
the carbon/ZnO hybrid materials is given in Scheme 1.

 
Scheme 1. Preparation of the Carbon/ZnO hybrid nanostructures.

2.3. Characterization of Materials

X-ray diffraction (XRD) analysis of carbon/ZnO hybrid nanostructures as made on a Shimadzu
Lab X XRD-6000 diffractometer (Columbia, United States) with CuKα radiation (λ = 0.15418 nm).
The morphological properties of the obtained materials were demonstrated by scanning electron
microscopy (SEM), using JEOL JSM 6362LV electron microscope (Japan). A Bruker Fourier transform
infrared (FTIR) spectrometer (VERTEX 70, Ettlingen, Germany) equipped with a Deuterated Lanthanum
α Alanine doped TriGlycine Sulphate (DLaTGS) detector was used for the analysis of the FTIR spectra
of materials. Diffuse reflectance of carbon/ZnO hybrid materials was performed by ultraviolet–visible
(UV–Vis) reflectance spectra measured on an Analytik Jena UV-Vis 210 spectrometer (Jena, Germany).
Then, the band gap values were obtained using Kubelka–Munk function (KM) and by plotting
[F(R∞)hν]2 vs. hν.

2.4. Photocatalytic Tests

The adsorption and photocatalytic efficiency of carbon/ZnO hybrid nanostructures have been
evaluated by degradation of Methylene Blue (MB), Congo Red (CR), and Rhodamine B (RhB) dye in
aqueous solutions under visible light irradiation (100 W tungsten lamp source). More details on the
degradation procedure and working conditions have been reported previously [27]. Initially, 5 mg of
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each material were dispersed in 10 mL of dye solution with an initial concentration of 10 mg/L MB,
CR, and 5 mg/L of RhB, respectively. Then, the solutions were stirred in the dark for 2 h to
establish an adsorption-desorption equilibrium. The photocatalytic activity of the carbon/ZnO hybrid
nanostructures was investigated by photodegradation of MB, CR, and RhB dyes using the same
experimental setup and degradation procedure as reported by the authors in a previous work [28].
The UV–Vis absorption profiles for the initial dye solution and after exposure to visible light at various
time intervals were obtained using UV-Vis spectrophotometer (SPECORD 210Plus, Analytik Jena,
(Jena, Germany). Adsorption capacity (Qe, mg/g) and removal efficiency (%) for adsorption and
degradation of MB were calculated using the following equations [29]:

qe =
(C0 −Ce) ×V

m
× 100, (1)

Color removal efficiency (%) =
C0−Ce

C0
× 100, (2)

where C0 is the initial MB concentration (mg/L) and Ce is the MB concentration at the time t (mg/L),
m is the catalyst mass (g), and V is the solution volume (L).

3. Results

3.1. X-ray Diffraction (XRD) Characterization

X-ray diffraction (XRD) patterns of M1 (T) and M2 (T) materials are shown in Figure 1 and confirm
the crystalline phase of ZnO with the hexagonal wurtzite structure.

Figure 1. X-ray diffraction (XRD) patterns of M1 (T) and M2 (T) samples.
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The peaks corresponding to this structure are found at 2θ of 31.78◦ (100), 34.46◦ (002), 36.26◦
(101), 47.64◦ (102), 56.62◦ (110), 62.90◦ (103), and 67.10◦ (112) and belong to pure ZnO structure
Joint Committee on Powder Diffraction Standards (JCPDS No. 89-1397). The main parameters that
can be deduced from the analysis of X-ray diffractograms are summarized in Table 1, and for their
calculation, the diffraction peaks corresponding to the Miller indices (100), (002) and (101) were used.
In addition, to estimate the crystallite size (D), the spacing distance between crystallographic planes
(dhkl), the lattice parameters a and c, the Zn–O bond length (L) and the microstrain (ε), the authors
utilized the equations described in detail in previous work [11].

Table 1. Structural parameters of carbon/ZnO nanostructured materials.

Sample 2θ (◦) dhkl (Å) D (nm)
Lattice Parameters

ε (%) L (nm)
a (Å) c (Å) c/a

M1 (T)

31.78 2.813 22.88
3.249 5.201 1.601 0.564 1.95434.46 2.6 20.73

36.26 2.475 21.39

M2 (T)

31.76 2.815 36.13
3.251 5.207 1.602 0.353 1.95734.42 2.603 33.17

36.24 2.476 30.94

From the analysis of the lattice parameters a and c presented in Table 1, it can be seen that
they do not show significant changes after the carbonization of the organic material, which confirms
that the hexagonal wurtzite structure of ZnO is maintained. Besides, the ratio c/a is practically
constant, which indicates that the hexagonal wurtzite structure of ZnO structure does not change.
Significant changes can be observed for the crystallite size (D) and the microstrain (ε) parameter.
The crystallite size values vary between 22.88 nm (corresponding to M1 (T) sample) and 36.13 nm
(registered for M2 (T)), respectively. In addition, a discreet broadening of M1 (T) signals was observed
which may be ascribed to the presence of a star-like shape of the ZnO crystallites, having a more
multidirectional distribution. Moreover, it is well known that a smaller size of crystallites will induce a
broadening of the signal. The microstrain (ε) parameter increases from 0.353 corresponding to sample
M2 (T) to 0.564 for sample M1 (T), probably due to the shape change of the nanostructures and the
carbon content of the samples. XRD analysis (Figure 1 (inset)) suggests the presence of carbon in both
samples with broad diffraction peaks between 20◦ and 30◦, which was assigned to the (002) lattice
planes in the graphitic structure [20]. A significant difference can be observed in the value obtained for
crystallites size in XRD compared to those observed in SEM. It is known that the formation of these
nanostructures (star-like and nanorod shapes in our case) takes place in two stages: nucleation and
growth. In the first stage, small nuclei are formed which, as the reaction progresses, these nuclei grow
further to produce star-like and nanorod ZnO crystallites, which are the building blocks for the crystals
observed in SEM images [30–34].

3.2. Fourier Transform Infrared (FTIR) Analysis

Figure 2 shows the FTIR spectra of CAB nanofibres and carbon/ZnO corresponding to M1 (T) and
M2 (T) nanostructured materials registered between 370 and 4000 cm−1.

It is known that ZnO has an intense broad band between 420 cm−1 and 510 cm−1 due to two
transverse optical stretching modes of ZnO [35,36]. In our case, two characteristic absorption bands
located at 397 cm−1 and 497 cm−1 were observed corresponding to M2 (T) material, as well as an
absorption band at 424 cm−1 of M1 (T), respectively. The occurrence of these two bands in the FTIR
spectrum for sample M2 (T) it is due to the nanorod shape nanostructures. Wu et al., [37] state that the
transition from 0D nanostructures (nanoparticles) to 1D (nanorod) leads to the appearance of two main
absorption maxima in FTIR spectra in this range. The presence of vibration bands at the wavenumbers
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of 1614 cm−1 and 1529 cm−1 assigned to the asymmetric stretching vibration and symmetric stretching
vibration of C=C bonds indicates the removal of functional groups and the successful carbonization of
the new material, as it was confirmed by other authors for similar systems [38]. This aspect is very
important since amorphous carbon is known as a very good adsorbent [39]. The absorption band
located at 3425 cm−1 belongs to the stretching vibration of O–H groups due to the absorbed water on
the surface of the carbon/ZnO materials. The bands around 1083 cm−1 are associated with bending
vibrations of various ether bridges coming from the residual polymeric material.

Figure 2. Fourier transform infrared (FTIR) spectra of CAB nanofibres (a) and carbon/ZnO; (b) for the
two types of nanostructures M1 (T) and M2 (T), respectively.

3.3. Morphological Characterization

The SEM image of the CAB microfiber obtained immediately after the electrospinning process is
shown in Figure 3.

Figure 3. Scanning electron microscope (SEM) image of cellulose acetate butyrate (CAB) microfiber
mats obtained by the electrospinning method from a mixture of 32% polymer and 2-methoxyethanol.
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This micrograph confirms the formation of a membrane with uniform and smooth microfibers
having dimensions of 1 μm. After this, star-shaped crystals and nanorods were grown on these
membranes by dipping and hydrothermal methods, followed by calcination at 240 ◦C in the air for 1 h.
SEM images shown in Figure 4 for hybrid CAB/ZnO nanostructures obtained by the dipping method
indicate a structure composed of ZnO nanocrystals with a star-like shape. It can be observed that the
same structure was maintained after calcination at 600 ◦C in N2 atmosphere for 30 min for M1 (T)

nanostructure (Figure 4).

 
Figure 4. SEM images of CAB/ZnO hybrid nanostructures obtained by the dipping method after
thermal treating at 240 ◦C in the air for 1 h ((a) and (b) for M1), and carbon/ZnO after thermally treating
at 600 ◦C in N2 for 30 min ((c) and (d) for M1 (T)).

The materials obtained by the hydrothermal method (M2 and M2 (T)) show a nanorod type
structure with an average diameter of about 700 nm and lengths around 5 μm according to the SEM
images represented in Figure 5.
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Figure 5. SEM analysis of CAB/ZnO hybrid nanostructures obtained by the hydrothermal method
after thermal treating at 240 ◦C in the air for 1 h ((a) and (b) for M2), and carbon/ZnO after thermally
treating at 600 ◦C in N2 for 30 min ((c) and (d) for M2 (T)).

3.4. Optical Properties

The most important parameter that significantly influences the photodegradation process is
represented by the energy band gap of materials. The value of this parameter was assessed by UV–Vis
reflectance experiments, followed by applying the Kubelka–Munk equation (Equation (3)) and Tauc
relation (Equation (4)) [40].

F(R∞) =
(1−R∞)2

2R∞
, (3)

where F(R∞) is the so-called remission or Kubelka–Munk function and R∞ is the reflectance of
the samples.

[F(R∞)hν]2 = A
(
hν− Eg

)
, (4)

where A is a constant, Eg is the optical band gap of the material.
The energy band gap values of carbon/ZnO nanostructures were obtained by plotting [F(R∞)hν)]2

versus hν and extrapolating the linear portion of the absorption edge to find the intercept with photon
energy axis as shown in Figure 6.
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Figure 6. Optical properties of carbon/ZnO nanostructures (a) diffuse reflectance ultraviolet–visible
(UV–Vis) spectra and (b) plot of [F(R)hν]2 versus hν and band gap determination.

A significant decrease in Eg value was observed for carbon/ZnO hybrid materials. Thus, for M1

(T) the Eg was found to be 2.51 eV, while for M2 (T) 2.73 eV, respectively. These values are lower
compared to those obtained for CAB/ZnO (3.21 eV and 3.31 eV) nanostructures reported in our previous
works [26]. This decrease of Eg could be ascribed to the enhanced conductivity, confirmed by other
authors for similar systems [41]. It can be seen that the presence of carbon in ZnO nanostructures
leads to a change in the electronic energy levels. For example, similar results were obtained for hybrid
RGO-ZnO where Eg decreases to 2.16 eV as compared to pure ZnO (3.06 eV) [42]. Another study
reported by Rahimi et al., [15] showed that the Eg value decreases from 3.2 eV (ZnO) to 2.8 eV for ZnO
nanorod/graphene quantum dot composites, respectively. The authors associate this phenomenon to
the formation of Zn–O–C or Zn–C chemical bonds in the composites obtained.

3.5. Photoluminescence Study

The analysis of the photoluminescence properties is closely related to the photocatalytic properties
of the developed catalysts and help us to understand the recombination processes of the photogenerated
electron-hole pairs. Therefore, the emission spectra obtained under 300 nm and 320 nm excitation
wavelengths are presented in Figure 7.

Figure 7. Photoluminescence spectra of CAB/ZnO and Carbon/ZnO nanostructures as a function of
excitation wavelength 300 (a), and 320 nm (b).
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It can be seen that the emission spectra corresponding to sample M1 (CAB/ZnO) show several
emission bands at 327 nm, 391 nm, 421 nm, 444 nm, and 484 nm, respectively. The UV emission
bands from 327 nm (Figure 7a) and 350 nm (Figure 7b) can be assigned the near band edge (NBE)
emission, and may be due to free exciton recombination [43]. It is known that the emission bands
in the visible spectrum are due to different intrinsic defects of ZnO nanostructures, which include
oxygen vacancies (VO), zinc vacancies (VZn), oxygen interstitials (Oi), zinc interstitials (Zni) and oxygen
antisites (OZn) [27].

The emission spectrum of carbon/ZnO sample provides weak photoluminescence compared to
sample M1. This means that the absorbed light is used efficiently in generating hole-electron pairs,
without losing in the form of photoluminescence. The band located in the blue region practically
disappeared, and the bands at 327 (Figure 7a), 350 nm (Figure 7b) and 484 nm become very weak.
According to other studies [15], this large decrease of photoluminescence of carbon/ZnO nanostructures
may indicate a large decrease in the radiative recombination rate of electron-hole pairs.

3.6. Adsorption/Photocatalytic Properties

3.6.1. Adsorption/Photocatalytic Properties of Carbon/ZnO Hybrid Nanostructures for Degradation of
Organic Pollutants

In the first stage of this study, the degradation efficiency of rhodamine B (C0 = 5 mg/L) for the
starting samples (M1 and M2) and the calcined samples (M1 (T) and M2 (T)) in N2 was performed.
The blank test (without catalyst) was initially evaluated after 4 h and showed that the intensity of
the absorption band of RhB decreases slightly, yielding 1.39% in dye degradation. Figure 8 shows
the evolution of the absorption spectra of all materials after adsorption for two hours to establish the
adsorption/desorption equilibrium of dye on the photocatalyst surface, followed by the degradation
between 4 and 20 h depending on the efficiency of the samples.

From the analysis of the samples, it was noticed that for the samples M1 and M2 the adsorption
process was very small (5.56% for M1 and 1.08% corresponding to M2). A significant increase in the
adsorption process occurs after the carbonization of materials, yielding adsorption efficiency between
89.61% (M1 (T)) and 46.59% (M2 (T)), respectively. This increase was attributed to the inclusion of
carbon in the newly developed hybrid materials. It is known that carbon-based materials lead to
an increase in adsorption, conductivity, as well as a decrease in the energy band gap [25]. The most
outstanding result, which cumulates both the adsorption/photocatalytic processes, was registered for
M1 (T) with an efficiency of up to 98.34%.

In the next part of this study, the effect of the initial MB dye concentration on the M1 (T)

nanostructure activity was investigated. To assess each contribution, adsorption and photodegradation,
measurements for five initial dye concentrations (7, 10, 13, 17, and 20 mg/L) were performed. Figure 9
shows that the color removal efficiency in the adsorption process increased with the decrease in the
initial dye concentration. Initially, it can suggest that this process is apparently significant, but after
calculating, the adsorption constant Qe (mg/g) for all concentrations was the same (12–13 mg/g) for
all samples. Under these conditions, in the next part of this work, the photodegradation of MB dye
was evaluated without taking into account the adsorption process.
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Figure 8. UV–Vis absorption spectra of Rhodamine B (RhB) recorded after adsorption (2h) (in dark)
and photodegradation process under visible light irradiation (up to 20 h) ) for the materials obtained
by dipping method (M1, M1 (T)) and hydrothermal method (M2, M2 (T)): (a,c) before calcination and
(b,d) after calcination.

 
Figure 9. Color removal efficiency after adsorption and photodegradation (left), and the maximum
adsorption capacity of M1 (T) catalyst (right) for Methylene Blue (MB) dye.
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3.6.2. Photocatalytic Activity of Carbon/ZnO Hybrid Nanostructures for Degradation of Methylene
Blue (MB) Dye

Figure 10a,b show the evolution of the UV–Vis absorption spectra for MB dye degradation in
presence of both catalysts (M1 (T) and M2 (T)) under visible light irradiation for 4 h (without previous
the 2 h adsorption process).

Figure 10. UV–Vis absorption spectra after visible light irradiation for 4 h in the presence of sample M1

(T) (a) and M2 (T) (b), and the degradation kinetics for M1 (T) sample (c).

It was observed that after 4 h of visible light irradiation the absorption band at 665 nm decreases
to almost 0, reaching a maximum efficiency of 99.69% for sample M1 (T). The M2 (T) sample reveals a
slower decrease in the degradation efficiency, yielding 60.59%. We consider that this difference between
the values of the photocatalytic degradation efficiency would be due to the different shapes and the
presence of carbon in the nanostructures, giving a lower value of the band gap for the M1 (T) sample.

Quantitative estimation of degradation kinetics of MB dye was performed using a
pseudo-first-order kinetics model according to the following equation: ln(C0/Ct)= kt, C0 is concentration
of dye solution before irradiation, Ct is concentration of dye solution after t minutes of irradiation,
and k is the pseudo-first-order rate constant. The value of the reaction constant for sample M1 (T)

was calculated by plotting ln(C0/Ct) versus irradiation time t (see Figure 10c) and was found to be
0.29 × 10−2 min−1 with the value R2 = 0.9884 attributed to a pseudo first-order reaction kinetics.

To demonstrate the adsorption/photocatalytic properties of the new carbon/ZnO hybrid
nanostructures it was performed experiments in photocatalytic degradation of MB (initial concentration
10 mg/L), RhB (5 mg/L) and CR (10 mg/L) as a test reaction. Very good results were recorded for the
degradation of all dyes tested with the following maximum color removal efficiency (both adsorption
and adsorption + photocatalytic processes after 4 h of irradiation): 97.97% for MB (C0 = 10 mg/L),
98.34% for RhB (C0 = 5 mg/L), and 91.93% for CR (C0 = 10 mg/L), respectively (Figure 11).
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Figure 11. UV–Vis absorption spectra after adsorption (2h) and visible light irradiation (4h) in the
presence of sample M1 (T) for degradation of MB (C0 = 10 mg/L) (a); RhB (C0 = 5 mg/L) (b); Congo Red
(CR) (C0 = 10 mg/L) (c), and color removal efficiency of all dyes degradation for sample M1 (T) (d).

Therefore, it can be stated that these materials could be employed as promising low-cost
photocatalysts with impressive efficiency for potential applications in water purification and
environmental protection. Under the given conditions—visible light irradiation at low power
(a 100 W tungsten with a power of 102.74 kJ·m−2·h−1), a moderate amount of catalyst (0.5 g/L)
and 4 h degradation process—the newly obtained materials present an outstanding response towards
organic dyes degradation, with a removal efficiency of 91.93%, 97.97% and 98.34%, depending on the
type of dye.

Table 2 reveals the photocatalytic activities represented by the values of the reaction rate constant
k (min−1) or degradation efficiency (%) for the degradation of different dyes in the presence of
ZnO/carbon-based catalysts. As can be seen, good results were found for these materials based on
different carbon nanostructures (reduced graphene oxide, graphene quantum dot, graphene oxide,
carbon nanofibers, carbon) [15–18,44]. All authors reported an improvement in photocatalytic activity
for these composite materials as compared to ZnO. Instead, the materials analyzed in this study showed
enhanced photocatalytic efficiency after 4 h under visible light irradiation at low intensity visible light
in the degradation of all dyes (MB, RhB, and CR).
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Table 2. Photocatalytic activities of carbon/ZnO nanostructured materials.

Photocatalyst Type
Type and

Concentration of Dye
Amount of

Photocatalyst (g/L)
Light Source

Reaction Rate
Constant k (min−1)

η (%) Ref.

ZnO/RGO MB (10 mg/L) 1.25 UV (100 W) 0.0395 − [17]

ZnO/GQDs MB (2.5 × 10−5 M/L) − 250 W 0.018 (150 min) − [15]

ZnO/GO Basic Fuchsin (20 mg/L) 0.2 UV 0.00845 (300 min) 92.5 [44]

ZnO/Graphene MO (5 × 10−5 M/L) 0.08 VIS (300 W) 0.0116 − [16]

ZnO/CNFs RhB (10 mg/L) 1 UV (50 W) 0.07533 − [18]

Carbon/ZnO
MB (10 mg/L)

0.5 Vis (100 W)
0.002 (240 min) 97.97

This workRhB (5 mg/L) − 98.34

CR (10 mg/L) − 91.93

According to the above results, a mechanism has been proposed to explain the improvement of
the photocatalytic efficiency of the carbon/ZnO nanostructures as compared to pure ZnO (Figure 12).

Figure 12. Proposed mechanisms of the photocatalysis of the carbon/ZnO nanostructures.

The degradation mechanism takes into account the cooperative or synergetic effects between the
carbon generated during calcination and zinc oxide (Figure 12).

During photon excites, electron hole pairs are generated in the ZnO valence band. These excited
electrons will move in the conduction band of ZnO and then diffuse toward the surface of the
carbon particles. The holes excess in the valence band will migrate to the surface on ZnO, where they
react with water molecules or hydroxyl ions to generate active species of hydroxyl radicals (OH).
This method suggests that the photogenerated electrons and holes were effectively separated.
Moreover, the good separation of the photogenerated electrons and holes in the carbon/ZnO
nanostructures is supported by the photoluminescence investigations of ZnO and carbon/ZnO.
According to Figure 7, carbon/ZnO nanostructures revealed weaker emission intensity compared
to ZnO. This aspect suggests that the recombination of the photogenerated charge carrier was
highly inhibited in the carbon/ZnO nanostructures. The efficient charge separation could induce the
increase of the charge carriers’ lifetime by enhancing the efficiency of the interfacial charge transfer
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of the adsorbed substrates. This discussion is also supported by other studies regarding similar
systems [17,18].

4. Conclusions

Carbon/ZnO nanostructures were obtained in three stages: CAB microfiber mats were prepared by
the electrospinning method, ZnO nanostructures were grown by dipping and hydrothermal methods,
followed by thermal calcination at 600 ◦C in N2 atmosphere for 30 min. XRD measurements of
photocatalysts confirmed a hexagonal wurtzite crystalline structure of ZnO, as well as the presence
of carbon with (002) lattice planes. SEM measurements showed the formation of nanostructures
with star-like and nanorod shapes. The Eg value decreased significantly for carbon/ZnO hybrid
materials (2.51 eV) as compared to ZnO nanostructures (3.21 eV). The photocatalytic efficiency for
degradation of Methylene Blue (MB), Rhodamine B (RhB) and Congo Red (CR) dyes under visible-light
irradiation has been improved as compared to ZnO. These new materials showed an improvement
of the photocatalytic degradation efficiency for the RhB dye with approximately 80% as compared
to the ZnO (control samples). The carbon/ZnO hybrid materials recorded a color removal efficiency
(adsorption/photocatalytic process) between 91% and 98%, depending on the type of dye. All the
experiments were performed under friendly environmental conditions: visible light irradiation at
low power and a moderate amount of catalyst (0.5 g/L). Moreover, the value of the rate constant was
found for this material to be 0.29 × 10−2 min−1. Therefore, the prepared carbon/ZnO materials from
easily accessible and low-cost materials together with their impressive performance place them among
photocatalysts for practical applications in wastewater purification.
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Abstract: New molybdenum trioxide-incorporated ZnO materials were prepared through the
electrospinning method and then calcination at 500 ◦C, for 2 h. The obtained electrospun
ZnO:MoO3 hybrid materials were characterized by X-ray diffraction, scanning and transmission
electron microscopies, ultraviolet (UV)-diffuse reflectance, UV–visible (UV–vis) absorption,
and photoluminescence techniques. It was observed that the presence of MoO3 as loading material
in pure ZnO matrix induces a small blue shift in the absorption band maxima (from 382 to 371 nm)
and the emission peaks are shifted to shorter wavelengths, as compared to pure ZnO. Also, a slight
decrease in the optical band gap energy of ZnO:MoO3 was registered after MoO3 incorporation.
The photocatalytic performance of pure ZnO and ZnO:MoO3 was assessed in the degradation of
rhodamine B (RhB) dye with an initial concentration of 5 mg/L, under visible light irradiation.
A doubling of the degradation efficiency of the ZnO:MoO3 sample (3.26% of the atomic molar ratio of
Mo/Zn) as compared to pure ZnO was obtained. The values of the reaction rate constants were found
to be 0.0480 h−1 for ZnO, and 0.1072 h−1 for ZnO:MoO3, respectively.

