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ARTICLE INFO ABSTRACT

Keywords: Electrochemical methods have gained increasing attention for the synthesis of micro- and nanostructured ma-

Zno terials such as zinc oxide (ZnO). Traditionally, the development of such syntheses has relied on the One Variable

Electrosynthefsis hodol At a Time (OVAT) approach, which systematically changes a single parameter while keeping others constant.
léest?;?zsztis;; ace methodology However, this method provides only a limited understanding of the multidimensional experimental space. In
Sclzale—up contrast, a Design of Experiments (DoE) strategy offers a more efficient and statistically robust framework for

identifying optimal synthesis conditions. In this work, we propose the application of a Full Factorial Design
combined with Response Surface Methodology (RSM) to optimize for the first time the electrochemical synthesis
of ZnO structures. The synthetic strategy integrates a hybrid electrochemical-thermal process: sacrificial zinc
electrolysis in a 30 mM sodium hydrogen carbonate solution, followed by thermal annealing that is typically
employed in sol-gel methods to gain a final control over stoichiometry and morphology. ZnO microrods (ZnO
MRs) were synthesized under galvanostatic conditions using benzalkonium chloride as a cationic surfactant and
stabilizer. Its concentration (0.001-0.5 M) and the applied current density (2-20 mA/ em?) were selected as the
key variables. A two-factor, three-level Central Composite Design (CCD) was implemented to investigate their
combined effects on the electrosynthesis yield and ZnO length. The predictive model derived from the chemo-
metric analysis was successfully validated, demonstrating the method’s potential for rational and efficient
optimization of nano- and micromaterial electrosynthesis. Moreover, the proposed model was also validated on a
scaled-up system, proving effective not only for laboratory-scale optimization but also for guiding process
development toward industrial applications, where control, reproducibility, and efficiency are critical.

