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ABSTRACT: This paper highlights an affordable and straightforward method called chemical bath deposition (CBD) for
generating different morphologies of ZnO-based nanostructures. In particular, a specific protocol was found to drive the growth
versus a high-yield in-plane symmetric six-arm nanostructure, named a nanostar (NS). Each arm of the star consists of a cluster of
parallel wires, creating a subnanostructure with a huge surface-to-volume ratio. As-grown NSs present a mixed phase of ZnOHF and
ZnO, which converts to ZnO under thermal annealing at 300 °C. The NSs have a highly exposed surface area (13.2702 m*g™") and
exhibit an energy gap of 3.25 eV. A cradle-to-gate life cycle assessment (LCA) analysis has shown the high ecofriendly potential of
this synthesis route and identified hotspots that need to be addressed to minimize the environmental impact of NS synthesis on an

industrial scale.

B INTRODUCTION

Nanomaterials have been the subject of extensive research,
driven not only by their fundamental scientific significance but
also by their numerous technological applications." Certainly,
manipulating the dimensions and geometrical configurations of
inorganic nanostructures holds significance both from a
fundamental scientific perspective and for technological
advancements, as it offers efficient approaches to modulate
the electronic, magnetic, catalytic, and optical characteristics of
materials.” "

ZnO, a semiconductor material, finds diverse applications
across field-effect transistor,” sensors, energy s.ystems,7’8
biomedical applications,”'” and in biobased polymers and/or
recycled plastics."'~"* Indeed, ZnO stands out as a leading
material due to its abundance, good transparency, high
electron mobility, wide direct band gap of 3.37 eV, large
exciton energy of 60 meV, and biocompatibility.'* ZnO has
also been demonstrated to be a biocompatible material:
obtaining materials that are both abundant and biocompatible
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would substantially contribute to significant scientific advan-
tages in various applications.ls_17

The ability to produce ZnO nanostructures with a high yield
(in order to easily obtain substantial quantities) is fundamental
for applications where nanostructures are used to manipulate
the phase morphology and, consequently, the properties of
blends of bioplastics or recycled plastics. Numerous techniques
are employed to obtain different ZnO morphologies, including
electrochemical deposition,18 metal organic chemical vapor
deposition (MOCVD)," physical vapor deposition (PVD),*
thermal evaporation,”' chemical bath deposition (CBD),”* and
others. Among these methodologies, chemical bath deposition
stands out as the most favorable choice due to its ability to
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Figure 1. Scheme of modeling of the CBD synthesis process used for life cycle impact assessment.

easily modulate the morphology, structural characteristics, and
optical properties of ZnO nanostructures.”” Indeed, this
method allows for the manipulation of various parameters,
including precursor concentration, growth duration, and
temperature.”® On the other contrary, CBD offers the
additional benefits of operating in mild conditions, enabling
precise control over chemical composition, simplicity, and
scalability for large-scale manufacturing.” Usually, synthesis in
solution at higher pH values leads to higher production yields,
as the process involves the formation of insoluble Zn(OH),,
which precipitates, leading to a quasi-total conversion of zinc
precursor into ZnO. However, at mild and slightly acidic pH
levels, yields values are very poor, ranging from 20% to 30%.”°
Therefore, further studies are needed to improve these yields.

This paper reports a CBD approach for obtaining zinc oxide
nanostructures in acidic pH environments using hexamethy-
leneteramine (HMTA), Zn(NO,),-6H,0, and NH,F water
solutions, achieving competitive yields. Through meticulous
study and control of process parameters, such as the order of
reactant addition, it was possible to obtain zinc nanostructures
with diverse morphologies (microflowers, nanoparticle-nano-
wire mixture, starlike structures, and belts). Among these
nanostructures, particular attention was focused on a nanostar-
shaped ZnO-based structure due to its innovative morphology,
characterized by numerous crystalline wires organized within a
shared plane in a highly ordered manner aligned at 60°,
resulting in a very high exposed surface area (13.2702 m*g™",
evaluated through the Brunauer—Emmet—Teller method). As-
grown nanostars were found to consist of a mixed structure of
ZnOHF and ZnO, as evidenced by Raman analysis, and
displayed an energy gap (E,) of 3.25 eV. A cradle-to-gate life
cycle assessment (LCA) investigation was hence performed on
NS, using 1 m2~g_1 NS BET surface area as the functional unit.
The study aimed to identify the hotspots of the CBD process
in preparation for possible scale-up from lab scale. The results