Keywords: molybdenum trioxide-incorporated ZnO; structural characterization; optical properties;
photocatalytic activity

1. Introduction

Currently, many efforts are being made worldwide to develop new high-performance
photocatalytic materials for energy and environmental applications. Metal oxide semiconductor
materials in various shapes and structures, including ZnO, TiO2, CuO, and MgO, have proven to
be a good alternative for the degradation of various organic dyes. It is known that ZnO is an oxide
semiconductor having a broad direct band gap (3.37 eV), high excitation binding energy (60 meV),
and good electrical, mechanical, and optical and photocatalytic properties, comparable to those of TiO2.
Metal doping of ZnO can significantly improve the photocatalytic activity, it is thought by (i) generation
of trapping site which will decrease the recombination rate of photoinduced electron-hole pairs;
(ii) decrease of band gap energy of photocatalysts; and (iii) structural defects in the crystalline phase of
ZnO. Many studies have been based on the development of new photocatalysts based on ZnO doped
with different metals (Ag, La, Er, Sm, Cu, Au, Ce, Ni, Fe, etc.) to improve the photocatalytic activity for
the degradation of different organic dyes and to extend the degradation domain using visible light [1,2].
For example, Pascariu et al. reported good photocatalytic responses of ZnO-SnO2 nanostructures used
for rhodamine B dye degradation with an initial dye concentration of 0.01 mM and a catalyst dosage
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of 0.5 g/L [3]. Likewise, the same authors obtained an improvement of the photocatalytic activity
after doping ZnO with Ni or Co [4]. Molybdenum trioxide (MoO3) is a very interesting transition
metal oxide having a wide band gap energy of about 3 eV, distinctive optical properties, and highly
visible-light photocatalytic activity [5,6]. But the synthesis of ZnO-MoO3 nanostructures (especially by
the electrospinning method) and their detailed properties after being incorporated into the ZnO matrix
are less reported compared to other semiconductor oxides, such as SnO2, ZnO, TiO2 and In2O3 [7,8].
Moreover, it is known that the properties of molybdenum trioxide are strongly dependent on the
synthesis methods and can be greatly modulated by doping it with other metal oxides [9]. There are
many methods to develop new materials of different shapes and sizes, including hydrothermal,
sol-gel, precipitation, microemulsion, solvothermal, the electrochemical deposition process, microwave,
polyol, wet chemical method, flux methods and electrospinning [10]. The electrospinning method
is one of the simplest, cheapest, and most efficient for obtaining nanostructured materials. Also,
this method offers the possibility of obtaining materials with controllable diameters of the fibers,
very high surface-to-volume ratio, and specific surface and excellent functional properties [1]. Also,
the electrospinning technique is intensively used in obtaining ceramic materials. One study based
on Mo-doped ZnO materials obtained by the electrospinning method has been reported by Kim et
al. [11], and their investigation regarding gas-sensing properties in ethanol, trimethylamine (TMA),
CO and H2 medium. To the best of our knowledge, the development of ZnO:MoO3 nanostructures
by the electrospinning-calcination method and then their testing for dye degradation have not been
reported in the literature so far. Similar systems have been obtained by other methods, such as
coating of MoO3 altered ZnO, by surface metal impregnation [12], ZnO@MoO3 core/shell nanocables
by the electrodeposited method [13], and 1D/1D ZnO@h-MoO3 synthesized via the solid state
impregnation-calcination method [14].

Therefore, in this paper, we proposed the preparation of new pure ZnO and ZnO:MoO3

nanostructures by the electrospinning method and then calcination at 500 ◦C for 2 h. The polymer
solutions were prepared from polyvinyl alcohol (PVA) dissolved in water. The details of the structural
and optical properties of the obtained MoO3 incorporated-ZnO nanostructures were comparatively
analyzed and discussed. Moreover, the photocatalytic performance of these materials was evaluated
by photodegradation of RhB dye in aqueous solution under simulated sunlight irradiation.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA) (Mn = 80.000), zinc acetate [Zn(CH3COO)2·2H2O], and ammonium
molybdate ((NH4)6Mo7O24·4H2O) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Deionized water was used as a solvent.

2.2. Preparation of ZnO:MoO3 Nanostructures

We dissolved 0.55 g PVA powder in 5 mL of deionized water and then heated at 100 ◦C under
vigorous magnetic stirring for 8 h and thus the solution for electrospinning was obtained. This solution
was cooled to room temperature and then 0.4 g of zinc acetate was added to it. Finally, ammonium
molybdate in various concentrations was added to the above electrospun solution. This prepared
viscous solution was stirred for another 3 h and then transferred into a needle syringe with a diameter
of 0.5 mm. All new nanostructures were obtained using a home-made electrospinning device [15,16].
The optimal conditions for the production of these fibers before calcination were as follows: high
voltage source (25 kV), the distance between the needle tip and the collector (stainless steel foil)
was 15 cm at a flow-rate of about 0.75 mL/h. The ZnO:MoO3 nanostructures were obtained after
calcination in an oven (in air) at 500 ◦C for 2 h. In this study, a series of four materials (with different
concentrations of MoO3) were prepared and are presented. More details regarding growth and sample
names correlation with the specific growth conditions can be found in Table 1.
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Table 1. Results of EDX (energy-dispersive X-ray spectroscopy) measurements for the pure ZnO, MoO3,
and ZnO-incorporated MoO3 nanostructures.

Sample
Codes

Composition
of Precursor Salt

Atomic Molar
Ratio Mo/Zn (%)

Atomic Concentration (%) Obtained from EDX

Zn (%) O (%) Mo (%)

S1 0.4 g Zn(NO3)2·6H2O - 53.08 46.92 -
S2 0.4 g (NH4)6Mo7O24·4H2O - - 72.23 26.77

S3 0.4 g Zn(NO3)2·6H2O
0.002 g (NH4)6Mo7O24·4H2O 0.84 51.20 47.85 0.92

S4 0.4 g Zn(NO3)2·6H2O
0.004 g (NH4)6Mo7O24·4H2O 1.66 53.86 44.62 1.51

S5 0.4 g Zn(NO3)2·6H2O
0.008 g (NH4)6Mo7O24·4H2O 3.26 53.29 44.67 2.30

S6 0.4 g Zn(NO3)2·6H2O
0.012 g (NH4)6Mo7O24·4H2O 4.81 50.55 44.62 4.82

2.3. Structural Characterization

X-ray diffraction (XRD) patterns of ZnO:MoO3 nanostructures were recorded using a Rigaku
SmartLab-9kW X-ray diffractometer (Rigaku Corporation, Japan). SEM (scanning electron
microscopy)/energy-dispersive X-ray spectroscopy (EDX) measurements were performed using a
JEOL JSM 6362LV (Japan) electron microscope coupled with an EDAX INCA X-act Oxford Instrument
detector (Oxford, UK). Transmission electron microscopy (TEM) studies were performed using a
Hitachi HT7700 Dual Mode STEM (Japan) in TEM mode. To perform the TEM studies, a small quantity
of material was fixed onto Cu mesh grids after dispersion in ethanol and sonication.

2.4. Steady-State Spectral Measurements

The optical measurements of the samples were evaluated by ultraviolet–visible (UV–vis) reflectance
spectra recorded with a SPECORD 210Plus Analytik Jena (Jena, Germany) spectrophotometer equipped
with an integrating sphere. The band gap energy values were found from the optical data solution.
Steady state absorption and fluorescence spectra were recorded with a spectrophotometer SPECORD
210Plus Analytik Jena (Jena, Germany) and on an Edinburgh FLS980 spectrometer (Edinburgh,
UK), respectively.

2.5. Time-Resolved Fluorescence

The time-resolved fluorescence spectra were collected on an Edinburgh FLS980 spectrometer using
a time correlated single photon counting method. The emission decay profiles for all nanostructures
dispersed in 1-propanol solution were determined in a 10 × 10 mm quartz cell, excited by a nanosecond
diode laser (EPL-375) (Edinburgh Instruments Ltd., Livingston, UK) operating at 375 nm as light
source. The fluorescence decays were evaluated using the nF9000 software attached to the equipment
(Edinburgh Instruments Ltd., Livingston, UK) and the best fitted parameters were obtained for the
reduced chi-squared values close to 1, and the weighted residuals were uniformly distributed around
the zero line.

2.6. Nanosecond Transient Absorption Spectroscopy

Nanosecond transient absorption experiments were performed using a nanosecond laser flash
photolysis technique (LP980, Edinburgh Instruments, (Livingston, UK)). The spectrometer was
connected to a laser source (Ekspla NT342), which allows us to generate a high concentration of excited
state species, laser pulses at 372 nm, and a frequency of 1 Hz. The absorption lifetime values of
excited state species were evaluated with the L900 software attached to the equipment ((Edinburgh
Instruments Ltd., Livingston, UK).
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2.7. Photocatalysis Tests

The photocatalytic activity of the MoO3-incorporated ZnO nanostructures was tested by
photodegradation of rhodamine B (RhB) dye in aqueous solution under visible light irradiation
using the same experimental degradation procedure as reported in previous work [3]. Briefly, 5 mg of
the catalyst was dispersed in a vial containing 10 mL of RhB dye solution (5 mg/L), having a controlled
temperature at 25 ◦C. A 100 W tungsten lamp was served as the light source. The power of light source
was 102.74 kJ·m−2·h−1, and measured by a PMA 2100 apparatus, prod by Solar Light Co. (Glenside,
PA, USA). The wavelength range of the tungsten bulb varies between 350 and 850 nm. The initial
concentrations of RhB dye and after irradiation at different times were determined using a UV–vis
spectrometer SPECORD 210Plus, Analytik Jena (Jena, Germany).

3. Results and Discussion

3.1. Morphological Characterization

Some examples of SEM micrographs of ZnO:MoO3 materials obtained after calcination at 500 ◦C
for 2 h are shown in Figure 1. Figure 1a,b depict the morphology of pure ZnO and MoO3 metal oxides.
The as-grown ZnO exhibits a cylindrical microrods structure with a rough surface. The SEM image
(Figure 1b) corresponding to the MoO3 sample reveals a morphology composed of microparticles, with a
platelet structure and diameters between 4–5 μm. This different structure of the two types of materials
(ZnO and MoO3) leads to a morphology composed of different types of crystals interconnected between
them in the ZnO:MoO3 nanostructures. TEM studies were performed to confirm the intimate structure
of the ZnO:MoO3 materials. TEM observation proved the formation of two kinds of well-shaped
nanosized crystallites: one with dimensions of about 20–30 nm and the second, with larger size of
~40–45 nm. An example of TEM micrographs of nanocrystalline building blocks on sample S5 is
presented in Figure 2.

Figure 1. Scanning electron microscope (SEM) images of the ZnO (S1) (a), MoO3 (S2) (b), ZnO:MoO3

(S4) (c) and ZnO:MoO3 (S5) (d) nanostructures.
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Figure 2. Transmission electron microscope (TEM) micrographs of nanocrystalline building blocks on
sample (a) S5 × 350 k; (b) × 1300 k.

EDX analysis was used to report the elemental composition of all samples. The EDX spectra
(Figure 3) confirm the presence of Zn and O in a ratio of about 1:1, corresponding to the ZnO sample and
the presence of Mo and O in a ratio of 1:3 corresponding to the MoO3 sample. The atomic percentages
of Mo in composite nanostructures were: 0.92% (S3), 1.51% (S4), 2.30% (S5), and 4.82% (S6), respectively
(Table 1). Also, the EDX measurements have predicted the expected values for Mo according to the
prepared samples.

Figure 3. EDX spectra of pure ZnO (a), MoO3 (b) and ZnO:MoO3 (S5) (c) nanostructures.

3.2. X-ray Diffraction (XRD) Analysis

The crystalline structure of pure ZnO, MoO3 and ZnO:MoO3 composites were confirmed using
XRD measurements, and the XRD patterns are illustrated in Figure 4. The diffraction peaks of ZnO are
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indexed as hexagonal wurtzite-type structure (JCPDS No. 00-230-0112, space group: P63mc, No. 186)
having as main peaks of diffractions at 2θ = 31.84◦, 34.51◦, 36.32◦, 47.62◦, 56.66◦, 62.92◦, 66.43◦, 67.98◦
and 69.13◦, attributed to diffraction planes (110), (002), (101), (102), (110), (103), (200), (112), (201),
respectively. The diffraction pattern of α-MoO3 confirms the orthorhombic crystalline structure Joint
Committee on Powder Diffraction Standards (JCPDS No. 00-900-9670, space group: Pbnm, No. 62)
with the main diffraction peaks at 23.36◦, 25.65◦, 27.23◦, 29.59◦, indexed by (110), (040), (021) and (130).
The XRD data corresponding to the ZnO:MoO3 composites show a mixed crystalline structure formed
from ZnO with hexagonal wurtzite structure and MoO3 with orthorhombic structure. The average
crystallite size was calculated according to the Scherrer relation D = 0.8λ/βcosθ, were λ is the X-ray
wavelength corresponding to CuKα radiation, β is the full width at half maximum of the peak and θ

is the Bragg angle. The average crystallite size was found to be D = 21.77 nm for pure ZnO and D
= 14.93 nm is corresponding to ZnO:MoO3 nanostructures, respectively. The presence of reflections
corresponding to ZnO and MoO3 in ZnO-MoO3 nanostructures shows the successful formation of
the nanocomposite. This decrease in the crystallite size of ZnO:MoO3 (S5) may be attributed to the
formation of Mo–O–Zn bands on the surface of the doped materials, which inhibits the growth of the
crystallite, as reported by many authors for similar systems [17,18]. The decrease in the crystallite size
of ZnO:MoO3 nanostructures can be determined by the lattice distortion by Mo incorporation due
to the difference between the ionic radius of Mo6+ (0.065 nm) smaller them that of Zn2+ (0.074 nm).
The lattice constants a and b were 3.252 Å, 5.209 Å for ZnO and 3.249 Å, 5.207 Å obtained for ZnO:MoO3

(S5), values that are in good agreement with the standard ones (a = 3.253 Å, c = 5.213 Å for ZnO→
JCPDS 34-1451) [19].

 

Figure 4. X-ray diffraction (XRD) patterns for pure ZnO (a), MoO3 (inset) and ZnO:MoO3 (S5) (b)
composite material.
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3.3. Optical Properties

Evaluation of optical properties of materials is a very important factor for the study of
their photocatalytic activity. UV–vis absorption and emission spectra of MoO3-incorporated
ZnO nanostructures dispersed in 1-propanol solution were investigated at room temperature.
The incorporation of MoO3 into the ZnO matrix modify the optical properties of the obtained
nanostructures. Figure 5. showed the absorption spectra of the pure ZnO- and MoO3-incorporated
ZnO samples with various MoO3 weight percentages (S1→ S5). It can be observed that the absorption
of all the MoO3-incorporated ZnO samples did not show a large difference in the UV region (only small
variations (1–2 nm) in the absorption band position in the spectra). In contrast, the absorption maxima
of all MoO3-incorporated ZnO samples shift towards blue (from 382 to 371 nm) are observed, compared
with the absorption maximum of the pure ZnO samples. These shifts are due to the incorporation of
the MoO3 materials in the pure ZnO matrix. From Figure 5, it can be remarked that the absorption of
ZnO:MoO3 nanocomposites was enhanced when the MoO3 doping level did not exceed 1.66% molar
ratio Mo/Zn, while for nanostructures with a higher content of MoO3 the absorption shows a small
decrease (Figure 5).

Figure 5. Absorption spectra of pure ZnO and ZnO-incorporated MoO3 nanostructures with different
atomic weight percentages of MoO3 oxide.

One of the important effects of the MoO3 oxide incorporation into the ZnO matrix is the reduction
of the direct band gap energy value from 3.211 eV (corresponding to ZnO) to 3.170 eV for ZnO:MoO3

composite materials (Table 2). The band gap energy values of the pure ZnO, MoO3, and for the
ZnO:MoO3 composite materials were determined by UV–vis measurements using reflectance spectra,
registered between 300–600 nm. Figure 6a showed the reflectance spectra corresponding to pure
materials (ZnO, MoO3) and composite systems ZnO:MoO3 (S3→ S6). Thus, the optical band gap
energy values, Eg, for all materials were calculated using the Kubelka–Munk equation presented below:

F(R) =
(1−R)2

2R
(1)
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where F(R) is the Kubelka–Munk function and R is the diffuse reflectance of materials, respectively.
Additionally, using [F(R)hϑ] = c

(
hϑ− Eg

)n
equation: where hϑ is photon energy, n is a constant giving

the type of optical transition, c is a constant and Eg denotes the band gap energy.

Table 2. Calculated band gap energies and band edge potentials for pure ZnO and ZnO-incorporated
MoO3 nanostructures.

Codes Eg EVB (eV) ECB (eV)

S1 3.210 2.890 −0.310
S3 3.186 2.883 −0.303
S4 3.177 2.878 −0.298
S5 3.170 2.875 −0.295
S6 3.189 2.884 −0.304

Figure 6. Diffuse reflectance ultraviolet–visible (UV–vis) spectra (a) and plots of [F(R)hϑ]2 versus hυ
(b) for pure ZnO (S1), MoO3 (S2) (inset), and ZnO:MoO3 (S3→ S6) nanostructures.

The plots of [F(R)hϑ]2 as a function of the photon energy (hϑ) of all the materials are presented in
Figure 6b and by extrapolating the linear part of each curve, the values of the direct optical band gap
(Eg) were obtained. The pure ZnO material has an Eg value of 3.21 eV, this value is in good agreement
with the reported literature for ZnO [20]. Instead, for pure MoO3 material, a lower Eg value of 2.96 eV
(closer to the literature data) [9] was obtained. The band gap energies of the composite materials based
on ZnO:MoO3 were calculated to be: 3.186 eV (S3), 3.177 eV (S4), 3.170 eV (S5), and 3.189 eV (S6),
respectively. The presence of MoO3 dopant in the ZnO matrix induces a small shift of the absorption
edge of ZnO (see Figure 6) in the long wavelength direction and thus decreases the band gap energy
(Eg) values. Based on the values of Eg one can calculate the positions of the valence band (VB) and the
conduction band (CB) (redox abilities) of new ZnO:MoO3 nanostructures, which directly influence
their photocatalytic activity. The conduction band (CB) and valence band (VB) potentials of ZnO:MoO3

were calculated using the following equations [21].

EVB = χ − Ee + 0.5Eg (2)

ECB = EVB − Eg (3)

where χ and Ee, are the electronegativity (for ZnO, the value is approximately 5.79 eV) [22] and the
free electron energy on the hydrogen scale (approximately 4.5 eV), respectively. The calculated values
of EVB and ECB are listed in Table 2. The values of ECB for MoO3-incorporated ZnO nanostructures
shifted to lower energy compared to the pure ZnO, which caused a narrower band gap.
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To explore the charge carrier trapping, migration, and charge transfer transitions in the ZnO:MoO3

hybrid nanostructures, the emission spectra of these new materials were recorded under 375 nm
wavelength excitation (see Figure 7).

Figure 7. Fluorescence spectra of pure ZnO and ZnO:MoO3 nanostructures, recorded in 1-propanol
solution, at room temperature.

The emission spectra of MoO3-incorporated ZnO nanostructures show a sharp and intense
blue emission band around 412–416 nm, ascribed to the near band edge (NBE) emission due to free
exciton recombination [23] and a broader and lower green emission band in the visible region at ≈
450–550 nm (with maxima around 506 nm). This green emission band is due to the formation of
oxygen vacancies by the presence of MoO3 oxide in the structure of the target nanostructures and the
presence of some intrinsic defects in the ZnO structure. Generally, the intrinsic defects in ZnO include
oxygen vacancies (Vo), zinc vacancies (VZn) oxygen (Oi), zinc (Zni) interstitials, and defect states
dominating the emission in the visible range [24]. It was observed from Figure 7 that the emission
intensity is considerably enhanced with the addition of MoO3 as compared to the free ZnO sample.
This remarkable improvement in the emission of MoO3 incorporated samples can be attributed to
the energy transfer from ZnO to the MoO3 metal oxide and a higher recombination rate in these
samples. Instead, in the photoluminescence spectrum of pure ZnO nanostructures, the wavelength
of the maxima of the emission band is located at 431 nm, with low intensity, and the green emission
band has disappeared (compared to the spectra of MoO3-incorporated ZnO samples). The undoped
zinc oxide nanostructure displays only an emission band around 431 nm, with low intensity and the
green emission band practically disappeared in comparison with MoO3-incorporated ZnO samples.
Also, it can be seen that the intensity of the green emission band increases as the molybdenum trioxide
level increases, excepting nanostructure ZnO:MoO3 (S5), where an emission band at about 478 nm has
occurred (Figure 7), which have not been observed in the other samples due to the intense transitions
determined by the oxygen vacancies. Moreover, the lower intensities of the green emission band in
sample S5 can determine the creation of more electron trapping sites, which facilitates the transfer
of photogenerated charge carriers increasing thus the electron-hole lifetime and the photocatalytic
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response was exchanged [25]. As seen from Table 3, the nanostructure ZnO:MoO3 (S5) has a larger
decay time as compared to other samples. In fact, for this nanostructure the highest shift to shorter
wavelengths of the absorption and emission bands was observed and at the same time, the lowest
value of Eg was obtained (Table 2). The weak blue emission band at 478 nm can be assigned to the
electron transitions between interstitial zinc (Zni) and Zn vacancies [26]. Thus, the sample ZnO:MoO3

(S5) practically exhibits a very weak green emission band because the MoO3 loading can increase
distortion centers and some surface defects in the lattice leading to the decrease of the oxygen vacancies.
Furthermore, the emission spectra of zinc oxide (ZnO) sample incorporating with molybdenum trioxide
(MoO3) appear similar in shape to the emission peaks but show a small shift (19 nm) in wavelength
toward the blue range as compared to that observed for pure ZnO nanostructures.

3.4. Time-Resolved Photoluminescence Data and International Commission on Illumination (CIE) Coordinates

For this purpose, the samples (S1→ S6) were exciting with a light source of 375 nm. Base on the
maximum emission band at 406 nm, the lifetime decay curves were evaluated. As a representative
example, in Figure 8 is displayed the lifetime decay profiles for the ZnO:MoO3 (S5) sample. The decay
curves were fitted to a bi-exponential equation for all the studied ZnO:MoO3 nanostructures and the
experimental emission lifetime values of these materials were calculated using the equations given
below [23]:

I(t) = A1 exp
(
− t
τ1

)
+ A2exp

(
− t
τ2

)
(4)

and the value of average decay time can be estimated by the following formula:

τ∗e f f (ns) = (A1τ
2
1 + A2τ

2
2)/(A1τ1 + A2τ2) (5)

where I(t) is the time dependent emission intensity (emission intensity at any time); A1 and A2 are the
fitting constants and have values between [0, 1]; τ1 and τ2 are the decay times of the fast and slow
decay components.

Figure 8. The lifetime decay profiles for the ZnO:MoO3 (S5) sample (λex = 406 nm); IRF, instrument
response function.

The obtained values of the fast and slow decay components, as well as average lifetime values for
all samples, are listed in Table 3. In general, the fast decay component is related to the non-radiative
recombination and the slow decay is connected with the radiative lifetime of the free exciton. It was
stated that the non-radiative recombination process is featured in defects related to oxygen vacancies [27].
The emission decay for all investigated nanostructures was obtained by using a biexponential model to
fit the experimental data and have resulted in two lifetimes τ1 and τ2. For all investigated nanostructures
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τ1 is lower than τ2, but the contributions of the two lifetime components (a1 and a2) are opposite
(Table 3). Therefore, the highest lifetime τ1 was obtained for the ZnO:MoO3 (S5) sample (0.465 ns).
Both fast and slow decay constants can be tuned by adding MoO3 to the ZnO matrix. The irregular
variations of lifetime values as a function of the MoO3 content can be explained by the difference of
dispersion of MoO3 in these samples, where the redundant MoO3 can act as recombination centers [28].
Since MoO3 has a lower band gap compared to ZnO will induce a shorter lifetime for the generated
electron-hole pairs, decreasing the efficiency. For the pure ZnO sample, the average lifetime values
are shorter than that of all ZnO:MoO3 nanostructures (Table 3). This increase in the average lifetime
values may be attributed to the MoO3 doping-induced non-radiative recombination centers. Moreover,
the average lifetime values (Table 3) decrease with increasing doping concentration (from S1 to S5),
which indicates the existence of an energy transfer process between the two components.

Table 3. Fitted decay times and average lifetimes (τ∗e f f (ns)) for all pure ZnO and
ZnO:MoO3 nanostructures.