1. Introduction

The exceptional properties and remarkable versatility of ZnO are
well established and widely recognized within the materials science
community. Depending on the synthesis approach and experimental
conditions, micro- and nanostructured ZnO particles can be tailored into
various morphologies. This tunability enables a broad spectrum of ap-
plications, including catalysis [1], environmental remediation [2], drug
delivery [3], and personal care products [4]. The most popular ap-
proaches are based on sol-gel technologies [5,6], whereas more recently,
electrochemical routes have attracted increasing interest as a sustain-
able and controllable alternative for material development. Since 2015,
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we have worked on electrochemical sol-gel strategies, based on a
sacrificial zinc electrolysis in a sodium hydrogen carbonate solution (30
mM) [7]. By varying different stabilizers, we successfully tuned the ZnO
morphology, obtaining spheroidal nanoparticles [7], nano- and micro-
rods [8], and microflowers [9], thus demonstrating the versatility of this
approach. However, the investigation of these synthetic procedures to
determine the best experimental parameters was carried out by chang-
ing one parameter at a time, while keeping all other variables constant,
following the so-called One Variable At a Time (OVAT) method.
Although widely used, this approach does not enable true optimization,
as it explores only a one-dimensional parameter space, potentially
failing to identify the actual optimum [10]. In contrast, the combination
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of Design of Experiments (DoE) and Response Surface Methodology
(RSM) offers an efficient and comprehensive framework for the multi-
variate investigation and optimization of materials synthesis. This
approach not only promotes a clearer understanding of the synthetic
system but also highlights the key experimental variables. DoE is a
multivariate strategy designed to maximize the ratio between the
quality of information gained about a chemical system or process and
the experimental effort required. This is achieved through the rational
planning and selection of experiments to extract the most meaningful
knowledge from a limited number of experiments [11,12]. RSM, on the
other hand, encompasses a set of mathematical and statistical tech-
niques that fit a polynomial equation to experimental data, aiming to
describe system behavior and enable statistical prediction [13]. It is
particularly effective when one or more responses of interest are influ-
enced by multiple variables - an almost universal scenario for materials
chemists and experimental scientists in general. By facilitating system-
atic analysis and multidimensional modeling of factor effects on tar-
geted responses, RSM allows for the optimization of complex synthetic
spaces with significantly fewer experimental runs. Despite the growing
adoption of data-driven chemometric tools in the current materials
science community, their application to electrochemical synthesis
methods remains surprisingly limited and underexplored. So and col-
leagues [14] and Anand & Srivastava [15] similarly applied the Taguchi
design to optimize parameters such as pH, concentration, voltage, and
conductivity during the electrosynthesis of ZnO nanorods, aiming to
enhance yield while minimizing energy and electrode consumption.
However, their method employed oxalic acid as a reducing agent, which
may pose potential safety issues, and required relatively high potentials
(2-8 V). The Taguchi method have also been used in the optimization of
other electrochemical or electrodeposition systems, for instance to
optimize the diameter of silver tungstate nanoparticles [16], the size of
copper tungstate particles [17] and nickel sulfide particles [18]. While
effective for screening large numbers of factors with minimal experi-
mental effort [19], the Taguchi approach does not identify interactions
between variables which significantly limits its capacity to unravel the
multivariate relationships that govern complex electrochemical syn-
theses. Among the experimental matrices available for optimizing ex-
periments, central composite design (CCD) is a classic design matrix for
fitting second-order models. The main advantage of CCD is that it allows
for efficient estimation of main effects and interactions, providing useful
information about the linear and interaction effects of the factors
[20,21]. The design points are strategically placed on the faces of the
factorial cube and in the center, allowing for a balanced and efficient
exploration of the factor space. Despite its proven strength in modeling
nonlinear and interactive effects, CCD has been rarely applied to elec-
trochemical synthesis processes, and, to our knowledge, never to the
electrosynthesis of ZnO structures. For instance, Gerard and colleagues
reported the use of a central composite design to optimize the electro-
deposition of cobalt—copper phosphate electrodes [22]. Building on this
gap, the present work introduces for the first time the use of a central
composite design for the rational optimization of the electrosynthesis of
ZnO microrods (ZnO MRs). By coupling a statistically rigorous CCD
framework with electrochemical synthesis, we demonstrate a data-
driven strategy capable of capturing complex variable interactions and
providing a more predictive understanding of process-structure re-
lationships. This approach establishes a methodological advancement
over traditional Taguchi-based optimizations, marking a novel step to-
ward the integration of chemometric intelligence in electrochemical
materials design. Using the aforementioned eco-friendly sodium
bicarbonate-based electrolyte, ZnO MRs were synthesized under galva-
nostatic conditions, with moderate current densities (up to 20 mA/cm?).
Although the influence of experimental parameters on such synthetic
process products has already been OVAT investigated over the past
decade, this study offers new insights by applying chemometric tools to
rationalize and quantify the effects of two critical variables: the con-
centration of the stabilizer, and the applied current density.
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Benzalkonium chloride, a cationic surfactant known to induce aniso-
tropic growth along the c-axis and promote rod-like ZnO morphologies
[8], was chosen as the stabilizer. Its concentration was varied from
0.001 M to 0.5 M, whereas the applied current density ranged from 2 to
20 mA/cm?. A two-factor three-level Central Composite Design was
implemented to explore and model the system’s behavior. Specifically,
the face-centered CCD was employed to optimize the electrosynthesis
yield of ZnO microstructures and to rationalize their size. The model was
successfully validated, both for lab-scale and scaled-up systems. This
approach offers a more environmentally conscious and resource-
efficient strategy compared to traditional techniques, characterized by
a reduced experimental workload and effort, for identifying the optimal
conditions that maximize ZnO yield and control particle size, providing
a transferable and innovative framework for optimizing material syn-
thesis via sustainable electrochemical routes.

2. Materials and methods
2.1. Materials

Zinc and platinum sheets (1 mm thick, 99.99 + %) were purchased
from Goodfellow LTD and cut into 2 x 1 cm? pieces. Sodium hydrogen
carbonate (NaHCOs, purum p.a., 99.0 %), hydrochloric acid (HCI, ACS
reagent, 37 %), benzyl-hexadecyl-dimetylammonium chloride (BAC,
pure cationic surfactant), were purchased from Merck Sigma-Aldrich
(Milan, Italy). Polishing suspensions with different nominal abrasive
sizes were purchased from Buehler.