38592

highlighted the high ecofriendly potential of this synthesis
route, demonstrating lower potential impact compared to lab-
scale microwave-assisted methods. Further environmental
benefits could be realized through optimization of the heating
phase of the solution mixture, which is easily achievable on an
industrial scale.

B MATERIALS AND METHODS

Synthesis Procedure. All zinc oxide nanostructures were
obtained by chemical bath deposition (CBD), employing water
as the solvent. Three aqueous solutions, 25 mM HMTA, 25
mM Zn(NO,),-6H,0, and 16 mM NH,F, supplied by Merck-
Sigma-Aldrich (Milan, Italy), were prepared by stirring them
for 10 min each, and then separately heating them in a bain-
marie configuration until reaching a final temperature of 90 °C.
Then, the three precursors were combined in different orders
while maintaining the bain-marie setup and the temperature. In
one case, all reactants were mixed and stirred together for 10
min at room temperature. The entire solution was then placed
in a bain-marie configuration until reaching a final temperature
of 90 °C and maintained at 90 °C for 10 min. All the final
solutions become opalescent within a few seconds and turn
milky after approximately S min. After 10 min, the solutions
were allowed to cool naturally, leading to the sedimentation of
particulate matter at the bottom of the beaker. The solutions
were then subjected to multiple deionized water washes by
decantation. Subsequently, the powders obtained, with excess
water removed, were placed in an oven at 100 °C for 24 h, in
air, to dry. Selected powders were transferred to a quartz boat
and subjected to annealing in an oven at 300 °C for 1 h under
a nitrogen (N,) flow, aimed at facilitating the transition from
hydrated zinc forms obtained through the CBD synthesis to
pure zinc oxide (ZnO) forms,”>** referred to with the prefix
“Ann” in the following.
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Figure 2. BC+A (a) microflower, AC+B (b) mixed nanoparticle-nanowire like, AB+C (c) nanostars, and ABC (d) belts like SEM images. Below is
a schematic explaining how these different morphologies are obtained. The solution mixing for AB+C, AC+B, and BC+A occurs after all the
reactant solutions reach 90 °C. For ABC the mixing occurs at room temperature, and then the solution is heated up to the temperature of 90 °C.

Characterization. The surface morphology of all nano-
structures was assessed using scanning electron microscopy
(SEM) (Gemini field emission SEM Carl Zeiss SUPRA 25,
Carl Zeiss Microscopy GmbH, Jena, Germany).

SEM samples were prepared either by drop casting a few
drops of the as-prepared synthesis solution sediment onto
silicon substrates and subsequently drying them on a hot plate
at 50 °C, or by directly applying some powders onto a carbon
tape. Subsequently, the acquired SEM images were further
analyzed using Image] software, which was emjzoloyed to
enhance both the brightness and contrast aspects.”” Optical
measurements were carried out using a LAMBDA 1050+ UV/
vis/NIR spectrometer along with a 100 mm integrating sphere
(PerkinElmer, Inc., Shelton, CT USA). Optical measurements
were performed in a cuvette, using the specific nanostructure
(NSs or AnnNSs) water suspension. Raman spectra were
acquired using a LabRAM HR Horiba-Jobin Yvon spectrom-
eter with a 632.8 nm laser source and an 1800 mm™" grating,
equipped with a confocal Olympus microscope. Raman
samples were prepared by drop casting a few drops of NSs
or AnnNSs solution onto Si substrates.