Codes
Fast Decay Component Slow Decay Component

χ2 τ*
eff (ns)

τ1 (ns) a1 (%) τ2 (ns) a2 (%)

S1 0.0664 74.06 4.1058 25.94 1.004 3.93
S3 0.1068 51.95 5.3416 48.05 1.034 5.23
S4 0.0624 76.76 4.6088 23.24 0.995 4.42
S5 0.4654 72.68 5.0603 27.32 1.007 4.17
S6 0.0662 74.05 4.0695 25.95 1.086 3.89

Based on the emission spectra of the pure ZnO and MoO3-incorporated ZnO nanostructures was
built their CIE (International Commission on Illumination)-1931 color chromaticity diagram, which is
shown in Figure 9. The values obtained for the color CIE chromaticity coordinates for pure ZnO
and all the hybrid composites are shown in Figure 9. Generally, the quality of any light emitted can
be investigated in terms of correlated color temperature (CCT) which can be calculated using the
McCamy’s relation as [29]:

CCT = 437n3 + 3601n2 + 6861n + 5517 (6)

where, n = (x − xe)/(ye − y) is the inverse slope line and the point at xe = 0.332, ye = 0.186 is the
epicenter. The values obtained for calculated CCT were found to be: 82,868 K, 11,389 K, 187,053 K,
and 16,098 K, for S3, S5, S5, and S6 nanostructures, respectively. These values are located inside of the
range of clear blue poleward sky light [30]. However, based on the chromaticity diagram, it can be said
that the samples exhibit some differences in color emission determined by the MoO3 loading. As seen,
the nanostructures containing 0.84% and 3.26% molar ratio Mo/Zn presented emissions in the blue
region, whereas the samples having 1.66% and 4.81% molar ratio Mo/Zn exhibited coordinates close
greenish-blue color. This color shift to the green region can be connected to a higher level of defects
due to the high intensity of the green emission band around 520 nm, leading to a higher electron-hole
pair recombination rate, which is not favorable to the photocatalysis process.
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Figure 9. The CIE color chromaticity diagram of pure ZnO and MoO3-incorporated ZnO nanostructures.

3.5. Nanosecond Time-Resolved Absorption Data

For two selected samples, (S3 and S5), the transient absorption data in 1-propanol solution were
recorded at room temperature in order to monitor the optical absorption of photogenerated transient
species (such as excited states, radicals and solvated electrons produced by the interaction between
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radiation and the substrate, more specifically, the kinetics of each transient species). Figure 10 shows
the kinetics data, for S3 (Figure 10a,b) and S5 (Figure 10c,d) samples, which were fitted to exponential
decay using Edinburgh Instruments software, after recording the decay rates of the transient species
monitored at 372 nm (the wavelength at which these transient species absorb, see Figure 5). The decay
rate for the S5 sample was found to be faster than the decay rate obtained for the sample having S3
(107.44 ns).

 
Figure 10. Kinetics transient absorption decay and exponential fitting for ZnO:MoO3 (S3) (a,b) and
ZnO:MoO3 (S5) (c,d) samples, upon excitation at 372 nm.

3.6. Photocatalytic Properties

The photocatalytic activity of the pure ZnO and synthesized ZnO:MoO3 nanocomposites was
evaluated by photodegradation of rhodamine B (RhB) dye in aqueous solution, with an initial
concentration of 5 mg/L, under visible light irradiation from a tungsten lamp (100 W)), at different
times. The absorption spectra of the RhB dye (blank test) were analyzed at different exposure times (up
to 20 h of irradiation), in the absence of the photocatalyst. The blank test showed that the intensity of
the absorption bands of RhB decreases slightly reaching a degradation of about 5.8%. To get the most
reliable results, the RhB dye degradation processes were analyzed in the presence of pure ZnO and
compared with the ZnO:MoO3 (S3→ S6) hybrid materials. Figure 11 shows changes in the absorption
spectra of RhB dye during irradiation under visible light in the presence of ZnO (Figure 11a) and
ZnO:MoO3 (S5) (Figure 11b) nanostructures.
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Figure 11. The absorption spectra changes of the RhB dye in aqueous solution, at various times,
upon exposure to visible light irradiation in the presence of pure ZnO (S1) (a) and ZnO:MoO3
(S5) (b) samples; Removal efficiency (%) of the degradation of RhB dye, after 6 h of visible light
irradiation (c); Pseudo-first order kinetics for RhB dye degradation in the presence of S1 and S5 samples,
respectively (d).

The intensity of the absorption bands in the absorption spectra of the RhB dye solution shown in
Figure 11a,b decreases with increasing illumination time. It can be observed that the intensity of the
absorption band at 556 nm decreased with increasing irradiation time, but with a maximum decrease
observed for the S5 sample (RhB dye was highly degraded in this case). The removal efficiency (RE(%))
was calculated based on the following equation:

RE(%) =
(C0 −Ce)

C0
× 100% (7)

(where C0 is the initial RhB concentration (mg/L) and Ce is the RhB concentration at the time t (mg/L))
and the results obtained after the degradation of RhB dye for 6 h of irradiation in the presence of
pure ZnO and ZnO:MoO3 are presented in Figure 11c. The removal efficiency of all samples obeys
the followed order of S5 > S4 > S3 > S6 > pure ZnO (S1), that was very close to fluorescence data
(fluorescence intensity). The higher photocatalytic efficiency of the ZnO:MoO3 (S5) nanostructures can
be accounted for by decreasing Eg values compared to pure ZnO, a fact confirmed by other authors in
differently doped ZnO-based systems [31,32]. Moreover, the increase in photocatalytic activity with the
content of MoO3 may be due to the formation of MoO3/ZnO heterojunctions, as reported by Hirotaka
et al. [33] for a similar system (TiO2/MoO3).
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To estimate quantitatively the kinetics of RhB dye degradation, we used a pseudo-first order
model expressed by the following equation: ln(C0/C) = kt, (where, C0 and C are the concentrations of
dye in the solution at time 0 and t, respectively, and k is the pseudo-first-order rate constant). From the
linear plots of ln(C/C0) versus the irradiation time (see Figure 11d), having a good correlation with the
pseudo-first order reaction kinetics (R2 > 0.99), the values of the reaction rate constants were calculated
and were found to be: k1 = 0.0480 h−1 (ZnO) and k2 = 0.1072 h−1 (ZnO:MoO3 (S5)), respectively.
Likewise, these results show that after doping with 3.26% molar ratio Mo/Zn, the value of the reaction
rate constant increases significantly, doubling its value (k2 = 2 × k1), as compared to that obtained
for pure ZnO. The efficiency of photocatalytic degradation is found to be better in the presence of the
MoO3-incorporated ZnO nanostructures than those of pure ZnO and/or MoO3 nanostructures [17],
due to the reduction in band gap energy. The presence of structural defects due to the oxygen
vacancies (VO), Zn-vacancy (VZn), oxygen interstitial (Oi), Zn-interstitial (Zni) and the extrinsic
impurities, which have been confirmed by photoluminescence measurements, also leads to an increase
of photocatalytic efficiency for ZnO:MoO3 (S5) sample. Similar behavior has been also reported by other
authors for the Ce, Gd doped ZnO nanostructures [34–36]. In addition, the photocatalytic efficiency
may also be due to the microstructural defects that arise in the nanostructures after doping/loading
with other materials. Table 4 presents the main works on Mo-doped ZnO materials present in the
literature regarding photocatalytic activity for the degradation of different dyes. These are compared to
the materials (ZnO:MoO3) presented in this work. According to the data listed in Table 4 [14,27,36,37],
ZnO:MoO3 (with 3.26% molar ratio Mo/Zn into ZnO matrix) showed a good value of the reaction rate
constants (k = 0.1072 h−1 or 0.0018 min−1) related to other studies for similar materials. However,
the advantages of these materials are degradation of dyes in visible light of low intensity, the use of a
reasonable amount of catalyst (0.5 g/L), and testing the material in soft conditions without acidification
of solutions, in the absence of H2O2, and degradation of dyes at room temperature, usually used to
boost the photochemical reactions.

Table 4. Comparison of photocatalytic activities of ZnO:Mo materials.

Photocatalyst
Type

Type and
Concentration

of Dyes

Amount
Photocatalyst

(g/mL)

Light
Source

Reaction Rate
Constant
k (min−1)

Ref.

ZnO@h-MoO3 Methylene Blue 0.5 Vis - [14]
ZnO:Mo (2%) Orange II 0.05/80 UV 0.0032 [27]

ZnO:Mo (0.6%) Direct Yellow 27 1/1000 Vis (500 W) 0.0007 [36]
Acid Blue 129 1/1000 0.00085

MoO3/ZnO Methylene Blue - UV 0.00138 [37]

ZnO:MoO3 Rhodamine B 0.005/10 Vis (100 W) 0.0018 This
work

4. Conclusions

Pure ZnO, MoO3 and MoO3-incorporated ZnO nanostructures were prepared by electrospinning
and calcination at 500 ◦C for 2 h. The XRD diffractograms confirmed the hexagonal wurtzite-type
structure for pure ZnO, the orthorhombic crystalline structure obtained for MoO3, and a combination
of these structures for the ZnO:MoO3 (S5) composite nanostructure. The optical properties of the
prepared MoO3-incorporated ZnO samples were studied using UV–vis absorption spectroscopy,
and steady-state/time-resolved fluorescence spectroscopy. The absorption and emission bands are
blue-shifted as MoO3 concentrations increase. The fluorescence lifetime decay analysis exhibits
a bi-exponential equation, indicating the existence of the energy transfer processes, and the
values of the average emission lifetime decrease with increasing MoO3 concentration. Moreover,
the excited-state dynamics of S3 and S5 were characterized by nanosecond transient absorption
spectroscopy. The photocatalytic activity of the pure/MoO3-incorporated ZnO nanostructures obtained
was tested for the use in photocatalytic degradation of the aqueous rhodamine B dye solution under
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visible light irradiation. The values of the reaction rate constant obtained for ZnO:MoO3 sample (S5)
was higher as compared to that of pure ZnO (S1) and depends on the MoO3 concentration (upon
the incorporation of 3.26% molar ratio Mo/Zn into ZnO matrix, the value of reaction rate constant
doubled). The present contribution is the first report on synthesis of these materials by electrospinning
followed by calcination as well as study of photocatalytic activity under visible light for rhodamine B
dye degradation.
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Abstract: In the present work, the use of nanocomposite polymeric filaments based on 100% recycled
solid polystyrene everyday products, enriched with TiO2 nanoparticles with mass concentrations up to
40% w/w, and the production of 3D photocatalytic structures using a typical fused deposition modeling
(FDM)-type 3D printer are reported. We provide evidence that the fabricated 3D structures offer
promising photocatalytic properties, indicating that the proposed technique is indeed a novel low-cost
alternative route for fabricating large-scale photocatalysts, suitable for practical real-life applications.
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1. Introduction

For many years, human activities have polluted the environment in many ways; several organic
residuals originating from highly toxic pollutants such as pharmaceuticals can be found in water,
comprising a critical health and environmental issue [1–3]. In many cases, unused, expired and
residual pharmaceuticals are discharged into the sewerage system, burdening the aquifer. Moreover,
these compounds can also be discharged into the environment through the metabolism of human
bodies [4–8]. As a result, pharmaceuticals have been found in sewage, surface and ground water in
many countries [6,8,9].

The most common methods used to overcome this problem include the return of medicines
to pharmacies and not throwing expired medicinal products in the sewer, as well as biological
degradation, chlorination or ozonation, but these are not efficient enough to remove these compounds
from the treated water [10–12]. These drugs residues must be eliminated using an oxidation method,
and advanced heterogeneous photocatalysis seems to be one of the most promising approaches, since it
implies the use of an inert catalyst, non-hazardous oxidants and ultraviolet (UV) and/or visible light
input [13–25].

Heterogeneous photocatalysis using TiO2 is a method generating free radical •OH using
atmospheric air instead of O3 or H2O2, significantly reducing processing costs. The process takes
place at ambient conditions and leads to the complete decomposition of both liquid and gaseous
pollutants [26,27]. The greatest advantage of this method is that an environmentally friendly catalyst
which is widely available, inexpensive, non-toxic, and photo-stable with respect to other photocatalysts
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is readily available and readily regenerable for the purpose of reuse, maintaining equally high
performance for a large number of catalytic cycles [13–17,26]. Several studies have shown that
titanium dioxide (TiO2) is the most potent semiconductor for the oxidative destruction of organic
compounds. TiO2 has, in addition to its large photocatalytic activity, greater resistance to corrosion
and photo-corrosion, resulting in the possibility of recycling [28].

The disadvantage of photocatalysis when the semiconductor is used in the form of a powder is
the need to remove it after the end of the treatment [29,30]. For this reason, international efforts are
focused on photocatalytic systems, where the catalyst is used in the form of a film on inert substrates to
eliminate the stage of powder removal [31–35]. Over and above that, photocatalytic efficiency increases
with effective surface area, and consequently a nanostructured photocatalyst is beneficial. However,
solid catalysts’ samples, such as thin films or nanostructured ones, in most cases cannot exceed an
overall size of a few centimeters, due to the limitation of the fabrication techniques, limiting their
potential use in real-life applications.

In the last few years, 3D printing technology become of great interest in several fields of research,
such as medicine, chemistry and materials science, as an effective, fancy, quick and low-cost route for
the production of 3D large-size samples [36–40]. The most common technique is fused deposition
modeling (FDM) in which polymers are the usual materials used as filaments. It should be noted
that although there are several reports on 3D structures for novel environmental applications [41–43],
there are only a few in which custom-made filaments (with nanoparticles of inorganic materials
into a polymeric matrix) are used in combination with FDM technology, i.e., in [44,45], and none for
drug-residuals’ removal by photocatalysis.

This work discusses an investigation of the photocatalytic degradation of paracetamol (also known
as acetaminophen, APAP), a medicine available in a huge number of countries worldwide, used to
treat pain and fever, using 3D-printed photocatalysts enriched with 20% w/w nanostructured TiO2. It is
worth mentioning that the polymeric filaments used to produce these 3D-printed photocatalysts are
based on 100% recycled solid polystyrene (PS) everyday products, such as containers, lids, CD cases
etc., following an eco-friendly environmental approach. APAP was chosen for this study due to its high
occurrence as a pharmaceutical pollutant in environment. As shown in many studies, it was found
worldwide in almost all kinds of water source as well in the soil [46]. APAP is reported to be one of the
most frequently detected pharmaceuticals in sewage treatment plant effluents [47]. The increasing
concentrations of APAP together with other emerging contaminants result in the occurrence of toxic
phenomena in non-target species present in receiving aquatic environments. An excellent review
regarding the toxic effects of environmental APAP is presented in Ref. [48].

The present experimental results provided strong evidence that the proposed fully recycled 3D
printed photocatalysts are good candidates against the degradation of APAP drug residues, reaching an
efficiency of almost 75% of a 100 ppm APAP aqueous solution under UV irradiation for 20 min,
and ~60% after three cycles of reuse in 200 ppm APAP aqueous solutions, respectively.

2. Experimental Details

2.1. Synthesis of the Metal Oxide Polymeric Nanocomposites

First, several everyday PS products, such as containers, lids, CD cases etc. were ground using an
IKA A11 Basic Analytical Mill (IKA-Werke GmbH and Co. KG, Staufen, Germany) equipped with a
high-grade stainless-steel beater, coated with chromium carbide. Recycled grinded PS powder/beads
of ~0.2 mm diameter were dissolved in toluene (Merck KGaA, Darmstadt, Germany) (in a sealed bottle,
under continuous stirring for 2 h) to create a 20% w/w solution. The resultant solution was stirred for
24 h at room temperature using a magnetic stirrer to yield a homogeneous, milky solution.

Subsequently, 2 g and 4 g of commercially available TiO2 nanoparticles (TiO2 P25 with a mean
particle size of ~25 nm, obtained from Evonic Industries AG, Essen, Germany) were introduced in
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10 mL of the PS/toluene solution mentioned above under stirring at 40 ◦C for 30 min, in order to obtain
the TiO2 homogeneous suspensions with 20% w/w and 40% w/w concentration in PS, respectively.

Each of the TiO2 homogeneous suspensions was transferred to 200 mL of ethanol (95% purity;
Merck KGaA, Darmstadt, Germany), to form a dense precipitate, which consisted of the PS and the
suspended metal oxide nanoparticles. After formation, the precipitate was collected and dried at 60 ◦C
for 24 h using a typical laboratory oven (Memmert UNP 500 Memmert GmbH + Co., Schwabach,
Germany). Using the procedure above, 20 g of 20% w/w TiO2/PS, and 20 g 40% w/w TiO2/PS solid
nanocomposite solutions were produced, respectively.

2.2. Filament Production

The produced TiO2/PS solid nanocomposite solutions were cut in ~2–3 mm2 pieces, and forwarded
to a “Noztek Pro” (Noztek, Shoreham, West Sussex, UK) high temperature extruder, and processed
at 240 ◦C, in order to transform them to a cylindrical filament with a diameter of 1.75 ± 0.15 mm,
suitable for 3D-printing. All extrusion parameters, such as extrusion velocity and temperature,
were optimized towards the production of a uniform continuous cylindrical cord, with an overall
length of ~5 m.

2.3. Production of 3D-Printed Photocatalytic Structures

Flat, rectangular-shaped (10 mm× 10 mm× 1 mm) 3D structures were designed using “Tinkercad”,
a free online 3D design and 3D printing software from Autodesk Inc (Mill Valley, CA, USA).
A dual-extrusion FDM-type 3D printer (Makerbot Replicator 2X; MakerBot Industries, Brooklyn,
NY, USA) was used for the direct fabrication of TiO2/PS nanocomposite photocatalytic samples,
using the PS/TiO2 nanocomposite filaments described above. The FDM process of building a solid
object involves heating of the fed filament and pushing it out layer-by-layer through a heated (240 ◦C)
nozzle (0.4 mm inner diameter) onto a heated surface (80 ◦C), via a computer controlled three-axis
positioning system (with a spatial resolution of approximately 100 μm in the z-axis and 11 μm in x
and y).

2.4. Characterization and Photocatalytic Experiments

X-ray diffraction (XRD) measurements were performed in order to determine the crystalline
structure of the 3D-printed samples, using a Rigaku RINT 2000 (Rigaku, Tokyo, Japan) diffractometer
with Cu Kα (λ = 1.5406Å) X-rays for 2θ = 20.00–60.00◦ for TiO2/PS nanocomposite-based samples and
a step time 60◦/sec.

Furthermore, Raman spectroscopy measurements were performed at room temperature
using a Horiba LabRAM HR Evolution (HORIBA FRANCE SAS, Longjumeau, France) confocal
micro-spectrometer, in backscattering geometry (180◦), equipped with an air-cooled solid-state laser
operating at 532 nm with 100 mW output power. The laser beam was focused on the samples using
a 10× Olympus (OLYMPUS corporation, Tokyo, Japan) microscope objective (numerical aperture of
0.25), providing ~14 mW power on each sample. Raman spectra over the 100–700 cm−1 wavenumber
range (with an exposure time of 5 s and 3 accumulations) were collected by a Peltier cooled CCD
(1024 × 256 pixels) detector (HORIBA FRANCE SAS, Longjumeau, France) at −60 ◦C, with a resolution
better than 1 cm−1, achieved thanks to an 1800 grooves/mm grating and an 800 mm focal length.
Test measurements carried out using different optical configuration, exposure time, beam power and
accumulations in order to obtain sufficiently informative spectra using a confocal hole of 100 μm,
but ensuring to avoid alteration of the sample, while the high spatial resolution allowed us to
carefully verify the sample homogeneity. The wavelength scale was calibrated using a Silicon standard
(520.7 cm−1) (Silchem Handelsgesellschaft mbH, Freiberg, Germany) and the acquired spectra were
compared with scientific published data and reference databases, such as Horiba LabSpec 6 (HORIBA
FRANCE SAS, Longjumeau, France).
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The photocatalytic activity of the 3D-printed samples was studied by means of the reduction of
APAP in aqueous solution, which is a well-known pharmaceutical product that has been used as a
model organic to probe the photocatalytic performance of photocatalysts [4,5,7,8]. The investigated
samples were placed in a vertical custom-made quartz cell, and the whole setup (cell + solution +
sample) was illuminated up to 60 min using an HPK 125 W Philips UV lamp centered at 365 nm
(msscientific Chromatographie-Handel GmbH, Berlin, Germany) with a light intensity of ~6.0 mW/cm2.
The concentration of APAP (degradation) was monitored by UV-Vis spectroscopy in absorption mode
(absorption at λmax, 665 nm), using a K-MAC SV2100 (K-MAC, Daejeon, Korea) spectrophotometer
over the wavelength range of 220–800 nm. In such way, UV-Vis absorption data were collected at 0,
10, 20, 30 and 40 min, while the quantification of the APAP removal (and hence the remaining APAP
concentration) was estimated by calculation of the area below the main APAP peak in the range of
220–320 nm. Additional blank experiments (photolysis) without a catalyst were also performed as well
as APAP adsorption experiments in the dark.

3. Results and Discussion

In order to verify the nominal TiO2 loading in PS filaments and 3D-printed nanocomposites,
a type of thermogravimetric method was used. A small piece of each sample on a quartz substrate,
was weighted and was heated at ~900 ◦C in order to burn all organics and polymeric residuals,
then weighed again. Since TiO2 is not affected at all at such temperatures, the remaining mass was the
TiO2 loading. This way we checked that the nominal TiO2 % w/w loadings were indeed 20% and 40%
w/w ± 0.5–1.0%.

Figure 1 depicts a typical optical microscopy photograph of a 3D printed sample (40% w/w
TiO2/PS), as fabricated following the FDM process mentioned above.

Figure 1. Typical photograph of a 3D-printed nanocomposite photocatalytic sample with 40% w/w TiO2

in polystyrene (PS).

As one can notice from Figure 1, rough structures were printed instead of smooth ones,
while printing directions were also observed. In our case, the nanoparticle loading (40% w/w,
shown in Figure 1) in the custom-made filaments, most likely led to low-resolution/low-quality
3D printing. It hence became clear that further investigation was needed in order to improve the
printing quality.
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Figure 2 presents typical XRD patterns for PS/TiO2 3D printed structures. Well-distinguished
diffraction peaks are observed. These correspond to both anatase and rutile phase, in good agreement
with the JCPDS card (No. 84–1286) and JCPDS card (No. 88–1175), a crystal structure of anatase and
rutile, respectively [49,50] normal for P25 Degussa TiO2 that is a mix of the two phases.

Figure 2. Typical X-ray diffraction (XRD) patterns for PS/TiO2 3D-printed nanocomposite structures.

Figure 3 shows a typical Raman spectrum of the PS/TiO2 3D printed structures, which exhibit
characteristic TiO2 phonon frequencies, such as: 143 cm−1 (Eg), 396 cm−1 (B1g), 516 cm−1 (A1g) for
anatase, and 245 cm−1 (two-phonon scattering) and 610 cm−1 (A1g) for rutile, matching (± 3 cm−1) with
literature [51–53].

Figure 3. Typical Raman spectra for PS/TiO2 3D-printed nanocomposite structures.

The photocatalytic activity of the 3D-printed nanocomposites under UV-A light was evaluated
by assessing the reduction of APAP in aqueous solution. The photolytic removal (photolysis) of
the pharmaceutical product (in the absence of any photocatalyst) was negligible, underlining the
indispensability of the catalysts. Furthermore, to eliminate the possibility of APAP removal by
adsorption on the catalysts, the samples were placed at the bottom of the reactor under dark conditions
and in contact with the APAP for 30 min, during which time equilibrium of adsorption-desorption was
reached. In all cases, removal was insignificant (less than 3%), pointing to the fact that the reduction of
the APAP should be attributed to a pure photocatalytic procedure.
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The decrease of the concentration of APAP (20 ppm) using both 20% w/w and 40% w/w 3D-printed
TiO2/PS nanocomposite samples under UV-A light irradiation is presented in Figure 4. For comparison
reasons, the photolysis curve (no catalyst present) is also displayed. According to the photolysis (black
curve in Figure 4), the concentration of APAP remained almost constant during ~40 min irradiation,
indicating that the photolysis of APAP was almost negligible.