2.2. Synthesis and characterization of ZnO MRs

ZnO MRs were synthesized using a green and scalable electro-
chemical procedure developed in our laboratories [8]. Aqueous elec-
trosynthesis was conducted under mild galvanostatic conditions in the
presence of benzyl-hexadecyl-dimetylammonium chloride (BAC). A
three-electrode cell was utilized, lying on a Zn sheet as the working
electrode, a Pt sheet as the counter electrode, and Ag/AgCl (KCl sat.) as
the reference electrode. Zn plate (2,5 x 1 cm?) was initially polished
using sandpaper and then using polishing slurries at decreasing gran-
ulometry. After sonication in MilliQ water, it was immersed in 1 M HCIL
for 30 s to ensure activation. Different current density values were
applied, using a CH — 1140b potentiostat-galvanostat (CH Instruments,
Bee Cave, TX, USA). The synthesis was carried out at room temperature,
using 7 mL of 30 mM NaHCO3 aqueous solution as electrolytic medium
with different concentration of BAC according to the experimental
design (vide infra), under stirring conditions (700 rpm). A Teflon spacer
(4 mm thick) was used to maintain a constant interelectrode distance
throughout the experiments. To ensure a constant amount of zinc
release, the synthesis time was calculated as a function of the applied
current density, according to Faraday’s law. After the synthesis, the
colloidal dispersion was centrifuged at 6000 rpm for 20 min.

For the scale-up system, two zinc sheets 5 x 5 cm? were used as
working and counter electrodes, keeping an Ag/AgCl (KCI sat.) as
reference electrode. The electrochemical synthesis was carried out at
room temperature using 400 mL of hydrogen carbonate-based electro-
lytic bath.

The precipitates were dried overnight at 120 °C. The dried validation
samples were also calcined, a typical step in sol-gel processes used to
convert zinc compounds into pure zinc oxide. Both the lab-scale and the
scaled-up samples were calcined at 450 °C; however, the former was
treated for 1 h, while the latter required 4 h due to the larger sample
amount.

Bulk chemical composition of the powders was obtained by attenu-
ated total reflectance infrared (ATR-FTIR) analysis on a Spectrum Two
FTIR spectrometer (PerkinElmer, Milan, Italy) with a resolution of 2
cm ! scanning from 4000 to 400 cm™!. A total of 16 scans were aver-
aged; background spectra were acquired against air, and spectral
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Table 1
Independent variables and level used in DoE experimentation.
Independent variables (X;) -1 0 +1
BAC concentration 0.001 M 0.25 M 0.5M
Current density (j) 2 mA/cm? 10 mA/cm? 20 mA/cm?

Table 2
Experimental conditions at the validation points for lab-scale and scale-up
syntheses of ZnO MRs.

Experimental conditions for the validation points Laboratory scale Scale up
electrolyte volume (mL) 7 400
electrode area (cm?) 2.5 12.5
current density (mA/cm?) 15.5 10
synthesis time (min) 40 180
BAC concentration 0.1 0.01
stirring 700 rpm 700 rpm

baseline subtraction was performed using instrument software. UV-Vis
spectra were acquired by a Shimadzu UV-1601 double beam spec-
trometer with 1 cm quartz Suprasil® cuvettes. The ZnO MR morphology
was studied by transmission electron microscopy (TEM, FEI Tecnai 12,
Hillsboro, OR, USA; high tension: 120 kV; filament: LaBg). Particle size
analysis was performed with ImageJ software (http://imagej.nih.gov/i
j/). X-ray powder diffraction (XRPD) data were collected using an
Empyrean PANalytical diffractometer equipped with a 1.8 kW CuKa
ceramic X-ray tube (Aavg = 1.5418 A) and a real-time multiple strip
(RTMS) PIXcel3D detector. The sample was loaded onto a zero-
background holder (ZBH) made from single-crystal silicon, cut at a
specific orientation parallel to the Si (510) plane. Analytical conditions
were: 40 mA and 40 kV, a scanning speed of 0.026°/s, and a 20 range
from 15° to 80°. The system included a set of narrow slits: a 0.0625°
divergence slit, a 0.125° antiscatter slit, and 0.02 rad Soller slits. Mul-
tiple scans were combined to improve the signal-to-noise ratio.

Table 3
Runs and response variables of a face-centered CCD model with three levels of
BAC concentration and current density j.

Run Independent variables (X;) Responses (Y;)
BAC (M) j (mA/cm?) Yield (%) ZnO length (um)
1 0.5 2 78 0.8
2 0.5 20 39 0.4
3 0.001 20 76 0.8
4 0.001 2 36 1.7
5 0.5 10 67 0.5
6 0.001 10 75 0.5
7 0.25 20 87 1
8 0.25 2 79 2.3
9 0.25 10 87 1.5
10 0.25 10 89 1.2
11 0.25 10 82 1.3
Table 4

Analysis of variance (ANOVA) for the regression model obtained from the cen-
tral composite design (CCD) for the response yield.