N, gas sorption measurements on NSs were carried out at
77 K using a Micromeritics 3Flex adsorption analyzer, in a
relative pressure (p/p,) range of 0.01—0.99. Prior to analysis,
the sample (0.10 + 0.01 g) was degassed at 80 °C under a
vacaum for 10 h. The specific surface area (SSA) was
determined by applying the Brunauer—Emmett—Teller (BET)
equation™ to the linear part of the absorption curve, using
Micromeritics Flex 6.02 software.

Life Cycle Assessment Methodology. To assess the
environmental impact of the CBD ZnO NanoStar-like
synthesis, a cradle-to-gate life cycle assessment (LCA) study
was conducted according to the principles and requirements of
ISO 14040 and ISO 14044.>”*°

The study was performed by considering 1 m*g™" of the
BET surface area of the produced nanoparticles as the declared
unit. The analysis includes (i) the preparation of the chemical
precursors, (ii) their transportation to the facilities, and (iii) all
the steps of laboratory synthesis, namely the stirring phase,

bain-marie configuration synthesis, solution washing, drying
and annealing in the oven. As shown in Figure 1, electricity,
steam, and water consumption, emissions, and waste treatment
were considered for each step. The study was carried out using
OpenLCA software, and the Ecoinvent 3.1 database was used
to model the background processes with reference to European
average data. The parameters used for the life cycle inventory
(LCI) were collected by measuring the energies involved
during the synthesis process. As far as possible, electricity
consumption was assessed by assuming full use of the
equipment that required electricity. In particular, the use of
the oven for the drying and annealing phase was normalized by
assuming the maximum filling of the heating chamber. The
same approach cannot be applied to the stirring and Bain-
Marie synthesis phases, which were conducted with small-scale
apparatuses that made it impossible to treat large amounts of
chemicals at once. Regarding the production phases of the
chemicals, ad hoc databases were modeled using the synthesis
reactions reported in reference 31, starting from the base
chemicals available in the Ecoinvent database and assuming
stoichiometric balances. Moreover, as recommended in case of
poor data availability,”” the following typical chemical average
production data were used for the modeling parameters: (i)
yield of 95% for the chemical reaction; (ii) 2 MJ for thermal
energy consumption in the form of steam; (iii) 0.333 kWh of
electricity supply; (iv) a standard distance of 100 km by lorry
and 600 km by train as transportation. Finally, the ReCiPe
2016 Hierarchist version of the impact assessment method was
used to obtain comprehensive environmental data for the
system under study.

B RESULTS AND DISCUSSION

Reagents Combination Study. We thoroughly inves-
tigated how various synthesis parameters can affect the final
nanostructure shape, focussing particularly on the sequence in
which reagents are mixed and its impact on nucleation and
nanostructure growth. The synthesis procedure remained
consistent, with systematic alterations made only to the
order of reagent mixing. Assuming:
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Zn(NO,),-6H,0 = A
HMTA = B
NH,F = C

Four syntheses were performed: AB+C, AC+B, BC+A, and
ABC. In the first three syntheses (AB+C, AC+B, and BC+A),
two reagents were initially mixed at 90 °C, followed by
addition of the third reagent after S s. The solution was then
maintained at 90 °C for 10 min. In the fourth synthesis (ABC),
all three reagents were combined in a cold state in the same
beaker, and the solution was stirred and then heated in a water
bath to 90 °C, followed by maintenance at this temperature for
10 min to promote nanostructure growth. Figure 2 illustrates
schematics of all of these combinations.

Figure 2a—d shows SEM images of the syntheses described
earlier, illustrating the respective reactant mixing orders. In
Figure 2a, the combination CB and A features a typical
microflower structure. The combination AC+B (Figure 2b),
however, contains both particulate and filamentous structures
termed mixed nanoparticle-nanowire. The structure of
combination AB+C (Figure 2c) appears star-like, formed by
many belts assembled and oriented along six directions, at an
angle of 60° between each belt. The nanostars can be
circumscribed within an 11 pm diameter circle. Lastly, the
combination ABC (Figure 2d) contains belts randomly
scattered across the plane. Microflowers, shown in Figure 2a,
can be inscribed within a circle with a radius of 350 nm.
Cauliflower structures, shown in Figure 2b, is made of
branched wires, each hundreds of micrometers long, and
nanoparticles with an average radius of 100 nm. Nanostar
structures, depicted in Figure 2c, consist of 6 arms, each
measuring 5 pm. Finally, Figure 2d displays random wires that
are tens of micrometers long.