Figure 4. Percentage (%) acetaminophen (APAP) degradation using 20% w/w and 40% w/w [red solid
rhombuses and green solid circles] TiO2-based 3D-printed nanocomposites under ultraviolet (UV-A)
irradiation, vs. irradiation time, respectively. For comparison reasons, the photolysis curve (black solid
squares) is also presented. In the inset one can see the apparent rate constants (k) of APAP degradation
using 20% w/w and 40% w/w 3D printed TiO2/PS nanocomposite photocatalysts.

As shown in Figure 4, the 40% w/w 3D-printed TiO2/PS nanocomposite photocatalysts were
highly effective regarding the reduction of APAP compared to the 20% w/w 3D printed TiO2/PS
nanocomposite ones, due to the highly oxidative radicals generated on the TiO2 at the surfaces under
UV-A irradiation [51].

As already stated, (and shown in the inset of Figure 4), the photodegradation of APAP using
the 3D-printed TiO2/PS nanocomposite samples followed a first-order kinetics. The calculated
apparent rate constants were 0.026 min−1 and 0.028 min−1 for 20% w/w and 40% w/w 3D-printed
TiO2/PS nanocomposite samples, respectively. One can notice that the 40% w/w 3D-printed TiO2/PS
nanocomposite samples are more photocatalytically active than the 20% w/w ones, regarding the
degradation of APAP, reaching an almost 30% reduction of APAP’s concentration after 10 min
of irradiation.

In principle, when a semiconductor is exposed to electromagnetic radiation of an appropriate
wavelength, excitation occurs and electrons (eCB-) are transferred from the valence band to the
conduction band of the material, leaving behind positively charged holes (hVB+). The photogenerated
holes react with OH− or H2O adsorbed on the surface of the catalyst, and hydroxyl radicals that are
mainly responsible for the degradation of the target pollutant are created. It is therefore expected
that a high recombination rate of photogenerated holes and electrons will be disadvantageous for the
performance of the photocatalyst.

Nevertheless, an efficient electron and hole transfer between TiO2 depends on the difference
between the conduction and valence band potentials of the semiconductor, that should be suitably
positioned [54,55]. Concentration of catalysts in the 40% w/w 3D-printed TiO2/PS nanocomposite is
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double that in the 20% w/w 3D-printed TiO2/PS nanocomposite samples thus allowing charge separation
and increasing the efficiency of the photocatalytic reaction.

In addition, the apparent rate constant (k) has been calculated as the basic kinetic parameter for
the comparison of photocatalytic activities, which was fitted by the equation ln(Ct/C0) = −kt, where k is
apparent rate constant, Ct is the concentration of APAP, and C0 is the initial concentration of APAP.
It should be noted that the adjusted R-square statistic varies from 0.91499 to 0.94334 indicating that the
model used for the determination of the apparent rate constant (k) is adequate. The good linear fit of
equation ln(Ct/C,0) = −kt shown in the inset of Figure 4, confirms that the photodegradation for all
different concentrations of APAP using 3D printed TiO2/PS nanocomposite photocatalysts at 20% and
40% w/w, follows first-order kinetics.

It is worth mentioning that the photocatalytic activity tests were carried out at least three times
on the 3D-printed TiO2/PS nanocomposite samples to examine their stability under UV illumination,
demonstrating no changes in the photocatalytic activity after three runs. Moreover, at least three
structures with the same TiO2 load have been produced and tested, in order to check the reproducibility
of the structure manufacturing.

Furthermore, the photocatalytic activity of 40% w/w 3D-printed TiO2/PS nanocomposite was
checked in APAP aqueous solutions with different concentrations (from 20 ppm to 200 ppm). As can be
observed from Figure 5a, when the concentration of APAP increases, more irradiation time is needed
for its degradation. Although this is expected, it is worth mentioning that for a 100 ppm APAP solution,
20 min of irradiation are enough to reduce it at ~75%, while for 200 ppm APAP solution, 40 min are
enough in order to reduce it by the same amount.

Figure 5. (a) % APAP degradation using 40% w/w 3D-printed TiO2/PS nanocomposites under UV-A
irradiation, vs. irradiation time. Three different concentrations of APAP are presented; 20 ppm, 100 ppm
and 200 ppm (red solid circles, green solid triangles and blue solid stars, respectively). (b) The apparent
rate constants (k) of APAP degradation (20 ppm, 100 ppm, and 200 ppm, respectively), using 40% w/w
3D printed TiO2/PS nanocomposite photocatalysts.

Figure 5b confirms that the photodegradation of APAP using 3D printed TiO2/PS nanocomposite
samples follow the first-order kinetics. The constant k as was calculated (as described above) to be
0.008 min−1, 0.013 min−1 and 0.028 min−1 for 200 ppm, 100 ppm and 20 ppm of APAP, respectively.

To verify the use of the 3D-printed TiO2/PS nanocomposite photocatalysts for practical
environmental applications, each sample was recovered, and their efficiency tested for at least
three runs. Figure 6 depicts the re-use of one of the 40% w/w 3D-printed TiO2/PS nanocomposite for
three runs, against the degradation of 100 ppm APAP aqueous solution.

As one can see from Figure 6, the 3D-printed TiO2/PS nanocomposite photocatalysts can be
successfully used at least 3 times for the photodegradation of APAP, reaching an efficiency of ~60% at
the end of the 3rd run.
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Figure 6. % APAP (100 ppm) degradation using a 40% w/w TiO2/PS 3D-printed nanocomposite sample
under UV-A irradiation, for 3 runs of 30 min irradiation each.

4. Summary and Conclusions

This work provides a novel experimental study concerning the successful use of TiO2/PS
nanocomposite polymeric filaments based on 100% recycled solid polystyrene everyday products,
enriched with TiO2 nanoparticles with mass concentrations up to 40%w/w, for the production of
3D photocatalytic structures/devices using a typical FDM-type 3D printer. The 3D-printed TiO2/PS
nanocomposites were successfully used as photocatalysts for the APAP degradation. It should be noted
that this is the first report of 3D-printed photocatalytic devices made of fully recycled raw materials,
and with a TiO2 loading as high as high as 40% w/w.

The 3D-printed TiO2/PS nanocomposite samples provide promising photocatalytic properties,
reaching an efficiency of almost 60% after three cycles of reuse in 200 ppm of APAP aqueous solution
under UV-A irradiation, offering a novel low-cost alternate way for fabricating large-scale photocatalysts,
suitable for practical applications.
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Abstract: Zinc telluride thin films with different thicknesses were grown onto glass substrates
by the rf magnetron sputtering technique, using time as a variable growth parameter. All other
deposition process parameters were kept constant. The deposited thin films with thickness from 75
to 460 nm were characterized using X-ray diffraction, electron microscopy, atomic force microscopy,
ellipsometry, and UV-Vis spectroscopy, to evaluate their structures, surface morphology, topology,
and optical properties. It was found out that the deposition time increase leads to a larger growth rate.
This determines significant changes on the ZnTe thin film structures and their surface morphology.
Characteristic surface metrology parameter values varied, and the surface texture evolved with the
thickness increase. Optical bandgap energy values slightly decreased as the thickness increased,
while the mean grains radius remained almost constant at ~9 nm, and the surface to volume ratio
of the films decreased by two orders of magnitude. This study is the first (to our knowledge)
that thoroughly considered the correlation of film thickness with ZnTe structuring and surface
morphology characteristic parameters. It adds value to the existing knowledge regarding ZnTe
thin film fabrication, for various applications in electronic and optoelectronic devices, including
photovoltaics.

Keywords: ZnTe; thin films; rf-magneton sputtering; AFM; surface metrology; thickness effect

1. Introduction

There is a need for new nanostructured materials with enhanced properties, due
to the development of new systems and materials that use nanotechnologies. Due to
characteristics obtained at the time of the deposition process such as: low resistivity, high
transparency in the visible spectrum, etc. [1–4], thin layers of zinc telluride (ZnTe) are
used in various modern technologies, which are implemented in various micro- and nano-
structured devices, such as light emitting diodes, solar cells, photodetectors, etc. [1–18].
Although it is a popular material, there are few publications and studies regarding its
material engineering. ZnTe is a sensitive material in the green spectral region, with a
bandgap of 2.26 eV and a low electronic affinity of 3.53 eV; it can be used as a p-type
buffer material in hetero-junction solar cells based on CdTe [10–13,18]. It can be used as
back contact material to CdTe-based solar cells [14] in a multilayer device. It is a precious
material from an ecological point of view; it can be used as a replacement for the CdS
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window layer [15]; the “condition” is that the conductivity is n-type. For the deposition of
thin layers [16–20], more physical and chemical growth paths are known, such as molecular
beam epitaxy (MBE) [21], chemical bath deposition (CBD), electron-beam evaporation,
thermal evaporation, magnetron sputtering [12], and electrodeposition [19–22]. The ZnTe
thin layer properties depend directly on the deposition method, deposition conditions, and
the growth direction imposed by the substrate when the substrate is crystalline [5–8,23]. Some
studies have established the ideal deposition conditions for various deposition methods,
to obtain ZnTe layers with the necessary physical properties, a well-defined morphology,
and crystal structure, but there is no systematic reproducible technology available for
high performance ZnTe coating fabrications [2–9,24,25]. In this context, studies regarding
correlation for growth conditions/parameters with ZnTe structuring and morphology, in
correlation with their physical properties, are still very important.

ZnTe thin films presented in this scientific report were prepared by rf magnetron
sputtering, varying the deposition time that was related to the deposition rate, and finally
determining the film thickness. Depending on the selected conditions, we sought to obtain
an intermediate layer for the formation of junctions and the facilitation of electric charge
transfer, which can be used directly in multilayer solar cells. In order to understand the
ZnTe film structuring during growth, the investigation was centered on structure and
surface morphology evolution, and the surface characteristic parameters correlation with
material optical properties, and how it changed depending on the deposition parameters.
For this scope, the following characterization methods were used: scanning electron
microscopy (SEM), X-ray diffraction (XRD), atomic force microscopy (AFM), ellipsometry
(spectroelipsometer-SE), and UV-Vis absorption spectroscopy. SEM was used for films
thickness evaluation in the cross section while XRD was used to verify material crystallinity.
AFM in non-contact mode was used to characterize the surface morphology and topology.
A WVASE spectroelipsometer with variable incidence angles (60◦, 65◦, and 70◦) was used
for optical characterization. Optical models were generated by WVASE32 software; the
parameters n (refractive index), k (extinction coefficient), and roughness were measured by
mounting the ellipsometer parameters Psi (Ψ) and delta (Δ).

2. Experimental Procedures

2.1. Fabrication Technique

Magnetron sputtering is an easy-to-use deposition method. Due to the simplicity and
easy handling of the installation, it allows good control of the deposition parameters. These
parameters are enclosure pressure, substrate target distance, substrate temperature, applied
power in the deposition process, deposition time, etc. ZnTe thin films were grown onto BK7
optical glass substrates (Heinz Herenz, Hamburg, DE6, Germany). Prior to any deposition
process, the substrates were cleaned in acetone (Chim Reactiv S.R.L., Bucharest, BUC, Romania)
and isopropyl alcohol (Chim Reactiv S.R.L., Bucharest, BUC, Romania) for 15 min, for each
procedure, and then were rinsed in deionized water dried under nitrogen flow.

For all fabricated samples, the substrate-target distance, working pressure, substrate
temperature, and applied power were maintained constant at 10 cm, 0.86 Pa, 250 ◦C, and
100 W, respectively, and the deposition time varied at 5, 10, 15, and 20 min. For ease of
discussion, in the whole manuscript, the samples were denoted ZnTe1 (5 min), ZnTe2
(10 min), ZnTe3 (15 min), and ZnTe4 (20 min).

2.2. Characterization Methods

In order to characterize the obtained thin layers, various characterization techniques
were involved. The characterization techniques used were SEM, AFM, UV-Vis, SE, and XRD.

2.2.1. Morphological and Structural Characterization

SEM was used to study the film cross sections and to estimate their thickness. While
AFM was used for detailed characterization of film surfaces.
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2.2.2. SEM Characterization

The SEM cross-section micrographs were obtained in high vacuum by using a Tescan
Vega XMU-II electron microscope (Brno-Kohoutovice, B, Czech Republic) operating at
30 kV with a detector for secondary electrons.

2.2.3. AFM Characterization

The morphology of the surface was analyzed by AFM topography measurements
using a XE100 AFM, from Park Systems (Suwon, Republic of Korea). The measurements
were carried out in a noncontact mode, using silicon cantilevers (PPP-NCHR, Nanosensors,
Neuchatel, Switzerland). The surface was scanned into various areas of the films with sizes
of 5 μm × 5 μm and 2 μm × 2 μm. The surface roughness characteristic parameters were
estimated using the AFM software while the surface topology specific parameters and
texturing were evaluated by using Gwyddion version 2.49 (2017) open access specialized
SPM software [26].

2.2.4. X-ray Diffraction

The structural features of fabricated ZnTe films were investigated by XRD, using a
Bruker D8 Discover diffractometer from Brucker (Bruker Nano GmbH Am Studio 2D,
12489 Berlin, Germany) using CuKα = 1.54 Å radiation in Bragg–Brentano theta–theta
geometry. The scattered X-ray photons from samples were recorded in the 2θ range of
20–70◦ with a scanning rate of 0.04◦/s at room temperature.

2.2.5. Optical Characterization
Spectrophotometry (UV-Vis)

The optical properties of thin films depend on the structure, composition, and physical
and chemical properties of the material. Using UV-Vis optical spectroscopy, informa-
tion about the structure of energy levels and bands and photoconduction mechanisms
can be obtained. UV-Vis optical spectroscopy transmission measurements were performed
in the wavelength ranges of 300–1500 nm, at room temperature, using a Lambda 750
spectrophotometer from Perkin Elmer (Norwalk, CT, USA).

Ellipsometry

One of the widely used characterization methods was ellipsometry. For the optical
characterization of ZnTe samples, a Spectro-ellipsometer WVASE, (Lincoln, NE, USA) was
used, with variable angels of incidence (60◦, 65◦, and 70◦), for optical characterization,
having high accuracy and precision with a wide spectral range of 250–1700 nm. Optical
models were generated by WVASE32 software; n, k parameters, and roughness were
measured by fitting the Psi (Ψ) and delta (Δ) parameters.

3. Results and Discussions

3.1. SEM Microscopy Analysis—Film Thickness Evaluation

All samples were characterized by SEM microscopy as described above. The SEM
analysis shows the effect of the deposition parameters on the material structuring. For
example, Figure 1 presents representative images of layers grown under similar conditions,
except for the variation of the deposition time. One can see from the SEM characterization
how the structuring evolves when the deposition time changes. The ZnTe layers are
compact with a relatively constant thickness. Some large asperities can be observed on
the thinner film surface. As the film grows, the surface becomes cleaner and the layers
seem to become more compact. Using the SEM analyses options, the local thickness of
the ZnTe layers deposited by rf magnetron sputtering vas estimated. To evaluate film
thicknesses, a mean value was calculated using local values, measured as shown in the
examples presented in Figure 1, in different locations along the substrate lengths. Mean
thickness values (calculated as the arithmetic average of various local thickness measured
along the cross sections of each film) were estimated to be ZnTe1 (5 min) 75 nm, ZnTe2
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(10 min) 154 nm, ZnTe3 (15 min) 251 nm, and ZnTe4 (20 min) 461 nm, respectively, with an
error bar of ± 10% for each value.

ZnTe1 (5’) ZnTe2 (10’) 

  
ZnTe3 (15’) ZnTe4 (20’) 

Figure 1. Examples of SEM images of cross sections of the fabricated ZnTe thin films (a local thickness estimation for each
kind of film—the difference from the average values is due to local variations and it is in the errors limits).

It was noticed that, with the increase of the deposition time, the thickness of the
thin layers also changed. It can be observed that the growth rate slightly increased from
15 nm/min for 5 min growth time; 15.4 nm/min for 10 min; 16.3 nm/min 15 min and
becomes 23 nm/min for the thickest film. The increase of the growth rate in time can be
attributed to the evolution of the growth mechanism of the films onto the substrate. In
the early stage of nucleation, an island growth mechanism is present. This growth can be
noticed when the adherence between the atom to atom is greater than the bonding between
the substrate and the adatoms; it was observed on the thinnest films where the film was
rough, island-like structured, and the thickness had larger variations across the substrate.
At longer deposition times, the adatoms begin to accumulate; migration took place and
the ZnTe layers with enhanced crystallinity were formed, as can be seen in Figure 1, and
confirmed further by XRD analysis (see Section 3.2. Structural Characterization, X-ray
Diffraction).
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3.2. Structural Characterization, X-ray Diffraction

X-ray diffraction patterns were recorded and diffractograms for the samples were
obtained at different deposition times: 5, 10, 15, and 20 min, labeled as ZnTe-5 min,
ZnTe-10 min, ZnTe-15 min, and ZnTe-20 min, are presented in Figure 2. Diffraction
features located at 25.24◦, 42.34◦, and 49.59◦ can be assigned unambiguously to (111),
(220), and (311) reflections of the cubic ZnTe phase, according to the JCPDS database, card
no. 01-0582. Therefore, ZnTe thicker films are polycrystalline with the respective zinc-
blende structures. It can be observed that features are amorphous bands at 5 and 10 min,
and evolve to diffraction peaks at 15 and 20 min. We should note that, at these stages, the
chemical reaction of Zn with Te was complete, even if the crystal quality was poor—no
Zn metallic phase or shift on the peak position can be observed. The evolution of the
crystallinity at different stages of growth suggests the existence of a relationship between
the crystal quality and the layer thickness, as a result of different deposition times. An
increase of the crystallite size with the thickness for ZnTe films was also reported by
Aboraia et al. [23], where films of different thicknesses were obtained by plasma immersion
O− ion implantation. The Scherrer equation was used so we could get a quantitative idea
about the crystal quality. This equation relates the peak broadening by the crystal quality
in the following way [24]:

τ =
kλ

βcosθ
(1)

where k is the shape factor taken as 0.9, taking into account the spherical form of the
grains, as shown in AFM images, λ = 0.154 nm is the wavelength of the X-rays and θ
is the angular position. In the case of deposition times of 5 and 10 min, the diffraction
features are amorphous and the Scherrer equation becomes inapplicable, at higher times
(e.g., 15 and 20 min), the peak broadening on ZnTe (111) is 1.63◦ and 0.89◦, respectively.
Applying Equation (1), the mean crystallite size is 5.0 and 9.1 nm. At the same time, the
position of the diffraction peaks remains unchanged, which indicates that the interplanar
distances are preserved (e.g., d111 = 0.35 nm, d220 = 0.21 nm, and d311 = 0.18 nm according
to Bragg’s law) for different deposition times. By applying the standard relation between
the interplanar distances and the lattice constant for cubic crystals [25], it was found that
the unit cell parameter is 0.61 nm. As a conclusion, the XRD findings indicate that the
different deposition times lead to different sizes for the crystalline domains for ZnTe, while
the unit cell parameter remains unchanged. This can be further ascribed to a constant
lattice strain at different stages of formation for ZnTe films.

θ

01-0582

Figure 2. X-ray diffractograms of ZnTe films with different thicknesses.
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3.3. AFM Characterization

AFM characterization of ZnTe thin films with different thicknesses show that all
films have a granular structure that evolve as thickness increases. As can be observed
from the two-dimensional (2D) 2 μm × 2 μm images presented in Figure 3, the thickness
increase led to surfaces with a much smaller z-range fact, meaning surface flattening and
smoothening. Using Gwyddion software, manual surface segmentation was performed to
evaluate medium grain parameter sizes (http://gwyddion.net/download/user-guide/
gwyddion-user-guide-en.pdf, accessed on 30 August 2021). Specific surface segmentations
for each kind of ZnTe film surface are presented in Figure 3. In the figure, the violet regions
represent water shade masking of deeper film regions where the grain segmentation
could not be clearly performed. Grain borders assigned by segmentation are shown in a
red–brownish color. The segmentation was performed to identify the largest number of
similar-sized grains present on the 2 μm × 2 μm surface scan.

 

ZnTe1 

 

 

ZnTe2 

 

 

ZnTe3 

Figure 3. Cont.
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ZnTe4 

 

Figure 3. AFM characterization of ZnTe thin films with different thicknesses.

The calculated majoritarian specific parameter size grains are presented in Table 1.
These were chosen based on statistical distributions presented in Figures 4–8. The calculus
algorithms are open source, available at http://gwyddion.net/download/user-guide/
gwyddion-user-guide-en.pdf, accessed on 30 August 2021.

Table 1. The size and specific parameters for the grains.

Sample
Mean

Surface
Area m2

Number of
Grains Used

for the Surface
Area

Estimation

Mean
Volume

m3

Number of
Grains Used
for Volume
Estimation

Grain
Boundaries

nm

Number of
Grains Used

for Grain
Boundaries
Estimation

Mean
Grain

Radius
nm

Number of
Grains

Used for
Grain

Radius
Estimation

Surface
Area/

Volume
m−1

ZnTe1 4.87E−16 6979 3.61E−26 7163 29.37 4851 9.46 5772 1.35E + 10

ZnTe2 4.42E−16 7270 2.26E−24 5773 31.36 5208 9.39 5884 1.95E + 8

ZnTe3 5.76E−16 7272 2.16E−25 7442 33.97 5283 9.95 6033 2.67E + 9

ZnTe4 4.52E−16 7337 2.39E−24 5432 31.59 5357 9.68 6210 1.89E + 8

Although the surface becomes flatter when the film thickens, it can be observed that
the majoritarian grain on the surfaces remained the same, i.e., ~9–10 nm radius size for all
of the films. The projected grain boundary values are also quite close—from 29 to 34 nm,
while surface area and grain volumes are obviously more different due to strong surface
texturing and a z-range drastic decrease. The surface-to-volume ratio is the amount of the
surface area per unit volume of an object or collection of objects; in this case, the grains
forming the film surface. It defines the relationship between the structures and functions in
processes occurring through the surface and the volume of the film/layer. For the analyzed
ZnTe thin films, the estimated surface to volume ratio was highest for the thinner film
and was the lowest for the thicker. Additionally, the minimum circumcircle radius for
each kind of grain detected on the surfaces, and the mean z-value were estimated for each
above-presented AFM image, and are presented in the Figures 4–8. Table 1 presents the
mean calculated values for the ZnTe films surface characteristic grains (specific surface area,
grain volume, grain boundaries lengths, and surface to volume ratios) that can be further
connected with the film growth mechanisms and physical properties. Based on Figures
4–8 that present the dimensional distribution of these surface characteristic parameter
values for each of the films, the proper estimation of majoritarian grains is confirmed, and
information regarding the other non-majoritarian grains (number and size ranges) present
on the samples surfaces is provided. This offers the most complete kind of characterization
regarding surface properties of the ZnTe films that one could obtain.
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ZnTe1 

ZnTe2 

 
ZnTe3 

 
ZnTe4 

Figure 4. Minimum circumcircle radius value statistic variations onto surfaces of ZnTe1,2,3,4 thin
films, presented in AFM images.
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ZnTe1 

ZnTe2 

 
ZnTe3 

 
ZnTe4 

Figure 5. Mean value statistic variation onto surfaces of ZnTe1,2,3,4 thin films.
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ZnTe1 

ZnTe2 

 
ZnTe3 

 
ZnTe4 

Figure 6. Surface area statistic variation of ZnTe1,2,3,4 thin films.
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ZnTe1 

ZnTe2 

 
ZnTe3 

 
ZnTe4 

Figure 7. Projected boundary length statistic variation of ZnTe1,2,3,4 thin films.
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ZnTe1 

 
ZnTe2 

 
ZnTe3 

 
ZnTe4 

Figure 8. Zero basis volume statistic variation of ZnTe1,2,3,4 thin films.
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The Figures 4–8 show the dimensional distributions of each parameter value onto the
2 μm × 2 μm surface scans (Figure 4).

To better analyze the surface roughness evolution, examples of three-dimensional
(3D) AFM images of ZnTe films obtained from larger scan sizes (5 μm × 5 μm) are shown
in Figure 9. The z-range of the specific 3D representations was chosen to be equal to the
highest feature onto the surface, as a better way to observe the regularities and irregularities
of the specific surface roughening process determined by film thickening.

 
ZnTe1 

ZnTe2 

ZnTe3 

 
ZnTe4 

Figure 9. Examples of three-dimensional (3D) AFM images of ZnTe films.