DF Sum of Squares Mean Square F Value Prob > F
BAC 1 15 1.5 0.048 0.834
j 1 13.5 135 0.437 0.538
BAC*BAC 1 1081.10 1081.10 34.99 0.002
i 1 189.90 189.90 6.146 0.056
BAC*j 1 1560.25 1560.25 50.49 8.55E-4
Error 5 154.49 30.90
Lack of fit 3 128.49 42.83 3.29 0.24
Pure Error 2 26 13
Total 10 3358.18
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2.3. Experimental design

A multivariate experimental design approach was employed to
investigate the effects of stabilizer concentration and current density on
the zinc electrolysis yield in a sodium carbonate solution, as well as on
the size of the resulting ZnO structures. To ensure comparability among
variables measured on different scales and to prevent variables with
larger numerical ranges from disproportionately influencing the results,
all factors were normalized through coding. This process involves
defining the extremes of each variable’s domain and assigning them
coded values, typically —1 for the lowest and + 1 for the highest real
values. The central value is then coded as 0. The experimental matrix,
including both the real (uncoded) and coded variables, is presented in
Table 1

In this study, the experiments were designed following a Central
Composite Design (CCD) with two variables at three levels, in accor-
dance with the principles of Response Surface Methodology (RSM).
Generally, a CCD explores each factor at five levels, coded as -a, —1, O,
+1, and + o. When a is set to 1, the resulting configuration is known as a
face-centered CCD, in which the number of levels is reduced to three for
each factor. This specific configuration was adopted for our experi-
mental setup, requiring 9 experimental points, thus 9 (single run) ex-
periments with different combination of the independent variables [12].
The central point was tested in triplicate. A geometric representation of
the experimental domain investigated is provided in the Supplementary
Information (Fig. S1). The experiments were performed in random order
to avoid systematic errors due to memory/time effects.

This quadratic model enables the analysis of both the individual ef-
fects of each factor and their potential interactions on the response.
Thus, it allowed us to determine which factors have a statistically sig-
nificant impact and whether the effect of one factor is influenced by
changes in another (interaction effect). Then, the response surface
equation was obtained through multivariate regression fitting as follows
(Eq. 1):

Y =bo + by X1 + by Xz + b3 X132 + bax? +bs x5 + € [¢))

Where x; and x, are the independent variables (respectively BAC
concentration and current density), by the intercept, b; and b, the
regression coefficients associated to x; and x», b3 the regression coeffi-
cient related to the interaction among x; and x», b4 and bs the regression
coefficients associated to the quadratic terms of x; and x», and e holds
the residuals of the model. The software CAT -Chemometric Agile Tool
was used for computation of the model and for statistical evaluations
[23]. The experimental conditions at the validation points for the lab-
scale and scale-up syntheses of ZnO MRs are summarized in Table 2.

3. Results and discussion

The proposed hybrid method consists of two steps: electrochemical
synthesis and thermal treatment, as described elsewhere [7-9]. During
the electrolysis, the generation of OH™ leads to the constant increase of
solution pH, starting from 8.5 (pH of 30 mM NaHCO3 aqueous solution)
up to cca. 11.5. In this step, a colloidal suspension of zinc hydroxycar-
bonates was prepared under alkaline conditions, conducive to the for-
mation of stable zinc-based species. Following thermal treatment, pure
ZnO was obtained. The experimental yield was estimated by measuring
the mass difference of working electrodes (named respectively WE e CE)
before and after the synthesis process (Eq. (2)).

Mexperimental = Am (WE) — Am (CE) (2)

The theoretical mass was calculated according to Faraday’s law for a
two-electron process, as expressed in Eq. (3), where I is the current in-
tensity, Atis the process duration, Mz, is Zn atomic mass, Z is the number
of electrons involved in the process, and F is the Faraday constant:
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Fig. 1. Regression of the three-level Central Composite Design (CCD) model. (a) Predicted vs. actual values for synthesis yield. (b) Coefficients of the model equation.
(c) Response surface of the yield as function of BAC concentration and current density and (d) relative contour plot. (e, f) Semi-amplitude of the confidence interval.
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Table 5
Analysis of variance (ANOVA) for the regression model obtained from the cen-
tral composite design (CCD) for the response yield.