To elucidate the diverse nanostructures obtained, one must
take into account the contributions of each of the three
reagents to the growth of the nanostructure. Examining the
initial step, when zinc nitrate is added to hexamethylenetetr-
amine, the latter coordinates with Zn>* ions, thereby
controlling the concentration of free zinc ions in the solution.
This combination is well known to promote the formation of
zinc oxide nanorods, thanks to the equilibrium established in
the solution, which promotes anisotropic growth along the
(001) direction.*® With the addition of ammonium fluoride to
the reaction mixture, the fluoride anion acts as a counterion to
the zinc coordination complex under acidic pH, immediately
capturing the zinc present in solution. This addition, occurring
just after the first two precursors, leads to the formation of a
star-like structure, as depicted in Figure 2c. The nanostructure
transition from flowers to ordered wires on the plane occurs. In
the BC+A case, Zn(NO,),-6H,0 is added afterward, causing
the zinc ion to promptly bond with the fluoride anion,
resulting in the classic nanosheet structure that collectively
forms the nanoflower.”* In the AB+C case, the scenario is
different: Zn(NO;),-6H,0 and HMTA are already dissolved
in the solution. Zinc ions are immediately coordinated by the
neutral ligand, HMTA. However, upon the addition of
fluoride, it binds to the zinc cation, attracted by its positive
charge. The steric hindrance imposed by the neutral HMTA
ligands hampers the growth of the nanosheets. Nevertheless,
this process leads to the formation of a distinct structure from
the typical rods obtained through the reaction of equimolar
amounts of Zn(NO,;),-6H,0 and HMTA. The structure

generated, in fact, consists of multiple strips, orderly arranged
on the plane forming a nanostar. NSs appear to exhibit a well-
defined order on the plane, as the belts are not arranged
randomly but intersect at 60° angles. As verified via SEM
analysis, the morphology of the nanostructures remained
unchanged after annealing at 300 °C in a N, atmosphere (not
shown).

Role of Ammonium Fluoride on Nanostars Growth.
Among the various nanostructures seen earlier, nanostars
synthesized in the BC+A process exhibit an innovative and
articulated shape. The visibly larger surface area compared to
the other morphologies shown in Figure 2¢ could have high
impact in the fields of sensing, energy production, and storage
by electrochemical routes.**>

In order to define how ammonium fluoride affects NS
synthesis, we repeated the BC+A synthesis by varying the
ammonium fluoride concentration (8, 16, and 32 mM NH,F),
keeping the concentrations of the other reactants unchanged.
Figure 3a—f shows the nanostar SEM images at 8, 16, and 32

Figure 3. SEM images of nanostars using (a, d) half, (b, e) normal,
and (¢, f) double NH,F concentration at low and high magnifications,
respectively.

mM concentrations at low and high magnifications. All the
three samples were prepared in the same way: by sampling
from the bottom of the respective synthesis beaker and drop-
casting the same number of drops onto Si substrates. The
nanostar structure is not clearly defined for the lowest
concentration in Figure 3a,d, whereas it is well-defined for
concentrations equal to or higher than 16 mM. In the case of
the highest concentration in Figure 3¢, the nanostars seem to
be halved in dimension compared to those at the medium 16
mM concentration in Figure 3b, with the average arm length
decreasing from S um (Figure 3b,e) to 2.5 um (Figure 3c,f).
Conversely, the nanostar density appears to increase from
Figures 3a —c.