It could be observed that the thicker films exhibit a waviness surface texture while the
thinnest show pure grain distribution onto the surface. The growth time effect, onto surface
structuring and morphology, is very strong. The thicker ZnTe film surfaces present valley
regions, which become relatively smoother as the thickness increases. The cliff regions
consist of spike structures that exhibit some orientation. The roughness parameters on
surface morphology were estimated by analyzing the 5 μm× 5 μm topography images of
the sample surface (Figure 9): average values, peaks, and valleys in the height direction
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Ra, average amplitude in the height direction Rq, and average characteristics in the height
direction Rsk.

The average roughness Ra involve peaks and valleys, the mean height measured in
the entire area, useful for detecting the profile height sample characteristics. Ra variation
typically signifies a change in the growth process. It can be observed that Ra decreases
as the film thickness increases. Root mean square (RMS) roughness Rq is the square root
of the standard distribution in the surface profile from the average height. Sq is more
sensitive than the average roughness Sa for large deviations from the mean plan and is
the most commonly reported measurement of surface roughness. ZnTe thin film thickness
increase leads to an Rq decrease with ~25%. Ten-point mean height roughness (Rz) is a
height parameter, the difference between the average of the five highest peaks and five
lowest valleys in the sample surface Rz [26]. Due to the change in surface morphology from
uniform granular distribution to a combination of isolated tall grains and tight packaging
of grains at increasing thickness, one can see that Rz varies randomly in our case. Rsk
values represent the degree of bias of the roughness shape (asperity). It can be observed
that the Rq and Ra decrease severely with a film thickness increase, leading to precise
determination of skewness Rsk and ten-point mean height roughness Rz, as can be seen in
the high deviations in Table 2. The decrease of all surface morphology parameters indicates
an inhomogeneity decrease. As the thickness increases, the average roughness Ra and
RMS roughness Rq surface roughness decreases, restricting charged species to be adsorbed
on the polycrystalline film. These changes may be related to the rf magnetron sputtering
deposition process, which can stimulate the migration of grain boundaries and create more
grains during the growth process. Moreover, at a high deposition rate, the supplementary
energy encourages the atoms to acquire and occupy the correct site in the crystal lattice,
such that the grains with lower surface energy will grow. These correlate well with the
XRD observations and the fact that thinner films are amorphous while the thicker become
crystalline. Further studies on intermediate growth times will be performed for a better
solving of thin film growth mechanism evolution.

Table 2. Calculated roughness parameters on surface morphology.

ZnTe1 (nm) ZnTe 2 (nm) ZnTe 3 (nm) ZnTe 4 (nm)

Rq 4.08 3.45 3.29 3.09

Grain-wise Rpv 39.54 24.07 60.49 37.95

Ra 3.30 2.77 2.46 2.32

Rsk 0.18 0.04 −1.33 −0.92

Rz 36.32 23.52 54.33 36.03
Rku 2.87 2.79 14.55 6.13

3.4. Optical Characterization
3.4.1. Ellipsometry

Ellipsometry measurements were performed onto all ZnTe samples. Using the WVASE
32 software package, the simulation of the theoretical curves was performed. The obtained
parameters were Ψ and Δ in the spectral range 250–1700 nm, scanning with a step of 2 nm.
The analysis of the samples was performed at three incidence angles (60◦, 65◦, and 70◦)
with a step of 5◦ as described in references [27–30]. A ZnTe semiconductor model was
selected according to the reference [30] for better measurement of bandwidth absorption,
which is very important for the design of solar cells [29]. These aspects demonstrate the
complexity of the thin film structures and influence of n, k parameters for many A2-B6
compounds [31–35]. As for the SE system, it was equipped with software for control and
simulation of theoretical curves using a theoretical model [28]. The optical model was
elaborated based on three layers: glass substrate, the ZnTe layer simulated using the Zinc
telluride mathematical model in the WVASE database„ adjusting the thickness to fit the
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data, and the third layer—“srough”. The zinc telluride mathematical model in the V VASE
database is a GenOsc Tauc-Lorentz model. The model is fitted to minimize the mean square
error (MSE) and reach a normal fit. Normal fit is reached by iterative approximations.
The number of required iterations differs for each of the samples. Details regarding the
simulation steps and models can be found in [27]. Film thickness and film roughness
vary due to growth conditions. The scanning of the samples (ZnTe) and the substrate
(BK7 Glass) were performed followed by the simulation of the theoretical curves with the
help of the software, as can be seen from the examples presented in Figure 10.

Figure 10. Theoretical and experimental ellipsometry data (Δ and Ψ) of ZnTe thin films at three incidence angles.
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Figure 10 presents the SE measurements and theoretical modeling at three incidence
angles (60◦, 65◦, and 70◦) in the spectral range 250–1750 nm for estimation of optical
roughness of the substrate and the ZnTe films analyzed during this study. Good qualitative
agreement was found between the SE measurements and the theoretical simulations. The
fitted SE spectra deviate significantly from the measured ones for the thinner films. These
differences may be associated with the deviations of film stoichiometry and crystallinity
in the various stages of growth from the ideal models. The differences are smaller for the
thicker films. Further studies for better correlations are ongoing.

Table 3 represents a comparative presentation of the roughness measured by SE and
RMS measured by AFM. The observed difference is generated by the different measurement
principles of SE and AFM. SE measures the effect of roughness at the atomic size. The
value of the RMS roughness is influenced from the peak to the height of the valley being
approximately twice as high as the one estimated by SE measurements.

Table 3. Surface roughness measured by SE and AFM on ZnTe samples that have different deposition times.

Sample
Type of

Substrate

Deposition
Time (min)

Roughness
Measured by

SE (nm)

RMS Roughness
AFM (nm)

Thickness
Nonuniformity

(%)

MSE

2 × 2 μm 2 5 × 5 μm 2

ZnTe1 (5’) BK7 5 0.000 4.2 4.1 38.851% 15.01

ZnTe2 (10’) BK7 10 0.608 3.1 3.5 63.064% 0.2747

ZnTe3 (15’) BK7 15 7.215 3.4 3.3 100% 7.693

ZnTe4 (20’) BK7 20 4.982 2.5 3 100% 19.55

3.4.2. Optical Spectroscopy and Bandgap

To study the optical properties of the fabricated samples, UV-Vis absorption mea-
surements were performed. The UV-Vis absorption spectra of each sample, as well as
the extrapolation used to calculate their optical bandgap using Tauc plots were obtained.
Since ZnTe is a direct bandgap semiconductor, (αhν)2 was used to calculate the bandgaps.
Representative examples of some absorption spectra and Tauc plots derived from the ZnTe
thin film analysis are presented in Figure 11.

Figure 11. Examples of UV-Vis absorption spectra and of optical bandgap energy estimation using Tauc Plots.
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Bandgap energy (Eg) values obtained for the optimized materials are presented in Table 4.

Table 4. Bandgap values.

Sample Bandgap Eg(eV)

ZnTe1 2.72

ZnTe2 2.26

ZnTe3 2.35

ZnTe4 2.19

It was observed that the increased thickness leads to a decrease of optical transmittance
in the visible region and the presence of the fringes in the NIR region of the electromag-
netic spectrum (see Figure 12). The calculated bandgap values slightly decrease with the
thickness increase.

Figure 12. UV-Vis transmission spectroscopy spectra of ZnTe thin films with different thicknesses.

4. Conclusions and Perspectives

ZnTe thin films with different thicknesses on BK7 glass substrates were grown by the
rf magnetron sputtering technique, using time as a variable growth parameter. All other
deposition process parameters were kept constant. The fabricated thin films with mean
thickness, ranging from 75 to 461 nm, were characterized using electron microscopy, X-rays
diffraction, atomic force microscopy, ellipsometry, and UV-Vis spectroscopy, to evaluate
their structures, surface morphology, topology, and optical properties. By using SEM to
measure the obtained film thickness, it was found that the deposition time increase leads
to a larger growth rate. This determines significant changes on ZnTe thin film structuring
and surface morphology. Characteristic surface metrology parameter values vary, and
surface texturing evolves with thickness increase, correlating well with XRD analysis
findings that thinner films are amorphous, and at least 10 min of growth is needed for
the crystalline material to start to form. Larger thickness films show diffraction peaks
located at 25.24◦, 42.34◦, and 49.59◦, which corresponds unambiguously to (111), (220),
and (311) reflections of the cubic ZnTe phase, according to the JCPDS database with card
no. 01-0582. For these films, the mean crystallite sizes are ~5 and ~9 nm, smaller than
the surface grain size, estimated from the AFM analysis to be ~9 nm radius, i.e., ~18 nm
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diameter. The crystallite size shows values comparable to the ZnTe exciton radius estimated
at ~6–7 nm [36], fact that opens interesting supplementary research perspective on size
quantum effects on optical properties of such ZnTe films grown onto various substrates.
Optical bandgap energy values slightly decrease as the thickness increases, while the mean
grain radius remains almost constant at ~9 nm and the surface to volume ratio per grain
decreases by two orders of magnitude. To our knowledge, this study is the first attempt
that thoroughly considers the correlation of film thickness with ZnTe structuring and
surface morphology characteristic parameters. It adds value to the existing knowledge on
ZnTe thin film fabrication and their physical properties, tailored for various applications,
including photovoltaics. There are ongoing studies regarding the correlation between
structure and surface morphology, with the observed optical properties; this will lead to
future scientific reports.
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S.I., M.P.S.; investigation, D.M., V.-A.A., S.I., A.M., R.P. and Ş.A.; resources, V.-A.A., S.I., M.P.S.;
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Abstract: We report a simple, scalable route to wafer-size processing for fabrication of tunable
nanoporous gold (NPG) by the anodization process at low constant current in a solution of hydrofluoric
acid and dimethylformamide. Microstructural, optical, and electrochemical investigations were
employed for a systematic analysis of the sample porosity evolution while increasing the anodization
duration, namely the small angle X-ray scattering (SAXS) technique and electrochemical impedance
spectroscopy (EIS). Whereas the SAXS analysis practically completes the scanning electronic
microscopy (SEM) investigations and provides data about the impact of the etching time on the
nanoporous gold layers in terms of fractal dimension and average pore surface area, the EIS
analysis was used to estimate the electroactive area, the associated roughness factor, as well as
the heterogeneous electron transfer rate constant. The bridge between the analyses is made by
the scanning electrochemical microscopy (SECM) survey, which practically correlates the surface
morphology with the electrochemical activity. The results were correlated to endorse the control
over the gold film nanostructuration process deposited directly on the substrate that can be further
subjected to different technological processes, retaining its properties. The results show that the
anodization duration influences the surface area, which subsequently modifies the properties of NPG,
thus enabling tuning the samples for specific applications, either optical or chemical.

Keywords: nanoporous gold; large-scale fabrication; absorbance; X-ray diffraction; electrochemical
impedance spectroscopy; scanning electrochemical microscopy

1. Introduction

Nanoporous gold (NPG) has been known since the ancient times; the South American population
and eastern part of Europe throughout the centuries used to etch (dealloy) and polish the surface
of gold–copper alloys to create the illusion of bulk gold of shininess, a process known as depletion
gilding or gold colouration (mise-en-couleur) [1]. The percolating structure of NPG, consisting of a
matrix of interconnected gold ligaments and voids, was not known until 1960, when transmission
electron microscopy was employed to study the corrosion of gold (Au) alloys [2].

Therefore, NPG preserves the properties of gold, such as high conductivity, good chemical
stability, as well as biocompatibility, but also presents significant advantages, mainly determined by
the large surface to volume ratio. Consequently, it becomes a good candidate for improving next
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generation chemical/biochemical sensors [3–5]. Thus, immunosensors, enzyme-based biosensors,
or DNA sensors are only a few examples of sensors where an increase from 2 to 1000 times of the
surface area in comparison with the planar gold counterpart of an equivalent geometric area would
improve sensitivity and lower detection limits [6] Besides, Faradaic current scales linearly with the
electrode area, which means that the NPG electrodes outperform the flat gold electrodes in terms of
the amount of reagents immobilized on surface, higher signal to noise ratio, and smaller impedance [7].
In addition, NPG electrodes have recently been introduced as good current collectors in supercapacitors,
firstly because they provide a large surface area to deposit active materials and guarantee effective
charge transport [8], but also because they enhance the specific capacitance of poor-conductive active
materials [7,9]. As for plasmonic sensing, NPG provides simple excitation schemes of strong plasmonic
resonances localized on the nanoporous structure ligaments, with the resulting plasmon-induced electric
field being the primary mechanism in surface-enhanced spectroscopy, including surface-enhanced
Raman scattering (SERS), surface-enhanced infrared absorption (SEIRA), and surface-enhanced
fluorescence (SEF) [10]. Furthermore, it was shown recently that NPG could be used as a high
performance plasmonic biosensor in the near infrared spectral region (NIR), where the flat gold
platforms exhibit low performances [10,11]. The catalytic activity is originated by the molecular oxygen
activation, where the low coordinated gold atoms increase the strength of the oxygen binding [12]. Thus,
high catalytic activity was reported towards CO oxidation of [13,14], but also hydrogen oxidation [15]
or selective oxidation of alcohols [4]. An intriguing feature of NPG is the catalytic activity without
additional supporting transition metal oxides nanoparticles [13]. Furthermore, taking into account that
the upper limit of gold nanoparticles that could sustain catalytic activity is 5 nm [16], the ligament size
larger than 10 nm seems to be too large for catalytic performances, but it is successfully compensated
by the presence of steps, kinks, surface defects, twin boundaries, and dislocations in the NPG
architecture [17–19].

Even though the gold nanostructures for various applications could be fabricated using lithographic
techniques, the expensive equipment, processing cost, and small nanostructured area have slowed
down the development of these structures. Moreover, it was shown that the NPG structures exhibit
the same performances as the structures obtained from electron beam lithography [20], which means
that the higher cost of fabrication and small area of the EBL fabricated gold nanostructures could
be overcome by the NPG in several applications. The most used methods to fabricate NPG are
dealloying [21] and templating [22]. In general, a binary gold alloys with different atomic weights
are employed in dealloying, where, by chemical or electrochemical corrosion, the less noble metal
is selectively removed from the compound, leading to a “sponge-like” structure with voids and
ligaments [4,17,23]. Porosity depends on the atomic weight ratio in the alloy, thickness, and corrosion
time. Templating represents deposition of the gold over an artificial or natural matrix with different
sizes, with the porous structure being obtained after removing the template [24]. Several drawbacks
are associated with these techniques, such as the increased stress within the structure, which might
lead to cracks that can be detrimental especially for further technological processing or sensing
applications [25], or the residual less noble metal after dealloying that artificially increases the double
layer capacitance of the porous film [26,27]. Last, but not the least, the technology is problematic when
the fragile, difficult to handle dealloyed leaves are then transferred onto a substrate (e.g., silicon wafers)
that would be further subjected to the different photolithographic processes. Deposition of the alloy
film directly by sputtering on the processable substrate is an alternative, but it significantly increases
the fabrication cost. An attempt to obtain NPG directly from thin metallic gold films was realized using
electrochemical porosification under high anodic bias up to 40 V [3,28]. However, a very high-bias
regime induces local heating effects that focus charge carriers to the pore tips, considerably enlarging
their diameters and imposing a limited process duration. Herein, based on our previous experience
in fabricating porous silicon [29], a porosification procedure for Au was established using a constant
applied current that can be generated with maximum 2.5 V bias, with the process being monitored after
different periods of time, from 200 to 1000 s, when, lately, the entire gold film was deeply nanostructured.
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The obtained NPG films were characterized by means of scanning electron microscopy and correlated
with the X-ray diffraction studies in order to obtain morpho-structural information (i.e., porosity,
ligament diameter, and surface area) and to propose a mechanism of porosification under constant
current anodization. Electrochemical investigations were further conducted to examine and visualize
the active surface area in comparison with the flat gold. Not only does the process allow a good control
over the NPG morpho-structural, optical, and electrochemical properties, it is also a fast, scalable,
and cost-effective method, which is always desirable when talking about device manufacturing.

2. Materials and Methods

The NPG samples were prepared using as a starting substrate 4 inch silicon wafers (SIEGERT
WAFER GmbH, Aachen, Germany) deposited with 20 nm chromium as an adherence layer and 300 nm
gold by DC magnetron sputtering. Autolab PGCSTAT302n (Metrohm, Utrecht, The Netherlands) was
used for NPG samples’ fabrication and for electrochemical analysis. A two-electrode configuration
was employed, where the gold layer was used as a working electrode and round platinum grid with
the diameter equal to the exposed area of the cell (0.5 cm2) as a counter electrode. Gold electrode
was placed horizontally in the cell (Figure S1), while the platinum circular electrode was placed
parallel to the surface at a height of approximately 2 mm away. The electrolyte contains equal volumes
of 48% aqueous hydrofluoric acid (HF, analytical grade) and organic solvent dimethylformamide
(DMF, 99.5% analytical grade). The volume of etching solution was 1 mL. The NPG samples were
obtained using a 15 mA anodization constant current, and varying the process duration from 200 to
1000 s. The samples were labelled in the following manner: NPG200, NPG400, and so on, where the
associated numbers are consistent with the process duration (Figure 1).

Figure 1. Top and cross-section scanning electron microscopy (SEM) micrographs of nanoporous
gold (NPG) samples obtained after different etching times. Inset: photograph images of the
experimental samples.

Scanning electron microscopy (SEM) micrographs were obtained using field emission gun scanning
electron microscope (FEI Nova NanoSEM 630, Hillsboro, OR, USA). Absorption spectra were measured
using integrating sphere in the wavelength range of 350–800 nm with a combined time resolved
and steady state fluorescence spectrometer (Edinburgh Instruments, Livingston, UK). For the optical
measurements, a black tape with a circular opening with the area of 0.5 cm2 where the porous layer
is positioned was used in order to avoid the unwanted reflections from the remaining gold surface.
The microstructure of the obtained samples, as well as the surface/pore morphology, were analyzed
using a 9 kW Rigaku SmartLab diffractometer with rotating anode operated at 40 kV with 75 mA
Small angle X-ray scattering (SAXS, Tokyo, Japan) was employed to reveal insights regarding the pore
morphology, as well as to calculate the specific surface area. The electrochemical activity imaging
was carried out under an ElProScan 3 Series Scanning Electrochemical Microscope (HEKA division of
Harvard Bioscience Inc., Lambrecht (Pfalz), Germany) grounded in a Faraday cage and placed on an
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antivibration table, as well as with a piezoelectric nanopositioning system for fine approaches. The gold
samples were soldered into a plastic Petri-dish (60 × 15 mm) with a back electrical connection suitable
for kinetic studies that require substrate polarization. The SECM measurements were performed using
a Pt counter electrode, Ag/AgCl reference electrode, and Pt ultramicroelectrode (UME) with a diameter
of 10 μm and an RG of 5 (ratio between the insulator thickness (glass capillary that surrounds the
electrode) and the radius of the electrode). The redox mediator solution employed in the experiments
contained 3 mM FcMeOH (ferrocenemethanol) in 0.1 M KCl dissolved in ultrapure water. The reagents
were purchased from Sigma-Aldrich (Darmstadt, Germany) and Alfa Aesar (Kandel, Germany),
respectively. All chemicals were used without further purification.

3. Results and Discussions

3.1. Micro-Structural and Optical Investigations

The photographs presented as insets in Figure 1 show that the gold color changes with the increase
in etching time, attesting to the shift of the metallic behavior towards longer wavelengths because of
the decrease in the apparent plasma frequency caused by the shorter relaxation time of free carriers
related to the scattering process in the material [30].

Thus, it can be clearly seen that, if the as deposited gold layer was initially reflective, after 1000 s
of anodization, it becomes a perfect absorber in the visible spectrum. The SEM micrographs offer a
thorough view of the gold anodization process evolution. Accordingly, the white islands present in the
top-view images of the samples NPG200 and NPG400 are gold clusters formed on the sample surfaces
by the removed atoms from the bottom of the pores. Advancing with the etching time, even though the
color of the samples fabricated at 600, 800, and 1000 s only slightly increases in darkness, the analysis
of the SEM micrographs using ImageJ software (v1.52a, NIH, USA) [31] reveals that the gold solid
surface area decreases from 67% for NPG600 to 44% for NPG1000 (Figure S2). Moreover, the threshold
level used in ImageJ for estimating the fractal dimension with the box counting method of NPG is
depicted in Figure S2.

The gold anodization process recording correlated with the corresponding SEM images is also
provided (Video S1). The in-depth evolution of the etching process is displayed in the transversal-view
SEM images, where it can be observed that the thickness of the resulting porous layers increases from
approximately 100 nm @ 200 s to 230 nm @ 1000 s, while the average pore surface area increased
from almost 3 to 43% (Figure 1). As a result, the change of the color appearance with etching time is
determined both by the increased porosity and the increase of the porous layer thickness.

Figure 2a shows typical voltage–time curves at a constant current density for the anodization
of the Au substrate. Initially, voltage jumps (approximately 2.5 V) were observed corresponding
to passive-to-active transition [32], followed by a temporary stagnation for a short period where an
equilibration of the electrochemical system occurs. Thereafter, the voltage profile has a periodical
saw-like shape profile that corresponds to a typical two processes’ competition. The voltage rise is
associated with the formation of barrier oxide, whereas the voltage decay corresponds to the localized
etching of the barrier layer that ultimately leads to the gold layer porosification [33]. Accordingly,
the spikes in the voltage indicate practically when corrugations’ boundaries are “attacked” by HF,
thus triggering the porosification process. As the process time increases, an increasing tendency is
observed up to 400 s, where initialization of different porosification sites takes place, followed by a
plateau characterized by in-depth pores’ evolutions, where an intense gas evolution from the sample
surface was observed. The formation of pores is governed by the diffusion of reagents and is limited
by the diffusion, as the agitation was not used during the etching process. A schematic illustration of
this process mechanism is presented in Figure 2b. Thus, under anodic bias, an oxide layer is formed on
the gold surface by consuming water to form Au(OH)x and H+ ions [3]—Figure 2b(i). Because of the
surface corrugations, the electric field is stronger on top than at the bottom (at corrugations’ boundaries)
(Figure 2b(ii)), increasing the reaction rate on top, thus leading to a thicker oxide layer on those areas
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(Figure 2b(iii)). The second reaction is represented by dissolving the oxide layer by the HF, this time
with the reaction being faster at the bottom of corrugation because of the thinner oxide layer and the
increased concentration of H+ transported from the top by diffusion and convection (Figure 2b(iv)).
Whereas, during silicon porosification, a fluorosilane layer typically forms, AuF4 or AuF3 are formed in
this case [34]. These compounds are instable and can decompose easily as Au(OH)3 in aqueous basic
solution [35]. In order to increase the selective removal of Au(OH)x at the etching front, DMF was used
as electrolyte to increase the stability of two compounds, AuF4 and AuF3 [36]. Therefore, at the etching
front, a balance was established between oxidation and dissolution in that matter, that the resulting
effect is the etching into depth of the gold surface, while the pore walls are protected by the reforming
oxide (Figure 2b(v)). The difference between the two reactions’ speeds on top of the pore and at the
bottom lead to the pore growing into depth (Figure 2b(vi)). The in-depth porosification practically
represents a cyclic alternance of the (iii–vi) reaction steps. After the reaction stops, the remaining oxide
layer is dissolved by the HF.

 

Figure 2. (a) The potential variation with etching time for a constant intensity of 15 mA (for clarity,
the experimental points were translated vertically by 0.05 V) and (b) nanoporous gold formation
reaction (i–vii).

It is worth mentioning that we made a step further in validation of the proposed technology for
the fabrication of the nanoporous gold, and we verified the robustness of the method for large-scale
practical applications. Thus, using a 4 inch Si wafer size porosification system, we demonstrated
the reproducibility of the proposed process, obtaining a highly uniform NPG layer on the roughly
entire surface (Figure S3) that can then be subjected to standard photolithographic processes for more
complex device fabrication.

The optical properties of the nanoporous gold samples were investigated measuring the absorption
spectra (Figure 3).
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Figure 3. Absorption spectra of the NPG samples (the NPG spectra are normalized to the flat gold film
absorption spectrum).