DF Sum of Squares Mean Square F Value Prob > F
BAC 1 0.282 0.282 4.195 0.0956
j 1 1.127 1.127 16.779 0.009
BAC*BAC 1 1.527 1.527 22.737 0.005
i% 1 0.353 0.354 5.268 0.070
BAC*j 1 0.062 0.062 0.931 0.379
Error 5 0.336 0.067
Lack of fit 3 0.290 0.096 4.129 0.201
Pure Error 2 0.047 0.023
Total 10 3.410

. .
Mheoretical = MZ" (g/mOZ) At (S) : <A) (3)

Z (eq/mol) o F (C/eq)

A face-centered CCD was employed to optimize the electrosynthesis
yield of ZnO structures and to rationalize their size. Using a three-level
CCD model, the effects of current density and BAC concentration on
these system responses were systematically investigated. This approach
resulted in nine points (Fig. S1), which were randomly conducted and
are summarized in Table 3. The central point was tested in triplicate. The
same table reports the yield obtained and the length of the elongated
ZnO microstructures for each experiment.

By applying multiple regression analysis on the experimental data, a
predictive quadratic polynomial model is developed and an equation to
describe the correlation between the dependent variable (Yj, in our case
the yield and the ZnO length) and the independent variables (X;, i.e. BAC
concentration and current density) has been modeled.

For the yield, the resulting model equation is:

Yield (%) =88.3 - 0.5x; + 1.5 xy — 19.7 x;x3 — 20.6 x1% — 8.6 x5°

The multiple linear regression (MLR) analysis yielded satisfactory
results, with the model explaining 91 % of the variance in the dataset
(R2 = 0.91). The ANOVA results (Table 4) confirm the adequacy of the
regression model, as the lack-of-fit test was not significant (p = 0.24 >
0.05 at a 95 % confidence level). The analysis of F-values further
highlights that the quadratic term of [BAC] and the interaction between
[BAC] and current density (j) exhibit the most significant effects on the
response.

Fig. 1a displays the correlation between experimental and predicted
values, confirming the robustness of the model fit. Fig. 1b highlights the
statistically significant regression coefficients, notably the interaction
term between [BAC] and current density (j), as well as the quadratic
term of [BAC]. The interaction term was statistically significant at the
99.9 % confidence level (p = 0.001) and exhibited a negative coefficient,
indicating that the electrosynthetic yield decreases as the product of
[BAC] and j increases. Similarly, the quadratic term of [BAC] was sig-
nificant at the 99 % confidence level (p = 0.01), revealing a non-linear
relationship. The negative coefficient suggests that while moderate
[BAC] concentrations enhance the yield, excessive concentrations have
a detrimental effect. Although a similar quadratic effect might be
anticipated for current density, its corresponding coefficient was not
statistically significant. This lack of significance, accompanied by wide
confidence intervals, is likely attributable to the limited degrees of
freedom in the model. The response surface illustrated in Fig. 1c dem-
onstrates an almost linear increase in electrosynthetic yield with
increasing current density. In contrast, the yield increases with [BAC]
concentration only up to an optimal value, beyond which further in-
creases result in a decline. This trend defines an optimal region in the
experimental design space, where the synthetic yield reaches approxi-
mately 90 %. As shown more clearly by the isoresponse curves in Fig. 1d,
this optimal region corresponds to [BAC] concentrations ranging from
0.15 M (coded value: —0.4) to 0.3 M (coded value: 0.25).

Following the rationalization and optimization of the
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electrosynthesis yield of ZnO microrods (MRs), the investigation was
subsequently directed toward their length. While this type of measure-
ment is inherently associated with greater uncertainty due to its basis in
statistical size analysis of TEM micrographs, we nevertheless attempt to
model the system’s behavior as a function of current density and BAC
concentration. In this case, it is not appropriate to define an optimum
value, as this depends on the specific requirements of the application,
particularly whether shorter or longer rods are preferred. Therefore, it is
more appropriate to state that this rationalization study serves as a
useful tool to directly tailor the ZnO particle size according to the
intended application. For the length of ZnO MRs, the resulting model
equation is:

ZnO length (um) = 1.28 — 0.217 x; — 0.43 x;
+ 0.125 X1X2 — 0.76 X12 + 0.39 XZZ

The MLR analysis resulted in an explained variance of 78 %, a
satisfactory result considering the intrinsic higher uncertainty of the
response values on which the model was based. The ANOVA results
(Table 5) demonstrate that the regression model is statistically adequate,
as the lack-of-fit test was not significant (p = 0.20 > 0.05 at the 95 %
confidence level). Moreover, the F-value analysis indicates that the
current density (j) and the quadratic term of [BAC] have the most sig-
nificant influence on the response.