It appears evident that ammonium fluoride does not
accelerate the growth kinetics but rather significantly influences
NS nucleation and, consequently, the quantity of nanostars
finally obtained. Conversely, with zinc nitrate remaining
constant, there are more NSs at [NH,F] 32 mM in terms of
quantity, but they are smaller in dimension compared to those
at 16 mM.

Nanostar Composition and Crystal Structure. Figure 4
represents the Raman spectra of NSs and AnnNSs. As proven
from the Raman spectra, the as-grown NS is a heterostructure
composed of ZnO*® and ZnOHF.”’ Strong features appear at
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Figure 4. NSs and AnnNSs Raman spectra. Circle symbols identify

the ZnOHF phase peaks,36 while rumble symbols highlights the ZnO
phase peaks.”” Square symbols represent the Si substrate.”®

approximately 158, 250, and 366 cm™', with the most intense

peak originating from the ZnOHF structure, while the peaks at
410 and 436 cm™ arise from the ZnO crystal structure. The
300 °C annealing procedure significantly degrades the ZnOHF
phase, as can be evinced from the decreased intensity of its
peaks, although some residual ZnOHF remains after thermal
treatment.

Figure S shows the Tauc Plot, calculated by considering a
direct and allowed transition for both NSs and AnnNSs,

O NSsEg=3.25eV i
—_ /
04l AnnNSs Eg = / |
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Figure 5. NSs and AnnNSs Tauc plots and the E, values obtained.

extrapolated from the transmittance spectra of the nanopowder
suspension in water, in the 200—800 nm wavelength range.
The estimation of the energy band gap (E,) was performed
using the Tauc plot, defined as the x-intercept of the fitted line
in the linear region of the Tauc plot.”” An E; of 3.25 eV was
found for NSs, while AnnNSs possessed an E, of 3.26. The
lower E, for both NSs and AnnNSs can be justified by
considering a surface rich in defects, such as oxygen
vacancies.”® These vacancies create many levels close to the
conduction band, which work as trapping levels for the
electrons, thereby slightly lowering the optical band gap. Also,
AnnNS possesses a slightly lower E, than the ones reported in
literature for bulk ZnO.* This can be justified with the
presence of impurities of ZnOHF, as regorted in the Raman
spectra, and confirmed by XRD analysis.”*

Figure 6 shows the nitrogen adsorption and desorption
isotherms of the NSs. Moderate absorption at low relative
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Figure 6. N, sorption isotherm of ZnO NSs.

pressure values was noted, along with the absence of sorption
hysteresis. This behavior, classified as Type III shape according
to TUPAC*' is typical of macroporous absorbents with weak
absorbate—adsorbent interactions, indicating that the NSs did
not exhibit significant micro- or meso-porosity. Therefore, the
specific surface area (SSA) value of 1327 + 0,03 m*g™',
determined from such isotherms according to the Brunauer—
Emmet—Teller (BET) equation, was ascribed to the very
highly exposed surface of the ZnO NSs.

Yield Considerations. Further estimations regarding the
powder yield still necessitate investigation, which could pave
the way for large-scale applications of these nanostructures,
such as in polymer blends. The assessment of ZnO synthesis
yield was conducted for all four syntheses investigated. The
estimation was done by assuming that the entire procedure was
constrained by the availability of a Zn reactant, and by
considering a 1:1 molar correlation between zinc nitrate and
zinc oxide. Indeed, the annealing procedure at 300 °C under
N2 flux for 1 h was conducted with the purpose of converting
almost all ZnOHF into ZnO, as reported in other papers.”***
The powder yield was determined by quantifying the mass of
nanostructures produced during a 10-min growth period
following the 300 °C annealing process (supposing that only
pure ZnO was present), relative to the initial amount of zinc
nitrate used:

Zn(NO3),-6H,0 — ZnO + NO, + H,0

The yield results for the four syntheses are reported in Table
1. Nanostar yield could reach values up to 45% (see Table 1),