Two peaks are clearly defined, the first one in the 400–450 nm region that corresponds to the bulk
gold plasmonic peak, and the second one at a wavelength beyond 500 nm assigned to localized surface
plasmons, which depends on the morphology of the structure [37]. Taking into account that the NPG
structures present a randomly distributed and different sizes of gold ligaments that support additional
plasmonic modes, the broad absorption peak from longer wavelengths suffers a red shift with the
increase of etching time. Moreover, the plasmonic resonances become stronger and the absorption
peak increases. This effect could be attributed to the increase of both the porosity and the porous
layer thickness (i.e., a lower porosity implies larger gold diameters, which, similar to the case of
nanoparticles and nanorods, leads to a shift of the resonance wavelength).

Further, to complete the SEM surface investigations and to unravel the volumetric characteristics
in terms of porosity and surface area of NPG, the SAXS analysis was employed.

Thus, for acquisition of the SAXS patterns, the incidence angle, θ, was varied from 0 to 2◦.
The scattering vector, q, defined using scattering angle (θ) and the incident X-ray wavelength
(λ = 1.5406 Å), was calculated using Equation (1):

q =
4πsinθ
λ

(1)

The resulting SAXS patterns of the intensity scattered by the investigated samples, expressed as a
function of the scattering vector q, are presented in Figure 4.

Generally, two distinct domains arise in the SAXS patterns: on the one hand, the low-q scattering
domain encodes the characteristics of crystalline domains examining the radius of gyration (RG) and,
on the other hand, the high-q domain obeys a power law and is related to the fractal dimension of the
samples [38]. For instance, the slope (s) of high-q region ranges between −3.66 and −3.72, leading to a
decrease of the fractal dimension, D, calculated as 6-s, from 2.34 to 2.27, which is related to an increase
in the nanostructuration level.

In addition, it can also be observed that each SAXS pattern exhibits critical scattering vectors,
where the intensity drops, which can be ascribed to the sample porosity. The position of the critical
angle corresponding to bulk gold (θc−Au) is preserved (illustrated with blue line), while the one related
to the porous gold layer (θc−NPG) suffers a shift towards smaller q values. The position of the critical
scattering vector in the reciprocal space is: qc = 0.092 Å−1 (blue dashed line in Figure 4 corresponds
to bulk gold density, ρAu = 19.3 g/cm3). In the following, this critical angle will be denoted as qc-Au.
At the same time, the values of the critical scattering vector that correspond to nanoporous gold qc-NPG
successively decrease from 0.074 Å−1 (NPG200), 0.065 Å−1 (NPG400), 0.064 Å−1 (NPG600), 0.062 Å−1
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(NPG800), and up to 0.055 Å−1 for NPG1000. As the critical scattering vector for porous gold does not
have a fixed value, the above values can be considered as average ones with a deviation of ±0.002 Å−1.

Figure 4. Small angle X-ray scattering (SAXS) patterns recorded for the investigated NPG samples.
The blue dashed line indicates the critical angle of the gold, while diamonds stand for the corresponding
ones for porous gold.

To relate the critical scattering vector to the sample density, the following calculations were
performed considering that the complex index of refraction of matter for X-rays is close to unity [39]:

n = 1− δ− iβ (2)

where δ is determined by the dispersion and β is proportional with the absorption coefficient having
the following values [40]:

δ =
λ2

2π
reρ (3)

β =
λ

4π
μ, (4)

where re is the classical electron radius (re = 2.8 × 10−15 m), ρ is the electron density, and μ is the linear
absorption coefficient. In the assumption that the investigated materials has no absorption (β = 0),
the refractive index is expressed as follows:

nlayer2 = 1− δ (5)

and the angle of the total reflection in the real space is given by the following [40,41]:

θc =
√

2δ (6)

Taking into account the relationship between the critical angle and the critical scattering vector
(Equation (1)), as well as Equation (3), which relates δ coefficient by the sample density, we can express
the sample density in the reciprocal space as follows:

ρ =

(
asin
(λqc

4π

))2
2

2π
λ2re

(7)
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Using the values obtained for the critical scattering vectors as well as its variation, the density of
nanoporous gold was estimated, showing a decrease from 12.5 ± 0.2 g/cm3 to 6.29 ± 0.1 g/cm3. Finally,
the NPG layer’s porosity was determined as follows:

p = 1− ρNPG

ρAu
(8)

Table 1 summarizes the values obtained for density and porosity calculated from SAXS patterns,
as well as for average solid surface area (pSEM) and 2D fractal dimension (DSEM) obtained from
analysing the SEM micrographs.

Table 1. Morpho-structural properties determined using scanning electronic microscopy (SEM) and
X-ray diffraction (XRD) investigations, where ρNPG is the nanoporous gold density. p and D represent the
porosity and fractal dimension of the sample calculated from SAXS patterns, respectively, whereas pSEM

and DSEM are the average solid surface area and 2D fractal dimension, respectively, obtained from SEM
micrographs analysis. NPG, nanoporous gold.

Sample ρ NPG (g/cm3) p (%) pSEM (%) D DSEM

NPG200 12.5 ± 0.2 35.2 ± 1 26 ± 3.15 2.34 1.92
NPG400 9.67 ± 0.2 49.9 ± 1 46 ± 1.08 2.38 1.86
NPG600 9.37 ± 0.1 51.5 ± 0.05 56 ± 1.32 2.39 1.76
NPG800 8.79 ± 0.1 54.5 ± 0.05 63 ± 1.6 2.27 1.71
NPG1000 6.29 ± 0.1 67.4 ± 0.05 66 ± 1.81 2.27 1.69

As can be observed, both the porosity and average solid surface area values follow the same
trend; the same tendency also arises for the fractal dimensions when determined from SEM and SAXS
analyses. The differences between values arise from the probed area in each of the measurements:
SEM only locally probes the surface sample morphology, whereas SAXS examines the entire volume of
the sample, providing a more realistic view. The smaller values obtained for the fractal dimension
by SEM practically confirm this observation, as the surface is generally more affected during the
porosification process [42].

Further, to gain a quantitative framework of the specific surface area (Sn), the Porod formalism
was used, which is based on the following formulas:

Q =

∫ ∞
0

I(q)q2dq (9)

Kp = lim
q→∞I(q)q4 (10)

Sn = 104πp(1− p)
ρ

Kp
Q

(11)

where I(q) is the scattering intensity; Q is the Porod invariant given by the Porod integral (9); Kp is the
Porod constant calculated with Formula (10) from the asymptotic behaviour of the tails in the high q
region; and p and ρ are the sample porosity and density, respectively.

The Iq versus q and ln(Iq4) versus q2 dependences, necessary for the calculation of the Porod
integral and Porod constant, respectively, are presented in Figure S4. The results obtained for the
Porod integral, Porod constant, and specific surface area are summarized in Table 2.
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Table 2. Radius of gyration of ligaments (Rg), size of the crystalline domains (dcryst.), Porod integral
(Q), Porod constant (Kp), and specific surface area at different times (Sn).

Sample Rg (nm) dcryst. (nm) Q (Å
−3
) Kp (Å

−2
) Sn (m2/g)

NPG200 20.3 57.4 122.75 0.87 3.67 ± 0.18
NPG400 22.1 62.5 59.83 0.61 9.44 ± 0.18
NPG600 18.0 50.9 68.37 1.15 15.77 ± 0.14
NPG800 16.9 47.8 63.27 1.12 17.70 ± 0.12

NPG1000 16.2 45.8 67.81 1.20 17.96 ± 0.11

They show distinct stages in the nanoporous gold layer formation at different etching times.
In fact, an increase in the etching time led to significant modifications in the sample porosity and
specific surface area (Figure 5). More precisely, with the increasing etching time, the NPG average
porosity increases from 35.2 to 67.4%, which is associated with an increase of the specific surface area
from 3.3 (for flat gold) to 3.67 for the thinnest NPG200 layer and further up to 17.96 m2/g for the thickest
NPG1000 layer. It can also be observed that the specific surface area for NPG samples obtained at a
higher etching time duration presents smaller deviations. This is reasonable taking into account the
smaller variations of the porosity in the case of these samples, as shown in Table 1.

Figure 5. The dependence of the specific surface area (black line) and sample porosity (blue line) with
increasing etching time. Error bars are used to show the standard deviation of the specific surface area
and porosity estimated values.

3.2. Electrochemical Characterization

Considering the huge potential of the nanoporous gold films towards electrochemical systems,
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were
performed to evaluate the active surface area and interfacial properties. Thus, the electrochemically
addressable surface area was firstly determined using the Au oxide reduction peak measured by CV
and the corresponding charge associated with the reduction of gold oxide, by peak integration [43]
(five cycles of CV were employed to certify that the response is stabilized).

The cyclic voltammograms were recorded in 0.5 M H2SO4 electrolyte, in the potential region
from −0.4 to 1.6 V, at the scan rate of 100 mV/s (Figure 6a), and during potential cycling, anodic peaks
between 1 and 1.3 V (vs. Ag/AgCl) and a well-defined cathodic peak at ~0.75 V were obtained
because of the oxidation and reduction of the outermost layer of gold atoms. Whereas the flat gold
surface exhibits a single oxidation peak (Figure 6a) due to the polycrystalline nature of the surface,
three partially overlapped peaks arise after porosification determined by the oxide formation on the
different crystallographic planes exposed, principally (100), (110), and (111) [44]. The corresponding
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electrical charge can be obtained by integrating the gold oxide reduction peak, which was converted
into the electrochemical surface area (ECSA), assuming 390 μC/cm2 as the specific charge required for
gold oxide reduction for polycrystalline gold [24]. Further, the roughness factor (RF) was calculated
normalizing ECSA to the geometrical area (0.5 cm2). As can be observed in Figure 6b, the effective
area of electrodes significantly increases with porosification duration, reaching 15.4 cm2 for the 1000 s
period, revealing an approximately 16-fold enhancement of ECSA and RF compared with the standard
flat Au electrode, significantly higher values than those reported for the nanoporous gold obtained via
dealloying of Ag-Au alloy layers [45].

Figure 6. (a) Cyclic voltammograms (CVs) recorded with nanoporous Au electrodes in 0.5 M H2SO4

solution, at a scan rate of 100 mV/s (third cycle); (b) the electrochemical surface area (ECSA) and the
roughness factor (RF) estimated from CVs.

Next, the non-faradaic EIS was used to probe the porous films, measuring the double layer
capacitance of the experimental test electrodes. As can be seen in Figure 7a, the Nyquist curves
become steeper with the increase of the porosification duration, confirming the increase of capacitance.
Concomitantly, the phase maximum successively increases, approaching 80◦, and shifts towards lower
frequencies—Figure 7b. The capacitive behavior is clearly shown in the intermediary frequency range,
where the imaginary part of the impedance presents a linear variation as a function of frequency in
log-log scale—Figure 7c. The slope of this linear part corresponds (with opposite sign) to the constant
phase element (CPE) exponent that accounts for non-ideal porous electrode capacitance.

Figure 7. Electrochemical impedance spectroscopy results recorded with the flat Au and nanoporous
Au electrodes in 0.5 M H2SO4 solution, at open circuit potential, from 100 kHz to 100 mHz using a
10 mV (rms) sine wave excitation: (a) Nyquist plots; (b) Bode plots—frequency dependence of the
phase; and (c) Bode plots—frequency dependence of the imaginary impedance.

The impedance data were fitted considering an equivalent circuit for our system (inset image
within Figure 7c containing the ohmic resistance of electrolyte (visible in the high frequency region)
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and the ionic charge transport resistance through the double layer and the double layer capacitance
of the electrode, as well as the restricted diffusion of the electrolyte ions (W) [46] Data analysis was
carried out using ZSimpwin software (v3.21, AMETEK, USA). The double layer capacitance values
were obtained using the following formula:

Cdl = Q1/n · R(1−n)/n (12)

where Q and n characterize the constant phase element and R is the associated resistance.
Relating the double layer capacitances determined by EIS measurements for the nanoporous gold

to that corresponding to standard flat electrode, a roughness factor was also estimated [26], and the
values obtained for the investigated electrodes using the two electrochemical techniques are shown in
Figure 8. As can be observed, slightly higher values were obtained when the roughness factor was
calculated using the EIS data, although they are more appropriate in comparison with previously
reported results, where the presence of residual Ag fraction artificially increases the porous film double
layer capacitance as its specific capacitance is larger than that of metallic Au [26,27]. As this issue is
not present in our case, working with pure gold films, the EIS measurements provide an improved
accuracy of values because the excitation signal reaches the bottom of the pores and senses the entire
internal area of the porous electrode, not only the sites able to employ oxidation. It is, however,
important to note that, strictly comparing our results with similar thickness samples obtained by
dealloying processes based on chemical or electrochemical methods [19,47], a substantial simplification
of the fabrication protocol was firstly demonstrated, as well as, furthermore, an increased porosity and
consequently larger area of the electroactive surface with more than 30%.

Figure 8. Roughness factor values estimated from CV and electrochemical impedance spectroscopy
(EIS) measurements.

To complete the image of nanoporous gold electrodes, faradaic EIS measurements were
also performed using ferri-ferrocyanide couple as redox probe aiming to characterize mainly the
mass-transport to the electrodes associated with Faradaic processes that occur during charge injection
with electrical stimulation. Thus, the EIS was carried out in biased voltage (formal redox potential of
the ferri/ferrocyanide redox couple determined from CV measurements) and the recorded data are
shown in Figure 9 in both Nyquist and Bode representations.
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Figure 9. Electrochemical impedance spectroscopy results recorded with the bare Au and nanoporous
Au electrodes in 2 mM Fe(CN)6

3−/Fe(CN)6
4− phosphate buffer containing 0.1 M KCl, at the formal

potential of the redox probe, from 100 kHz to 100 mHz, using a 10 mV (rms) sine wave excitation:
(a) Nyquist plots; (b) Bode plots—frequency dependence of the phase; and (c) Bode plots—frequency
dependence of the impedance module.

Remarkable differences can be observed when the porosification process is applied to obtain
different thicknesses of the nanoporous gold layer. Thus, if the Nyquist plot initially consists of a
distinct semicircle counting for the charge transfer resistance, which corresponds to the Bode phase
peak in the intermediary frequency range, the radius of the semicircle starts to diminish after 200 s
of porosification, moving the phase peak towards higher frequencies, and it practically disappears
at higher process durations. In this case, we can talk about an extremely low electrode impedance,
determined by the high surface area, and a correspondingly large charge injection capacity. Thus,
the gold electrode nanostructuration led to enhanced surface area and conductivity.

The fitting of experimental data was done using a similar equivalent circuit, where the main
parameter in the case of the faradaic EIS is the electron transfer resistance, which controls the electron
transfer kinetics of the redox probe at the electrode interface. As a result, the heterogeneous electron
transfer rate constant across the interface was obtained through the following relation [48]:

k0 =
RT

n2F2ARctc
(13)

where R is the gas constant, T is temperature in Kelvin, n is the number of moles of electrons transferred
in the redox reaction (n = 1 for Fe(CN)6

3−/4−), F is the Faraday constant, A is the geometrical area of the
electrode (0.5 cm2), Rct is the charge transfer resistance determined from EIS, and c is the concentration
of the redox couple.

The obtained charge transfer resistance suggests the easing of charge transfer to and from the
porous electrodes, also reflected by the continuous increase of k0 values, which are larger in comparison
with the previously reported results [48]. Thus, the heterogeneous electron transfer rate constant
becomes 50 times higher for the thickest gold nanoporous layer, a similar order of increase as for the
roughness factor (Figure 10).

Finally, the powerful spatial resolution of the scanning electrochemical microscopy technique [49]
was employed as a cross-checking kinetic tool in the study of the nanoporous gold electrodes, practically
achieving a correlation between the surface morphology investigated by SEM and the electrochemical
activity. Experiments were performed using a 10 μm diameter Pt disk ultramicroelectrode in a 1 mM
FcMeOH (0.1 M KCl electrolyte) solution.
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Figure 10. Heterogeneous electron transfer rate constant and electron transfer resistance (inset graph)
determined from faradaic EIS measurements.

As shown in Figure 11, electrochemical details are unveiled in a spatially-resolved manner with the
emphasis on the differences between the two substrates electrochemical response. Here, the 3D scans
were performed over the nanoporous gold obtained after a 800 s anodization process in comparison
with the initial flat substrate, showing the differences in electrochemical response in the presence
of the redox mediator of the two unbiased substrates. It is worth mentioning here that the porous
counterpart has higher current feedback zones because of the fact that many of the features formed
during the process are suitable for the reduction of [FcMeOH]+. Moreover, the ligaments and the
micropores enable a large surface area that drastically inhibits mass transfer of educts and products [50],
which translates into a drop of feedback current as the tip scans over the surface. At the same time,
the slow mass transfer on the overall reactivity of the ligaments and micropores makes the nanoporous
gold substrate very attractive to many electrochemical applications. Therefore, the electrochemical
investigations demonstrate the huge potential of nanoporous gold electrodes to be used for both
non-faradaic electrochemical studies, where, generally, 1 kHz low impedance is required for neural
electrophysiology to reduce the noise levels [51], and high sensitivity label-free affinity binding in
faradaic-based biosensing, where high heterogeneous electron transfer rate constant is required [52].

Figure 11. Scanning electrochemical microscopy (SECM) mapping images (100 × 100 μm) obtained in
feedback mode when a tip potential of 0.35 V was applied: (a) Flat Gold (b) NPG800.

111



Nanomaterials 2020, 10, 2321

4. Conclusions

We report a cost-effective, easily scalable, and controllable method to fabricate nanoporous gold
films directly on silicon substrate for optical and/or electrochemical sensor applications that can
be applied to other types of substrates, such as glass or flexible polymeric substrates. Moreover,
adjusting the anodization current density, the nanoporous gold ligaments would be fine-tuned in
order to achieve the desired properties. The careful calibration of the NPG fabrication process was
complemented by a systematic characterization of the experimental samples in order to assess the
evolution of the morpho-structural, optical, and electrochemical properties. The main drawbacks that
other methods have, such as higher cost of fabrication, additional procedures of transferring onto
a substrate, and residual material that could alter its properties, were overcome by this method of
anodization at a lower voltage. The investigations show on the one hand the progressive increase of
the sample porosity and specific surface area along with the etching time, and on the other hand the
achievement of tunable optical and electrochemical performances that open new opportunities for the
consistent development of novel devices based on NPG using a reliable wafer-scale process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2321/s1,
Figure S1: Experimental setup for nanoporous gold fabrication; schematic representation of the NPG etching
system–cross-sectional view, Figure S2: The calculated average gold solid area (from SEM micrographs) for
different etching time durations and the binarized images (insets), which were used for calculation of the fractal
dimension in ImageJ by using box counting method, Figure S3: (a) 4 inch NPG on Si fabrication using AMMT
system; (b) Photography of the resulted on wafer NPG film in comparison with the one obtained using microcell.
Insets represents SEM top views of NPG in two distinct regions of the wafer, Figure S4: Iq vs. q and ln(Iq4) vs. q2
dependences for the: (a) Porod integral and (b) Porod constant, Video S1: Fabrication of NPG.
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Abstract: In the present work, nano Cu (0, 5, 10, 15, 20, 25 wt.%) was added to W, and W–Cu
composites were fabricated using the spark plasma sintering (S.P.S.) technique. The densification,
microstructural evolution, tensile strength, micro-hardness, and electrical conductivity of the W–Cu
composite samples were evaluated. It was observed that increasing the copper content resulted in in-
creasing the relative sintered density, with the highest being 82.26% in the W75% + Cu25% composite.
The XRD phase analysis indicated that there was no evidence of intermetallic phases. The high-
est ultimate (tensile) strength, micro-hardness, and electrical conductivity obtained was 415 MPa,
341.44 HV0.1, and 28.2% IACS, respectively, for a sample containing 25 wt.% nano-copper. Fractogra-
phy of the tensile tested samples revealed a mixed-mode of fracture. As anticipated, increasing the
nano-copper content in the samples resulted in increased electrical conductivity.

Keywords: tungsten-(nano) copper composites; solid-state sintering; spark plasma sintering; mi-
crostructure; mechanical properties

1. Introduction

Refractory metal tungsten (W) has excellent thermal creep resistance, high electrical
and thermal conductivity, and the lowest vapor pressure among all metals. On the other
hand, copper (Cu) has superior electrical and thermal conductivity and has good corrosion
resistance. When copper is added to tungsten, a binary system in which the two metals
are mutually insoluble [1] is formed. This insolubility is due to incompatibility in their
crystal structures. W is body-centered cubic (BCC), and Cu is face-centered cubic (FCC),
and the two have a large difference in their densities, melting points, and electronegativ-
ity. These pseudo alloys have exceptional properties such as high strength, good wear
resistance, high arc erosion resistance, low thermal expansion coefficient as well as high
thermal and electrical conductivity, thereby making them applicable for high-performance
electrical contacts, heat sinks, plasma-facing materials in nuclear fusion reactors, electrodes
for Electrical Discharge Machining (EDM), radiation shielding materials, and microwave
communication systems [2–13]. Due to the high processing temperature of tungsten and
mutual insolubility, it is difficult to process these pseudo-alloys using conventional meth-
ods, hence, techniques such as liquid infiltration and liquid phase sintering are employed
to sinter them [14–16]. However, it is not easy to obtain full densification even through
these processes.
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Therefore, to ensure full densification, either high temperatures, high compaction
pressure, longer holding time, or the addition of other transitions elements (namely Fe, Ni,
or Co) are required. High temperatures or long holding time results in a non-homogeneous
microstructure due to the copper leaching out. High compaction pressure limits the particle
rearrangement due to increased particle–particle contact. The addition of Ni, Fe, and Co
results in low electrical and thermal properties. From various experimental investigations,
it has been found that the starting particle size and uniformity of the tungsten and copper
powders significantly affect the magnitude of the sintering temperature and sinterability,
and improve the final properties of the W–Cu composites [17–20].

Similarly, temperature and powder particle size are two main factors that determine
sinterability. High-energy mechanical milling of tungsten and copper powders to produce
fine or ultra-fine particles resulted in high relative density and lower sintering tempera-
tures [3,20]. Processing techniques such as high-pressure sintering, microwave sintering,
dynamic consolidation, and low-temperature infiltration in supergravity fields have re-
sulted in higher density, improved mechanical properties, and a significant reduction in
processing time [2,3,15,21–23]. As the copper content increased in the W–Cu composite,
the electrical conductivity increased, as expected [21]. However, despite the higher copper
content, the electrical conductivity reduced as a result of higher sintering temperature [20].
To overcome the drawbacks of liquid phase sintering, conventional sintering, and reduce
the processing time and temperature, SPS. was employed in the current work to fabricate
W–Cu composites at 900 ◦C. As the starting particle size affects the sintering temperature,
as-received nano-copper powder was used in this study.

2. Experimental

2.1. Materials

Nano copper powder (Sigma-Aldrich, Bengaluru, India) with a particle size less
than 100 nm and 99.99% purity and tungsten powder (Sigma-Aldrich, Bengaluru, India)
with a particle size of ~12 μm were used as an as-received form. Figure 1a shows the
powder morphology and size of the as-received tungsten powder as observed with the
field emission scanning electron microscope, and Figure 1b shows nano-copper powder
morphology and particle size as observed with a transmission electron microscope. The W–
Cu (0, 5, 10, 15, 20, 25 wt.%) mixtures were prepared by weighing the required amounts
of powders, followed by manual mixing in an agate mortar for 10 min and mixing in
a planetary ball mill for 15 min in the dry state at 200 rpm without balls. The mixture
was transferred into the SPS machine for sintering. The surface of the punch and die was
separated from the powder mixture using a thin graphite sheet.

Figure 1. Powder morphology of as-received (a) tungsten powder and (b) nano-copper powder.
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2.2. Spark Plasma Sintering (SPS)

SPS can be used to produce sintered samples rapidly in a single step using a combi-
nation of pressure, temperature, and electric field. In contrast to conventional sintering
and other novel sintering techniques, SPS can significantly reduce the overall processing
time through its high heating rates (about 100 ◦C per minute). Depending on the graphite
die and punch geometry, very high heating rates such as 1000 ◦C per minute can also be
attained. This is possible because of the electrical conductivity of the tool materials used in
the SPS process. The low voltages applied across the set-up produce high currents, resulting
in effective joule heating. Simultaneously, a uniaxial load is applied to the powder mixture
to enhance the densification [24,25]. The sintering temperature of 900 ◦C in a vacuum with
a heating rate of 100 ◦C per minute at a uniaxial pressure of 50 MPa in a graphite die of
30 mm diameter (model: Dr. Sinter 21050, supplier: Suji Electronic Industrial Co, LTD,
Japan) was used. A voltage of 30 V and a current of 600 A was applied to process the
compacts. A thin graphite sheet was used to separate the powder mixture from the surface
of the die. Subsequently, after reaching the desired temperature of 900 ◦C, the samples
were soaked for 120 s. After that, the furnace was turned off, and the compacts were left in
the furnace to cool to room temperature.