As shown in Fig. 2a, the model fits the experimental trend with good
agreement. The factors found to be significant in influencing the length
of ZnO are the current density (j) at the 95 % confidence level (p = 0.05),
and the quadratic term of the BAC concentration at the 99 % confidence
level (p = 0.01) (Fig. 2b). Among the factors considered, the latter has
the most substantial impact on ZnO length, presenting the highest co-
efficient value. The second-highest coefficient corresponds to the cur-
rent density and is negative, indicating that ZnO length decreases with
increasing current density. As shown more clearly in the response sur-
face depicted in Fig. 2c, the length of the ZnO microrods decreases with
increasing current density. This is in agreement with the effects of more
chaotic processes occurring at higher current densities, conflicting with
the template effects exerted by the quaternary ammonium capping
agent. The effect of BAC concentration is non-linear: the particle length
increases up to a maximum around a coded value of —0.20 (corre-
sponding to 0.2 M), after which it decreases. Lower current densities
combined with a BAC concentration of ~0.2 M resulted in the longest
ZnO structures (Fig. 2d). It is noteworthy that, in this case, it is difficult
to identify a robust region on the response surface, indicating that the
ZnO length is highly sensitive to small changes in the experimental
conditions and is therefore strongly condition-dependent.

3.1. Validation at laboratory scale

The models that provided statistically satisfactory results were
further validated through three independent experiments, conducted
outside the dataset used for the model development. These experiments
were selected within the central robust region of the design space;
however, the exact center point (coordinates [0,0]) could not be used, as
it had already been included in the CCD. Therefore, the point corre-
sponding to [BAC] = —0.5 and j = 0.5 was selected (depicted in Fig. S2
and S3), which corresponds to a BAC concentration of 0.1 M and a
current density of 15.5 mA/cm?. Table 6 reports the experimental yield
and ZnO length for the three replicates, along with the corresponding
averages and confidence intervals. The observed variability in the
electrochemical yield is likely due to experimental conditions (e.g. re-
covery of the material, cleanliness of the zinc sheets). To assess the
agreement between experimental and predicted values, a t-test was
performed (see Supporting Information for details), comparing the
experimental results with the model prediction and its confidence in-
terval (which are shown in Fig. le,f and Fig. 2e,f for yield and ZnO
length, respectively) at the selected point. The resulting t-value indicates
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Table 6

Inorganic Chemistry Communications 183 (2026) 115818

Validation of the models at the point —0.5,0.5 of the domain, corresponding to BAC concentration of 0.1 M and current density of 15.5 mA/cm?.

Reps. Experimental yield Average and conf. Int.

Predicted value and conf.

Experimental ZnO length Average and conf. Int. Predicted value and conf.

(%) (%) Int. (%) (pm) (%) Int. (%)
1 90 0.9
2 85 86+ 9 89+7 1.2 1.1+0.4 1.1+0.3
3 83 1.1
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Fig. 3. TEM micrographs (scale bar 2 pm) of ZnO microrods synthesized with BAC concentration of 0.1 M and a current density of 15.5 mA/cm?, after drying at
120 °C (a) and calcination at 450 °C (b); size analysis of the ZnO length by ImageJ software (c). UV-Vis spectra of ZnO MR dispersions (d); and FTIR spectra of ZnO

powders (e). XRPD of the calcinated ZnO powder (f).