Table 1. Reagents Combination and Yield Estimation for all
Samples

synthesis combination yield %
AB+C A + B, then C 35
AC+B A + C, then B 30
BC+A B + C, then A 45
ABC A+ B + C (room T) 39

as suggested by the molar ratio between ZnO and zinc nitrate,
demonstrating the superiority of NSs over the other three
morphologies realized also from this point of view. The 45%
yield value we obtained in a solution with a pH of 5.7 is very
interesting and promising for future large-scale production
efforts, considering that similar or higher yields have been
obtained only under strongly alkaline conditions, whereas in
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Figure 7. Graphical representation of eight selected ReCiPe 2016 (H) Midpoint Categories for the eight process steps included in the boundaries
and listed in the legend on the right side. (a) Relative contribution of the single phase to the total category amount (b) Hierarchist version with

World (2010) H normalization for the same impact categories.

acid conditions the yields reported in literature are around
30%.%

Life Cycle Impact Assessment. The environmental
impacts of CBD synthesis have been detailed at the ReCiPe
Midpoint level using eight indicators, namely global warming,
fossil resource scarcity, freshwater ecotoxicity and eutrophica-
tion, human carciogenic and noncarciogenic toxicity, marine
and terrestrial ecotoxicity. This type of study is very important
for identifying any critical steps in the synthesis process that
are necessary for real sustainable large-scale applications.
Regarding the relative contributions of the single steps of the
process in Figure 7a, heating the solution mixture in a bain-
marie configuration dominates all impact categories. Other
relevant contributions come from the stirring phase and zinc
nitrate production. This key compound has the highest impact
among the chemicals used. Figure 7b shows the Hierarchist
version with World (2010) H normalization for the selected
impact categories. The comparison indicates that CBD
synthesis is particularly critical in terms of marine and
freshwater ecotoxicity, followed by human toxicity indicators.
These results can be compared with those of Papadaki et al.,**
who performed an LCA study on lab-scale synthesis of ZnO
nanoparticles using a microwave-assisted technique with
comparable BET surface area. The CBD synthesis adopted
in the present study shows lower impacts than the above-

mentioned microwave-based approach across all eight selected
categories, with substantial reductions in marine ecotoxicity
(—35%) and human toxicity (—60%) indicators. The overall
impacts, however, remain much higher than those achievable at
industrial scale, in which well-designed synthesis processes and
production plants can ensure drastic reductions of emissions
and energy demand.”” The LCA analysis highlighted how
water’s high specific heat capacity renders heating via a hot
plate highly energy-intensive. Nevertheless, at the industrial
scale, nearly all generated heat is effectively channeled and
recuperated, underscoring the efficiency of large-scale
processes. Therefore, we can affirm that the NSs reported in
this paper hold great promise for sustainable implementation
on a large-scale in biobased polymers, recycled plastics, green
energy applications, or biosensing.

Bl CONCLUSIONS

In conclusion, this study presents an optimized, cost-effective
chemical bath deposition method for producing zinc oxide-
based nanostars (NSs) with a competitive yield of 45% under
slightly acidic conditions. The distinct roles of the employed
reagents HMTA, Zn(NO;),-6H,0, and NH,F in shaping and
sizing the final nanostructure were examined. Specifically,
introducing ammonium fluoride only after the coordination of
Zn with the neutral ligand HTMA results in a structure
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different from the typical rod formation observed in reactions
involving equimolar amounts of Zn(NO;),-6H,0 and HMTA.
The resulting nanostars, characterized by a well-defined pattern
on the plane consisting of bundles of belts oriented at 60°
angles, display an exceptionally high surface-to-volume ratio,
making them suitable for applications where this parameter is
crucial, such as sensing or energy production and storage
through electrochemical routes or biobased polymers and/or
recycled plastics. NSs exhibit a unique morphology and optical
properties, combined with a competitive yield. The LCA study
highlighted challenges related to the energy-intensive bain-
marie configuration, which can be easily overcome through
industrial heat recovery approaches. This study paves the way
for large-scale and environmentally sustainable applications of
ZnO NSs in the fields of energy, sensing, and bioplastics.
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