2.3. Characterization of Sintered Samples

The density of the sintered samples was calculated using the Archimedes principle
with three iterations for a sample. The samples were initially grounded using Emery
sheets (grit size 220, 400, 600, 800, 1000, 1200, 1500, and 2000, respectively) and then
polished to scratch-free surface using polishing machine (supplier: Chennai Metco Pvt.
Ltd, Chennai, India) in the alumina media. According to the ASTM E407 standard [26],
the polished samples were etched using Murakami’s reagent containing 100 mL of water,
10 g of potassium hydroxide (supplier: Finox Pellets Industries, Gujarat, India), and 10 g of
potassium ferricyanide (supplier: Hemadri Chemicals, Mumbai, India) to obtain the optical
micrographs and thereby to determine the grain size of the samples. The line intercepts
method was used on optical micrographs at 500x magnification. The samples’ SEM images
were obtained in both secondary electron mode and back-scattered electron mode (model:
E.V.O. 18 Research, supplier: Zeiss, Oberkochen, Germany). X-ray powder diffractometry
was used to analyze the sintered samples’ phase composition (model: X’Pert3 Powder,
supplier: Malvern PANalytical, Malvern, UK) with a scan speed of 10 degrees per minute.
Micro-tensile test specimens were machined from the sintered samples using wire-cut EDM
and were tested with a crosshead speed of 1 mm/min (model: 8801, supplier: Instron,
Norwood, MA, USA). The Vickers’s micro-hardness of the samples was measured with a
load of 0.1 kgf and with a dwell time of 10 s according to ASTM E92 [27] (model: MMT-
X, supplier: Matsuzawa Co., Ltd, Japan). On each sample, twenty indentations were
made randomly across the cross-section to obtain a mean value. The samples’ electrical
conductivity was measured according to ASTM E1004 [28] using the eddy current probe
set up (Supplier: Technofour, India).

3. Results and Discussion

3.1. Density

The increase in nano-copper content in the compacts eventually led to increased rela-
tive density, with the highest being 82.26% for the C6 (refer to Table 1) compact. It is known
that the increase in surface area increases the flow of powder particles. A combination
of pressure and electric current enhanced the sinterability, even at a lower sintering tem-
perature in the present work. Furthermore, the use of nano-copper powder facilitated the
sinterability. The increase in relative sintered density of the compacts can be attributed to
the flow of semi-solid nano-copper into the pores between the tungsten–tungsten grains.
There was no substantial increase in the relative densities between the C5 and C6 compacts,
which can be the effect of agglomeration of the particles. However, the relative density
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results of the compacts showed that the final stage of sintering, which results in pore
shrinkage, was not entirely accomplished.

Table 1. Composition of the samples, relative density, and their respective notations.

Composition (wt.%). Relative Density (%) Notation

W100% 69.76 C1
W95%Cu5% 71.89 C2
W90%Cu10% 77.34 C3
W85%Cu15% 79.91 C4
W80%Cu20% 81.43 C5
W75%Cu25%. 82.26 C6

3.2. X-ray Diffraction (XRD)

XRD patterns of the sintered samples are shown in Figure 2. It was observed that the
position and intensity of the diffraction peaks matched the reference plots [29], indicating
the presence of only W and Cu phases. No oxide phase was found in the XRD patterns,
implying the success of sintering in vacuum conditions. From the plot, it is evident that
copper peaks were enhanced, which indicate good (semi-solid) flow of the nano-copper to
fill the pores and thus obtain good densification.

Figure 2. X-ray diffraction (XRD) profile of the sintered samples.

3.3. Microstructure

The optical micrographs of the sintered W–(nano)Cu compacts are shown in Figure 3.
A two-phase microstructure with bright white tungsten grains embedded in a reddish-
brown copper matrix was observed. In the compacts with lower nano-copper content
(i.e., in C2, C3, and C4), an even distribution but a discontinuous network of copper phase
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was observed. In the C5 and C6 compacts, a more uniform distribution and continuous
network of the matrix phase were observed, which also conformed to the elemental
mapping shown in Figure 4. This might have contributed to the enhancement in the
densification and reduction of porosity. Due to the low solubility of either element in one
another, aggregation of nano-copper powder particles around the tungsten grains was
observed. The compacts’ grain size is listed in Table 2; the base tungsten compact (C1)
had an average grain size of (20 ± 2) μm, which was reduced to (15 ± 1) μm of the C6
compact. This reduction in the compacts’ grain size (C1 through C6) can be attributed to
the increased nano-copper content, which inhibited the tungsten grain growth, resulting in
relatively refined grains.

. 

Figure 3. Optical micrographs of (a) W100%; (b) W95%, Cu5%; (c) W90%, Cu10%; (d) W85%, Cu15%; (e) W80%, Cu20%;
(f) W75%, Cu25% compacts.

. 

Figure 4. Elemental mapping of various compositions.
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Table 2. Grain size (of tungsten).

Composition.
Grain Size

(μm)

W100% 20 ± 2
W95%, Cu5% 19 ± 2

W90%, Cu10% 18 ± 1
W85%, Cu15% 16 ± 1
W80%, Cu20% 16 ± 1
W75%, Cu25% 15 ± 1

3.4. Mechanical Properties (Behavior)

To assess the mechanical properties, micro-tensile and micro-hardness tests were
carried out, and the results are shown in Figures 5–8. The results show that the addition
of nano-copper resulted in improved tensile strength and micro-hardness. Initially, there
was no appreciable increase in strength or micro-hardness between samples C1 and C2.
However, with the further increase in nano-copper content, significant improvement in the
properties was observed, which was attributed to copper filling the pores and forming a
network around the tungsten grains, thereby inhibiting grain growth and consequently
increasing tensile strength (Figure 5) and reducing %elongation (Figure 7). From the Hall–
Petch equation, it is well known that a decrease in grain size increases yield strength [30],
which conforms to the obtained results, as shown in Figure 6. As a result, a nearly 50%
increase in (tensile) strength and 37% increase in micro-hardness (Figure 8) were observed
between samples C1 (W) and C6 (25% Cu). This increase can be attributed to both higher
densification and grain refinement. The sample containing 25 wt.% nano-copper (C6) exhib-
ited the highest tensile strength and micro-hardness values of 415 MPa and 341.44 HV0.1,
respectively.

Figure 5. Plot of ultimate tensile strength.
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Figure 6. Plot of yield strength.

Figure 7. Plot of %elongation.

3.5. Fractography

Figure 9 shows the SEM images of the fractured surface of the specimens tested for
tensile strength. As expected, the brittle fracture was observed in pure tungsten; the failure
started by separation of W–W grains and propagating along the grain boundaries. The ad-
dition of nano-copper to tungsten resulted in a mixed-mode fracture. Due to low wettability
and low diffusion coefficient between tungsten and copper at 900 ◦C, sufficient inter diffu-
sion did not occur [31] and as a result, tungsten grains are pulled out of the copper matrix.
The inter-granular fracture was observed in the regions with low copper content. Cleavage
fracture occurred at coarse tungsten particles. The tungsten grain regions, which were well
surrounded by copper matrix, failed in trans-granular mode [32]. Decohesion of tungsten
particles was observed, as shown in Figure 10a. Due to the different deformation rates
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between hard tungsten particles and the ductile copper matrix, voids are formed. Eventu-
ally, these voids grew and were linked up, resulting in dimple type fracture. In Figure 10b,
different modes of failure can be observed including the separation of tungsten particles
from the copper matrix, dimple fracture, cleavage fracture, and tungsten grain being pulled
out of a copper matrix.

Figure 8. Plot of micro-hardness.

. 

Figure 9. Scanning electron microscope (SEM) images of the fractured surface of samples tested for tensile strength.
(a) W100%; (b) W95%, Cu5%; (c) W90%, Cu10%; (d) W85%, Cu15%; (e) W80%, Cu20%; (f) W75%, Cu25%.
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. 

Figure 10. Image showing failure modes. (a) Base and (b) alloy with 25 wt.% nano-copper.

3.6. Electrical Conductivity

The eddy current probe method was employed to measure the samples’ electrical
conductivity, and the results are shown in Figure 11. The frequency of the alternating
current is adjusted automatically by the device itself. As expected, increasing the nano-Cu
content in samples resulted in increased electrical conductivity. However, the increase was
not proportional to the increase in nano-Cu content. This can be attributed to the porosity
of the samples, which restricts the flow of electrons. The highest electrical conductivity
was found to be 28.2% IACS in the sample containing 25% nano-copper. The substantial
increase in electrical conductivity can be attributed to the more uniform and continuous
network of copper in the compact.

Figure 11. Electrical conductivity of the sintered samples.

4. Conclusions

From the present study, it can be concluded that W–(nano)Cu composites can be
fabricated with high density using the spark plasma sintering technique even at 900 ◦C.
Properties such as relative density, tensile strength, micro-hardness, and electrical conduc-
tivity were found to increase with nano copper addition. No intermetallics were formed,
as confirmed by XRD analysis. As the copper content increased, a more uniform and
continuous network of the matrix phase was observed, reducing porosity. The microstruc-
ture observed that the third stage of sintering, in which shrinkage or closure of pores
occurs, was not wholly achieved under the processing conditions used in the present study.
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However, an increase in uniaxial pressure or soaking time might overcome this and result
in a further increase in relative density and other properties.

Author Contributions: Conceptualization, A.R.A. and A.M.; Methodology, A.R.A. and A.M.; Soft-
ware, V.M. and M.S.; Validation, V.M. and M.S.; Formal analysis, A.R.A. and A.M. and C.-P.J.;
Investigation, D.K.A., A.R.A. and A.M.; Resources, D.K.A., A.R.A., A.M. and C.-P.J.; Data curation,
V.M. and M.S.; Writing, V.M. and A.R.A.; Writing—review and editing, V.M., A.M., A.R.A. and C.-P.J.;
Visualization, A.R.A.; Supervision, A.R.A., A.M. and C.-P.J.; Project administration, A.R.A. and
C.-P.J.; Funding acquisition, C.-P.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Technology of the Republic of
China (Taiwan), under grant numbers MOST 107-2221-E-194-024-MY3 and MOST 109-2923-E-194-
002-MY3.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors A. Raja Annamalai, acknowledge the Vellore Institute of Technology,
Vellore campus in carrying out this research through RGEMS SEED grant.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Doré, F.; Lay, S.; Eustathopoulos, N.; Allibert, C.H. Segregation of Fe during the sintering of doped W–Cu alloys. Scr. Mater. 2003,
49, 237–242. [CrossRef]

2. Xu, L.; Yan, M.; Xia, Y.; Peng, J.; Li, W.; Zhang, L.; Liu, C.; Chen, G.; Li, Y. Influence of copper content on the property of Cu–W
alloy prepared by microwave vacuum infiltration sintering. J. Alloy. Compd. 2014, 592, 202–206. [CrossRef]

3. Qiu, W.T.; Pang, Y.; Xiao, Z.; Li, Z. Preparation of W-Cu alloy with high Density and ultrafine grains by mechanical alloying and
high-pressure sintering. Int. J. Refract. Met. Hard Mater. 2016, 61, 91–97. [CrossRef]

4. Chaubey, A.K.; Gupta, R.; Kumar, R.; Verma, B.; Kanpara, S.; Bathula, S.; Khirwadkar, S.S.; Dhar, A. Fabrication and char-
acterization of W-Cu functionally graded material by spark plasma sintering process. Fusion Eng. Des. 2018, 135, 24–30.
[CrossRef]

5. Zhu, X.; Cheng, J.; Chen, P.; Wei, B.; Gao, Y.; Gao, D. Preparation and characterization of nanosized W-Cu powders by a novel
solution combustion and hydrogen reduction method. J. Alloy. Compd. 2019, 793, 352–359. [CrossRef]

6. Kwon, Y.S.; Chung, S.T.; Lee, S.; Noh, J.W.; Park, S.J.; German, R.M. Development of the High-Performance W-Cu Electrode.
Adv. Powder Metall. Part. Mater. 2007, 2, 9.

7. Hiraoka, Y.; Inoue, T.; Hanado, H.; Akiyoshi, N. Ductile-to-brittle transition characteristics in W–Cu composites with an increase
of Cu content. Mater. Trans. 2005, 46, 1663–1670. [CrossRef]

8. Ryu, S.S.; Kim, Y.D.; Moon, I.H. Dilatometric analysis on the sintering behavior of nanocrystalline W–Cu prepared by mechanical
alloying. J. Alloy. Compd. 2002, 335, 233–240. [CrossRef]

9. Wang, W.S.; Hwang, K.S. The effect of tungsten particle size on the processing and properties of infiltrated W-Cu compacts.
Metall. Mater. Trans. A 1998, 29, 1509–1516. [CrossRef]

10. Mordike, B.L.; Kaczmar, J.; Kielbinski, M.; Kainer, K.U. Effect of tungsten content on the properties and structure of cold extruded
Cu-W composite materials. PMI. Powder Metall. Int. 1991, 23, 91–95.

11. Ho, P.W.; Li, Q.F.; Fuh, J.Y.H. Evaluation of W–Cu metal matrix composites produced by powder injection molding and liquid
infiltration. Mater. Sci. Eng. A 2008, 485, 657–663. [CrossRef]

12. Amirjan, M.; Zangeneh-Madar, K.; Parvin, N. Evaluation of microstructure and contiguity of W/Cu composites prepared by
coated tungsten powders. Int. J. Refract. Met. Hard Mater. 2009, 27, 729–733. [CrossRef]

13. Ibrahim, A.; Abdallah, M.; Mostafa, S.F.; Hegazy, A.A. An experimental investigation on the W–Cu composites. Mater. Des. 2009,
30, 1398–1403. [CrossRef]

14. Hamidi, A.G.; Arabi, H.; Rastegari, S. Tungsten–copper composite production by activated sintering and infiltration. Int. J. Refract.
Met. Hard Mater. 2011, 29, 538–541. [CrossRef]

15. Mondal, A.; Upadhyaya, A.; Agrawal, D. Comparative study of densification and microstructural development in W–18Cu
composites using microwave and conventional heating. Mater. Res. Innov. 2010, 14, 355–360. [CrossRef]

16. Pintsuk, G.; Brünings, S.E.; Döring, J.E.; Linke, J.; Smid, I.; Xue, L. Development of W/Cu—functionally graded materials.
Fusion Eng. Des. 2003, 66, 237–240. [CrossRef]

124



Nanomaterials 2021, 11, 413

17. Johnson, J.L.; Brezovsky, J.J.; German, R.M. Effects of tungsten particle size and copper content on densification of liquid-phase-
sintered W-Cu. Metall. Mater. Trans. A 2005, 36, 2807–2814. [CrossRef]

18. Wei, X.; Tang, J.; Ye, N.; Zhuo, H. A novel preparation method for W–Cu composite powders. J. Alloy. Compd. 2016, 661, 471–475.
[CrossRef]

19. Huang, L.M.; Luo, L.M.; Ding, X.Y.; Luo, G.N.; Zan, X.; Cheng, J.G.; Wu, Y.C. Effects of simplified pretreatment process on the
morphology of W–Cu composite powder prepared by electroless plating and its sintering characterization. Powder Technol. 2014,
258, 216–221. [CrossRef]

20. Li, C.; Zhou, Y.; Xie, Y.; Zhou, D.; Zhang, D. Effects of milling time and sintering temperature on structural evolution, densification
behavior, and properties of a W-20 wt. % Cu alloy. J. Alloy. Compd. 2018, 731, 537–545. [CrossRef]

21. Mondal, A.; Upadhyaya, A.; Agrawal, D. Effect of heating mode and copper content on the densification of W-Cu alloys. Indian J.
Mater. Sci. 2013, 2013, 1–7. [CrossRef]

22. Zhanlei, W.; Huiping, W.; Zhonghua, H.; Hongyu, X.; Yifan, L. Dynamic consolidation of W-Cu nano-alloy and its performance
as liner materials. Rare Met. Mater. Eng. 2014, 43, 1051–1055. [CrossRef]

23. Zhang, N.; Wang, Z.; Guo, L.; Meng, L.; Guo, Z. Rapid fabrication of W–Cu composites via low-temperature infiltration in
supergravity fields. J. Alloy. Compd. 2019, 809, 151782. [CrossRef]

24. Guillon, O.; Gonzalez-Julian, J.; Dargatz, B.; Kessel, T.; Schierning, G.; Räthel, J.; Herrmann, M. Field-assisted sintering
technology/spark plasma sintering: Mechanisms, materials, and technology developments. Adv. Eng. Mater. 2014, 16, 830–849.
[CrossRef]

25. Suárez, M.; Fernández, A.; Menéndez, J.L.; Torrecillas, R.; Kessel, H.U.; Hennicke, J.; Kirchner, R.; Kessel, T. Challenges and
opportunities for spark plasma sintering: A key technology for a new generation of materials. Sinter. Appl. 2013, 13, 319–342.

26. ASTM International. Standard Practice for Microetching Metals and Alloys; ASTM International E407-07; ASTM International:
West Conshohocken, PA, USA, 2015.

27. ASTM International. Standard Test Methods for Vickers Hardness and Knoop Hardness of Metallic Materials; ASTM International E92;
ASTM International: West Conshohocken, PA, USA, 2017.

28. ASTM International. Standard Test Method for Determining Electrical Conductivity Using the Electromagnetic (Eddy Current) Method;
ASTM International E1004; ASTM International: West Conshohocken, PA, USA, 2017.

29. Liang, S.; Wang, X.; Wang, L.; Cao, W.; Fang, Z. Fabrication of CuW pseudo alloy by W–CuO nanopowders. J. Alloy. Compd. 2012,
516, 161–166. [CrossRef]

30. George, E.D. Mechanical Metallurgy, 2nd ed.; McGraw Hill Education: New York, NY, USA, 1976.
31. Chen, P.; Shen, Q.; Luo, G.; Wang, C.; Li, M.; Zhang, L.; Li, X.; Zhu, B. Effect of interface modification by Cu-coated W powders on

the microstructure evolution and properties improvement for Cu–W composites. Surf. Coat. Technol. 2016, 288, 8–14. [CrossRef]
32. Liang, S.; Chen, L.; Yuan, Z.; Li, Y.; Zou, J.; Xiao, P.; Zhuo, L. Infiltrated W–Cu composites with the combined architecture of

hierarchical particulate tungsten and tungsten fibers. Mater. Charact. 2015, 110, 33–38. [CrossRef]

125





nanomaterials

Article

Study of Physico-Chemical Interactions during the Production
of Silver Citrate Nanocomposites with Hemp Fiber

Alexandru Cocean 1, Iuliana Cocean 1, Georgiana Cocean 1,2, Cristina Postolachi 1, Daniela Angelica Pricop 3,

Bogdanel Silvestru Munteanu 3, Nicanor Cimpoesu 1,4 and Silviu Gurlui 1,*

��������	
�������

Citation: Cocean, A.; Cocean, I.;

Cocean, G.; Postolachi, C.; Pricop, D.A.;

Munteanu, B.S.; Cimpoesu, N.;

Gurlui, S. Study of Physico-Chemical

Interactions during the Production of

Silver Citrate Nanocomposites with

Hemp Fiber. Nanomaterials 2021, 11,

2560. https://doi.org/10.3390/

nano11102560

Academic Editor: Alexey Pestryakov

Received: 5 September 2021

Accepted: 26 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Atmosphere Optics, Spectroscopy and Laser Laboratory (LOASL), Faculty of Physics, Alexandru Ioan Cuza
University of Iasi, 11 Carol I Bld, 700506 Iasi, Romania; alexcocean@yahoo.com (A.C.);
iulianacocean@hotmail.com (I.C.); cocean.georgiana@yahoo.com (G.C.); tina.postolaki@gmail.com (C.P.);
nicanornick@yahoo.com (N.C.)

2 Rehabilitation Hospital Borsa, 1 Floare de Colt Street, 435200 Borsa, Romania
3 Faculty of Physics, Alexandru Ioan Cuza University of Iasi, 11 Carol I Bld, 700506 Iasi, Romania;

daniela.a.pricop@gmail.com (D.A.P.); msbogdanel18@yahoo.com (B.S.M.)
4 Faculty of Material Science and Engineering, Gheorghe Asachi Technical University of Iasi, 59A Mangeron Bld,

700050 Iasi, Romania
* Correspondence: sgurlui@uaic.ro

Abstract: In the study presented in this paper, the results obtained by producing nanocomposites
consisting of a silver citrate thin layer deposited on hemp fiber surfaces are analyzed. Using the
pulsed laser deposition (PLD) method applied to a silver target with impurities of nickel and iron,
the formation of the silver citrate film is performed in various ways and the results are discussed
based on Fourier Transform Infrared (FTIR) and Scanning Electron Microscopy coupled with Energy
Dispersive X-ray (SEM-EDX) spectroscopy analyses. A mechanism of the physico-chemical processes
that take place based on the FTIR vibrational modes and the elemental composition established by
the SEM-EDS analysis is proposed. Inhibition of the fermentation process of Saccharomyces cerevisae
is demonstrated for the nanocomposite material of the silver citrate thin layer, obtained by means of
the PLD method, on hemp fabric. The usefulness of composite materials of this type can extend from
sensors and optoelectronics to the medical fields of analysis and treatment.

Keywords: nanocomposites; pulsed laser deposition

1. Introduction

Composite materials, based on texturized textile fibers—as a reinforcing phase, on
which silver films are deposited as a continuous phase (matrix)—are made for use in medi-
cal devices and also for other applications where an ionic state of silver (Ag+) is required.

The aim of the experimental procedures presented in this work is to study if, during
the pulsed laser deposition (PLD) process, the interaction of citric acid with the ablated
silver, in its final plasma stage before hitting the support, and under vacuum chamber
conditions, could lead to a chemical reaction that results in the formation of citrate. It is
known that silver does not react with citric acid unless one of the reactants is in an ionic
state (inorganic compounds of silver, such as AgNO3, would enter into a reaction with
citric acid, or sodium citrate would enter into a reaction with silver). Moreover, silver
does not react with cellulose in its metallic state. In order to react with cellulose, “silver
seeds”, i.e., silver nitrate (AgNO3), and reagents are required [1]. Other methods utilized
for producing silver nanoparticle synthesis in an ionic state, for medical purposes, are
based on so-called “green synthesis”, where different biological organisms or extracts of
those participate in a photochemical or chemical process [2–8]. Plasma reduction is another
method used to synthesize Ag nanoparticles and Pt nanoparticles for further applications
in dye-sensitized solar cells [9,10].
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The impetus of this research, involving the production of compounds in which silver is
in an ionic state, derives from its proven benefits regarding its antibacterial and antifungal
properties. Researchers are also concerned with possible applications of gold nanoparticles
in cancer treatment, where gold nanoparticles in an ionic state are supposedly the active
form against cancer cells. In this respect, synthesis of gold nanoparticles has been achieved
in the form of gold citrate but also as gold ionic bonded to polymers such as polyethylene
imine [11]. Solar-driven water evaporation could be another application of such developed
materials [12,13].

In the general context of interest for the study of noble metal nanoparticles, the
method presented in this paper proposes both a new method of producing silver citrate
embedded in a composite of the hemp-reinforcing phase, and a model of the physico-
chemical mechanism of the process that takes place during, and under the conditions of,
the pulsed laser deposition.

2. Materials and Methods

Pulsed laser deposition (PLD) was performed on the installation in the Atmosphere
Optics, Spectroscopy and Lasers Laboratory [14] using the YG 981E/IR-10 laser system,
with the parameters τ = 10 ns pulse width, λ = 532 nm wavelength, α = 45◦ incident angle
and ν = 10 Hz pulse repetition time and 3·10−2 Torr pressure, in the deposition chamber
(Figure 1). The target subject for ablation (Figure 2) was made of silver with iron and
nickel impurities. It was produced from jewelry scraps by means of mechano-thermic
processes and chemical cleaning with 99.9% tetra borate (Na2B4O7·10H2O) and 99% sodium
borohydride (NaBH4) to convert silver from the ionic to the atomic state [15,16] followed
by treatment with baking soda as a catalyst (NaHCO3 99.5%) in the presence of aluminum
foil in order to remove sulfur from the silver sulfide (Ag2S).

 

Figure 1. Experimental installation for PLD and LIBS in the Atmosphere Optics, Spectroscopy and
Lasers Laboratory (http://spectroscopy.phys.uaic.ro. Accessed on 4 September 2021).
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(a) (b) 

Figure 2. Silver target: (a) before irradiation; (b) after laser ablation during PLD processes.

The experimental studies refer to the physico-chemical interaction of plasma plume
with the substrate containing citric acid. For that purpose, a total of three samples were
produced, as follows:

• The film deposition on hemp fabric is noted as sample D (Ag Film/Hemp).
• The next film was deposited on a hemp fabric impregnated with supersaturated

aqueous citric acid solution to form composite materials for further applications; this
is referred to as sample E (Ag Film/CA/Hemp).

• Finally, silver film deposition was performed on a layer of citric acid applied as a
supersaturated aqueous citric acid solution on a glass slab; this is denoted as sample F
(Ag Film/CA/Glass).

The fabrics used as supports are noted as follows: HTND—the hemp twill fabric
(natural); HTNS—the hemp twill fabric (natural) impregnated with citric acid solution.

Pulsed laser deposition was performed with laser energy of 150 mJ on a spot with a
168 μm average standard deviation, with a distance target support of 2 cm. The deposition
time was 30 min for 18 × 104 pulses, the number of pulses necessary for obtaining a
consistent silver layer [17].

A test to demonstrate the functional property of the new nanocomposite material,
Ag-CA-HMP, related to inactivation of the microorganisms, was conducted using dry
baker’s yeast (Saccharomyces cerevisiae). Samples of hemp fabric, hemp fabric coated
with a silver layer and hemp fabric coated with a silver citrate layer, obtained using the
PLD method as described in the study presented herein, were placed on three glass slabs
of 22 mm × 22 mm size, while one glass slab was used as a reference (R) or for the blind
test. Each of the four glass slabs was placed in a different Petri dish. Quantities of 20 mg
of yeast mixed with 10 mg of sugar were placed on the center of each sample and 0.5 mL
of distilled water, at 45 ◦C–50 ◦C, was added on the mixture of yeast and sugar using a
pipette. The samples obtained this way were named as follows:

• 1-Y-active (yeast mixture on the glass slab or blind sample).
• 2-Y-HMP (the yeast mixture on hemp fabric sample).
• 3-Y-Ag-HMP (the yeast mixture on the silver layer deposited on the hemp fabric).
• 4-Y-Ag-CA-HMP (the yeast mixture on the silver citrate layer deposited on the hemp

fabric).

The reference or blind sample was noted as R-Y-DRY.
The surfaces and the foaming bubbles of CO2 were measured in pixels using the Toup

View software.

3. Results and Discussions

3.1. Target Initial Chemical Composition

After the preparatory steps of the target, EDX analysis showed a composition, in
atomic percentages, of 81.84% Silver, 17.40% Nickel, and 0.76% iron in some areas; 88.26%
Silver, 10.32% Nickel, 0.44% iron in other areas; and even 100% Silver in some areas. The
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composition demonstrated a non-homogenous distribution of the impurities through the
silver matrix of the target, which is consistent with the usual conditions of manufacturing
where materials of pure elements are not used due to their high cost and difficulties
involved in purifying them, as well as the special storage conditions needed in order to
avoid contamination/impurification.

3.2. Physico-Chemical Processes of Ablation and Redisposition on the Target

Analyzing the ablated area on the target after it was used in the PLD process, an
important increase in iron and nickel was noticed compared with the results obtained
before ablation. Thus, the elemental compositions of two areas, of 0.053 mm2 each, that
were analyzed at the center of the target after ablation (Figure 3b,c) were found as being of
64.56% Silver, 27.01% Nickel, 8.43% Iron and 77.20% Silver, and of 17.56% Nickel, 5.20%
Iron, respectively. The detected elements were evidenced by the EDS spectrum presented
in Figure 4. The increase in Ni and Fe atoms on the ablated area of the target was the result
of different processes and phenomena during ablation such as re-deposition (Figure 3a–c)
of the lighter elements (atomic mass, A, and atomic number, Z, of each component being
58.69
28 Ni where ANi = 58.69, 55.845

26 Fe where AFe = 26 and 108
47 Ag where AAg = 108) that may

have been due to their elastic collision with heavier atoms, ions and clusters, but also due to
other perturbing phenomena including, but not limited to, the influence of electromagnetic
fields on the charged particles (ions). Preferential Silver ablation was indicated with
increase in Ni and Fe in the elemental composition of the ablated area, which is important
for the quality of the deposited thin film.

   
(a) (b) (c) 

Figure 3. SEM images on ablated zone of the target with re-deposition structures: 5 kx magnitude (a); 1 kx magnitude (b,c).

Figure 4. EDX spectrum of the target after ablation.

In the SEM images of Figure 3a–c, the droplets of the re-deposited material can be
noticed on the ablated area.
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3.3. Physico-Chemical Interaction of Silver Plume with the Citric Acid Substrate

The SEM images (500 × magnifying) of the three Silver film deposition samples are
presented in Figure 5. The silver layer was not only deposited on the fabric surface. It
penetrated through the interstices between the twisted fibers that formed the yarns from
the fabric texture. In this way, the deposition produced a composite structure with new
properties. The ionic state of the silver was the intended goal due to its antibacterial and
antifungal properties and, for that reason, the study of the interaction of silver plasma
plume with the citric acid from the support was important.

    
(a) (b) (c) (d) 

Figure 5. SEM images 500 x of the samples (a) Hemp fabric used as support for pulsed laser deposition; (b) Sample D (Ag
Film/Hemp); (c) Sample E (Ag Film/CA/Hemp); (d) Sample F (Ag Film/CA/Glass).

The images in Figure 5 evidence the droplets of silver resulted during the laser
deposition. EDS analysis showed an elemental composition on the thin layers as presented
in Table 1 and in the spectra of Figure 6a–c. The analyzed areas were of 0.185 mm2 on the
surfaces presented in Figure 5b–d) for data in Table 1.

Table 1. Elemental composition of the samples: Ag Film/Hemp (D); Ag Film/CA/Hemp (E); Ag Film/CA/Glass (F).

Element

Norm. wt.% Norm. at.%

Sample (D) Ag
Film/ Hemp

Sample (E) Ag
Film/ CA/Hemp

Sample (F) Ag
Film/ CA/Glass

Sample (D) Ag
Film/ Hemp

Sample (E) Ag
Film/ CA/Hemp

Sample (F) Ag
Film/ CA/Glass

Oxygen 76.46 76.98 52.47 82.47 82.90 86.98

Silver 10.72 10.41 41.06 1.71 1.66 10.09

Carbon 10.58 10.33 - 15.20 14.82 -

Copper 2.23 2.28 - 0.60 0.62 -

Nickel - - 6.46 - - 2.92

100 100 100 100 100 100

In the elemental composition of the samples D and E, copper and carbon belong to the hemp fabric.

(a) 

Figure 6. Cont.
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(b) 

 
(c) 

Figure 6. EDS spectra of the thin layers obtained by PLD: sample Ag Film/Hemp (D) (a); sample Ag
Film/CA/Hemp (E) (b); sample Ag Film/CA/Glass (F) (c).

The PLD technique is based on laser ablation when the solid material of the target
is transformed into liquid, gas and plasma. Plasma, also known as ionized gas [18–26],
is a state of matter where ions, electrons, atoms and clusters exist at the same time. The
predominant content in the Silver of the deposited thin film is noted in Table 1 This is in
good accordance with the results of elemental composition of the ablated area on the target.
It implies that the silver ions should arrive on the support surface and react with the citric
acid. Because some of the silver was already derived from the ablation that occurred in
liquid state, as per the temperature plots obtained from the COMSOL simulation of silver
ablation and depositions shown in the work of A. Cocean et al., 2017 [27], the reaction rate
was not expected to be high. Nevertheless, other phenomena can improve the active state
of the film and increase its predisposition to subsequent reactions when in contact with
biological agents such as bacteria and fungi. Regardless, this was not the experimental
subject for this study, but it was where the idea started. Therefore, in order to determine
whether the reaction took place, the powder of the deposited layers was collected by
scraping it off the surface of the samples, and the FTIR results are presented in Figure 7. In
order to avoid the possibility that silver ions could occur from oxidized areas or from Ag2S
that may form, in time, on the target surface when in contact with the atmosphere, borax
was incorporated on the target (as presented in the Section 2). It followed that silver ions
from oxides and/or sulfides had been converted into atoms before the PLD process, but
also during PLD if any remaining oxygen traces were present in the deposition chamber.
This provides further evidence that the only source of silver ions that will react with the
citric acid is the plasma obtained via ablation during which ions, atoms and clusters co-
exist. For a better evaluation of the FTIR spectra of the samples that were experimentally
obtained, they were also compared with the spectra of the hemp fabrics used as supports
for silver deposition, namely HTND (hemp fabric) and HTNS (hemp fabric impregnated
with the supersaturated citric acid aqueous solution). The FTIR spectra (Figure 7) show
the changes that citric acid undergoes as a result of silver deposition. The transformation
of carboxyl groups into carboxylate ions can be observed in the FTIR spectra, and the
formation of silver citrate is indicated.
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Figure 7. Comparison of the FTIR spectra of samples D (AgFilm/Hemp), E (AgFilm/CA/Hemp)
and F (AgFilm/CA/glass), and the sodium citrate and citric acid (CA).

In this regard, for both types of hydroxyl groups assigned to carboxyl from citric
acid (free: 3500 cm−1; H-bounded: 3283 cm−1 [28,29]), there is evidence that they were
transformed into ionized COO− groups, which were involved in ionic bonds with Ag+, as
indicated by the carbonyl bands from 1638 cm−1 to 1760 cm−1 [28,29].

The bands from about 3500 cm−1 were the alcoholic groups [28,29] of the citric acid
spectrum (CA), but they were also found in the sample of PLD film spectra for citrate when
the peak became broader due to hydrogen bonding. This caused the silver ions from the
plasma that was produced via ablation, that still existed when arriving on the substrate
surface, to enter into a reaction with the citric acid, and thus, may have formed trisilver
citrate as well as also mono- and disilver citrate (Figure 8). However, the physico-chemical
process was more complex than only a citric reaction with silver plasma ions. The presence
of intermolecular H-bonds between the hydroxyl groups of the citrate is indicated in the
broad band at 3500 cm−1 in the sample E spectrum. Furthermore, it has been established
that the partially ionized oxygen from the carbonyl groups will enter into hydrogen bonds
with hydroxyl groups from other molecules, but also intramolecular bonds, as the peak from
1638 cm−1 could indicate [28,29]. H-bonding could also have occurred between the citrate
and cellulose (Figure 9b). The spectrum of sample E (hemp impregnated with citric acid
before deposition) evidences the formation of citrate. As for the silver that was deposited
directly on the citric acid (sample F), the spectrum indicates that some of the citric acid had
reacted with silver plasma ions, while some still existed as citric acid, or alternatively, only
part of the carboxylic groups had been transformed into carboxylates (Figure 9c).

Figure 8. Chemical reaction of citric acid with silver ions from the laser ablation plasma plume.
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(a) 

 
(b) 

(c) 

Figure 9. The reactions, namely the intermolecular and intramolecular interactions, that may occur
upon the impact of silver plasma with the substrate surface containing citric acid: (a) hydrogen bonding
in citric acid; (b) sequence of intermolecular H-bonding, inter- and intramolecular Van Der Waals
interactions and Silver atoms’ adsorption on citrate and cellulose; (c) sequence of intermolecular H-
bonding, inter- and intramolecular Van Der Waals interactions and Silver atoms’ adsorption on citrate.134
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Due to the environmental conditions in the vacuum chamber, it was possible for a fur-
ther ionized structure of the silver citrate to form, which may have interacted through ionic
and H-bonding and formed aggregates and complex structures, the most evident being for
the citrate formed on the glass slab. The very broad band of the F (Ag Film/CA/Glass)
spectra between 3560 and 2598 cm−1 indicates that both the carboxyl and carboxylate
groups coexisted [28,29], meaning that part of the citric acid was transformed into citrate
and part remained as citric acid. The broad band also indicates H-bonds, intermolecular
ionic bonds and other intermolecular interactions, such as Van Der Waals interactions. Such
a model may be depicted as in Figure 9a–c. Van Der Waals interactions between ionized
and/or partially ionized atoms would have taken place in both films (the E-film on the
hemp treated with citric acid and the F-film that was deposited on the citric acid). The
adsorption of silver atoms on the carbonyl groups was also part of the complex interactions
in the thin film system (Figure 9b,c).

The reactions, namely the intermolecular and intramolecular interactions, that may
occur upon the impact of silver plasma with the substrate surface containing citric acid are
schematically presented in Figures 8 and 9a–c. Further studies of this process of interaction
between the silver plasma ions and the citric acid molecules during pulsed laser deposition,
and its mechanism, may lead to a technique that can produce silver layers that are active
against bacteria as well as being useful for other applications where an ionic state of
silver and/or other metals is required. As noticed when analyzing the FTIR spectrum for
silver deposited, by means of the PLD technique, on the citric acid, not all of the citric
acid was transformed into citrate; this was because the quantity of the citric acid was
excessive compared to the quantity of silver ions formed in the plasma. Based on this
observation, a method to measure the quantity of the ions of metals that arrive on the
substrate, and further, a PLD method of “titration”, could be developed to analyze different
intermediary compounds formed during the travelling of plasma on the path from the
target to the substrate.

Regarding the sizes and shapes of the nanoparticles, UV-Vis spectral analysis was
performed on sample F (Ag Film/CA/Glass). For the analysis, material was scraped from
the upper part of the layer and was deposited on a glass slide (Ag Film/CA/Glass), with
care taken not to scrape the glass directly. The material was dissolved in 2 mL of distilled
and deionized water. The distilled and deionized water was used for comparison. Because
the amount of material taken from the thin layer for UV-Vis analysis was very small and
the dilution was high (imposed by the 2 mL cuvette volume), the signal obtained for
absorption was of low intensity. However, peaks that, in the literature, were assigned to
various sizes of silver nanoparticles, as well as silver citrate, can be observed. Thus, the
UV-Vis spectrum (Figure 10) shows a succession of 284 nm, 353 nm, 412 nm, 443 nm peaks
and a wide band between 487 nm and 543 nm. The peak at 284 nm could be related to the
formation of (Ag+)3/citrate complexes [30], probably in the form of silver clusters and/or
ultra-small silver nanoparticles [31]. Furthermore, in the same spectrum, a narrow band at
353 nm and a wide band between 487 and 543 nm appeared, possibly caused by the fusion
of heated nanoparticles as a result of laser exposure. The spectral footprint of the fused
nanoparticles is suggested by the wide band (between 487 and 543 nm) of the longitudinal
oscillation mode of the surface plasmon and the narrow band at 353 nm of the transverse
oscillation mode [32,33]. The fused nanoparticle formation could also be assigned to the
broader bands, at 3500 cm−1, of the FTIR spectra of samples E (AgFilm/CA/Hemp) and
F(AgFilm/CA/Glass), but without neglecting other forms of aggregation, such as those
described and presented in Figure 9.
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Figure 10. UV-Vis spectrum of sample F (Ag Film/CA/Glass).

Two other peaks at 412 nm and 443 nm can be attributed to the formation of triangular
nanoparticles, with dimensions of around 40 nm [34], and nanoparticles with uneven
shapes between 60 and 70 nm [35].

Citrate molecules act as both a capture ligand for silver particles and as a photoreduc-
ing agent for silver ions [36,37]. It is known that under the action of light radiation, citrate
photoresists silver ions at the surface of previously formed silver seeds. The growth of
nanoparticles with different morphologies is due to the rates of citrate reduction on certain
faces of silver crystallites [34]. Silver–citrate complexes formed as a result of pulsed laser
deposition indicate a possible application of the developed material as an antimicrobial
layer [38].

3.4. Yeast Foaming Test for the New Ag-CA-HMP Material Synthesized by PLD Method

During the foaming test described in the Section 2, an intense foaming activity was
observed on sample 1-Y from the first moment; the yeast on samples 2-Y-HMP and 3-Y-
Ag-HMP was less active, while there was no foaming activity on sample 4-Y-Ag-CA-HMP
(Figure 11).

Figure 11. Images of foaming activity initial and after 3 min from starting the foaming test.
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Based on the measurements of the samples and the dimensions of the glass slabs
made using the Toup View software, in addition to the diameters of the CO2 bubbles, the
foaming activity (FA%) and foaming stability (FS%) were calculated for the initial moment
of the foaming test, and at 3 min from the point at which the foaming test had started. The
foaming activity and foaming stability were calculated as follows:

Glass slab area:
A = L·l

The areas of samples 2, 3 and 4 (the samples on the fabric have one quarter of the area
of the circles seen in Figure 11):

A =
π·R2

4
=

π·D2

16

Areas of the bubbles:

a = π·r2 =
π·d2

4
The total foam area on each sample as the sum of the areas of the bubbles:

F = ∑n
i=0 ai

The foaming activity, as a percentage of the foam area from the sample area and from
the slab area, respectively:

FA% =
F
A
·100

The foaming stability, as a percentage of the foaming activity after 3 min from the
point at which the foaming test was started, derived from the initial foaming activity of
each sample:

FS% =
FAinitial(%)

FAa f ter 3 minutes(%)
·100

The results are presented in Table 2 and in Figure 12.

Table 2. Foaming activity (FA%) and foaming stability (FS%).

Sample
FA% (on Sample Surface) FA% (on Slab Surface) FS% (on Sample

Surface)
FS% (on

Slab Surface)Initial after 3 min Initial after 3 min

1 Y-active 89.42 9.71 89.42 9.71 12.23 12.23

2 Y-HMP 8.14 10.12 7.86 5.80 155.97 74.09

3 Y-Ag-HMP 7.37 6.99 3.21 2.80 86.86 74.18

4 Y-Ag-CA-HMP 0.00 0.00 0.34 0.00 - 0.00

The changes that occurred within 3 min of the initiation of foaming activity among the
studied samples, using the surface of each sample and that of the glass slab on which the
sample was placed as references, are presented in Figure 12a,b. The variations in foaming
stability among the studied samples, using the area of each sample and that of the glass
slab, are shown in Figure 13a,b.
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(a) (b) 

Figure 12. Comparison of yeast foaming activity (FA%) on the samples’ surfaces (a) and on slab surface (b).

  
(a) (b) 

Figure 13. Comparison of yeast foaming stability (FS%) on samples’ surfaces (a) and on slab surface (b).

The samples that were produced via the foaming test were dried at 25 ◦C for 24 h,
and each sample was kept in a Petri dish. After drying, yeast material was collected from
the glass slab of each sample. Each sample of yeast material was mixed with KBr in a
mortar and, after that, was pressed into a ring and FTIR analysis was performed. The
same process was undertaken with the sample of dry yeast that was used in the foaming
test. The resulting spectra of the four samples and of the reference sample (dry yeast) are
presented in Figure 14a,b.

The peaks that were specific to the FTIR spectrum of the dry yeast sample (Figure 14,
Y-DRY) were also found in the spectra of the Y-active, Y-HMP and Y-Ag-HMP samples,
with very small variation in terms of their intensity. The 3417 cm−1 band may be assigned
to N-H stretching in the same range as the O-H-free and H-bonded samples. The bands
assigned to proteins (the band at 1631 cm−1 assigned to CNO stretching and N-H bending
in amides I, and the band at 1545 cm−1 assigned to C-N stretching and N-H bending in
amides II) [39,40], as well as those assigned to sugars (1057 cm−1 and 908 cm−1; these
bands were specific to the cyclic ethers in carbohydrates) [39,40] or nucleic acids, denoted
by the band at 1240 cm−1 as per A. Gallichet et al., 2001 [41], do not appear to have been
essentially modified in the FTIR spectra of the mentioned samples.

Unlike the other three samples (Y-active, Y-HMP and Y-Ag-HMP), the test conducted
the on Y-Ag-CA-HMP sample shows essential changes in the FTIR spectrum (Figure 14,
Y-Ag-CA-HMP) compared to the spectrum of the dry yeast, and also in comparison to
all other samples (Y-active, Y-HMP and Y-Ag-CA-HMP). In essence, the spectrum of the
Y-Ag-CA-HMP sample shows the characteristics of sucrose (table sugar) even if some peaks
appear to have overlapped those of yeast, which is also known to contain sugars.
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(a) (b) 

Figure 14. FTIR spectra of investigated behavior of yeast to different media provided by the analyzed materials (a) and
detailed FTIR spectra in the finger-print region of 1500 cm−1–500 cm−1 (b).

Of note is the strong and sharp vibrational band from 3558 cm−1, which is specific to
the spectrum of sucrose and is attributed to the free OH groups [41,42].

In the finger-print area of the Y-Ag-CA-HMP sample spectrum, the bands from
1403 cm−1, 1343 cm−1, 1275 cm−1, 1240 cm−1, 1207 cm−1, 1128 cm−1, 1066 cm−1, 1052 cm−1,
989 cm−1, 940 cm−1, 908 cm−1, 864 cm−1, 848 cm−1, 728 cm−1, 728 cm−1, 680 cm−1 and
663–565 cm−1 are highlighted, and these are assigned to ethers (C–O–C stretch asymmetric;
arC–O–alC) and to related components [14,28,29]; these bands can also be found in online
databases on sucrose (1427 cm−1, 1343 cm−1, 1279 cm−1, 1240 cm−1, 1208 cm−1, 1126 cm−1,
1065 cm−1, 1049 cm−1, 988 cm−1, 942 cm−1, 908 cm−1, 866 cm−1, 849 cm−1, 732 cm−1,
687 cm−1 and 640–521 cm−1) [39,40].

Based on the FTIR spectra shown in Figure 14, the interpretation of the foaming test
results presented in Figures 12 and 13, as well as in Table 2, is that the fermentative effect
of the yeast (Saccharomyces cerevisiae) on sugar was inactivated by the silver citrate layer
that was obtained on the hemp fabric using the PLD technique and the method reported in
this paper.

Thus, in the case of the three samples (Y-active, Y-HMP and Y-Ag-HMP), the fer-
mentation of sugar is highlighted both by the CO2 release process that can be observed
in the foaming effect that occurred with the generation of the measured gas bubbles
(Figures 12 and 13 and Table 2) and by the FTIR spectra, which was similar to that of the
initial yeast spectrum. In the case of the Y-Ag-CA-HMP sample (the silver citrate layer
deposited on the hemp fabric that we fabricated according to the new method described
herein), no CO2 bubbles were released during the foaming test, and in the immediate
vicinity, there was only an insignificant amount of initial foaming activity (FA%) of 0.34%,
with 0% foaming stability (FS%), at 3 min from initiation. This is in accordance with the
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FTIR spectrum of sample Y-Ag-CA-HMP, which also shows that the fermentation of sugar
did not take place.

4. Conclusions

The ionic state of silver is important for the production of composites with antibacterial
and antifungal properties for various applications, including medical, but its importance is
not limited to them. This study has shown that the PLD technique is suitable for the pro-
duction of silver citrate as a result of the interaction of the ablation plume with a citric acid
substrate or a substrate with citric acid contents. There are also indications resulting from
the experiment presented herein that a method of “titration” may be developed in order to
determine the quantity of metals ionic state in the plasma plume at different distances from
the target, based on specific reactions. The method could be extended to other materials,
with the aim of producing silver-based composites for later applications in industry and
medicine, as well as for environmental investigations and air and water filtration. The tests
and investigations show that the silver citrate that was obtained on the hemp fabric using
our new method inactivated the yeast (Saccharomyces cerevisiae), confirming the effect of
silver ions on the microorganisms, which, at the very least, inactivated their metabolism.
This proves that a new functional material was obtained. Such nanocomposites of the
silver citrate layer on the hemp fabric can be useful in processes where fermentation or
excessive foaming induced by yeasts needs to be controlled by inhibition processes. Further
investigations are needed and will be conducted to study the antimicrobial effect of the
new nanocomposite material.

In order to determine the oxidation state of silver during deposition and on the
deposited layer, in our further studies, we will consider the development of a method of
analysis to be utilized in the deposition chamber. This method is necessary because the
analysis would take place without the risk of contamination of the sample as a result of
contact with air.
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