no statistically significant difference between predicted and experi-
mental results at the 95 % confidence level and with 2 degrees of
freedom. Therefore, it can be concluded that the model is validated.
ZnO MRs synthesized at validation point were morphologically and
spectroscopically characterized after drying and calcination thermal
treatments. In fact, as reported elsewhere [8], the latter guaranteed the
complete conversion of the as-prepared colloidal materials into stoi-
chiometric ZnO species without large morphological modification. TEM
images reported in Fig. 3 a,b showed rod-like structures, with an average
length of 1.1 + 0.4 pm for the sample dried at 120 °C (Fig. 3 c¢). UV-Vis
spectra of the samples exhibited typical absorption peak of micro-
structured ZnO around 375 nm [24]. The calcination process induced an
increase in peak intensity, due to conversion into stoichiometric ZnO,
resulting into increased absorption. IR data indicate that ZnO is already
present in the samples dried at 120 °C, as evidenced by the characteristic
IR band in the 440-500 cm ' region, which is attributed to Zn—O
stretching vibrations [25]. The spectral region between 1300 and 1600
em™), typically associated with hydrozincite-like  species
(Zny(CO3)y(0OH),) [26], shows a noticeable decrease in intensity after
calcination. Moreover, increasing the treatment temperature leads to the
disappearance of C—H stretching signals at 3000-2800 cm ! [27]. In
contrast, the bands corresponding to styrene/carbonyl functionalities
(1700-1600 cm™Y) slightly increase upon calcination. This behavior

may be attributed to the thermal degradation of BAC, resulting in the
formation of carbonaceous residues. The diffraction pattern (Fig. 3f)
revealed reflections characteristic of the hexagonal wurtzite structure of
ZnO. Phase identification was performed using the QualX software [28]
by correlating the experimental XRPD data with the reference database
(# 00-900-4178) and calculating the associated d-spacing values, which
are listed in Table S1 of the Supporting Information.

3.2. Validation at scale up

The electrosynthesis method presented in this work is readily scal-
able for industrial applications. By increasing the electrode area, the
volume of the electrolyte, and the duration of the synthesis, it is possible
to produce ZnO particles in quantities easily exceeding the gram-scale.
Zinc is a cost-effective material, and the electrolyte consists primarily
of a bicarbonate solution, making the scaling-up process economically
and practically viable. Given that the theoretical principles underlying
the electrochemical synthesis are consistent across both laboratory and
scaled-up conditions, we sought to evaluate whether the model devel-
oped from lab-scale experiments could be extrapolated to larger-scale
syntheses. To this end, we tested the predictive capability of the
regression models for both yield and particle size by applying them to a
new experimental condition within the scaled-up configuration, as
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Fig. 4. TEM micrographs (scale bar 2 pm) of ZnO microrods synthesized with a scaled setup, with BAC concentration of 0.01 M and a current density of 10 mA/cm?,
after drying at 120 °C (a) and calcination at 450 °C (b); size analysis of the ZnO length by ImageJ software (c). UV-Vis spectra of ZnO microstructure dispersions (d);

and FTIR spectra of ZnO powders (e). XRPD of the calcinated ZnO powder (f).

detailed in the Experimental Section. The scale-up electrosynthesis was
conducted over 3 h, using a BAC concentration of 0.01 M (coded value:
—0.96) and a current density of 10 mA/cm? (coded value: —0.1). Ac-
cording to Faraday’s law, the theoretical mass of ZnO expected from the
electrolysis is 0.9 g. Experimentally, a mass of 0.69 g was obtained,
corresponding to a synthetic yield of 75 %. This value falls within the
confidence interval of the predicted yield, which was 69 + 13 %. These
findings thereby confirm that the lab-scale rationalization remains valid
under scale-up conditions.

However, slight deviations were observed between the predicted and
experimental particle sizes. According to Fig. 4c, the size analysis of the
ZnO structures obtained from TEM images (Fig. 4a,b) revealed an
average particle length of 2.0 + 0.9 pm, which seems not align
completely with the predicted size of 0.9 + 0.5 pm under the same
experimental conditions. However, it should be noted that the length
model is subject to greater variability due to the intrinsic uncertainty in
the response values, as previously discussed. Specifically, the error ari-
ses from the statistical analysis of particle sizes measured from TEM
micrographs, where the size distribution is obtained through fitting, a
procedure inherently associated with larger uncertainty. Furthermore,
physical transport phenomena (e.g., convection or electrode dynamics)
may have a more significant role at larger scales. Indeed, it was reported
that reduced convection and limited ion transport can favor the growth
of existing ZnO crystallites, leading to larger particle sizes [29]. The
UV-Vis and IR spectroscopic characterizations (Fig. 4 d,e) present the
typical features of microstructured ZnO particles, already detailed
above. Similarly to the previous sample, the diffraction peaks (Fig. 4f)
revealed signals characteristic of the hexagonal wurtzite structure of
ZnO.

4. Conclusions

In this study, we presented for the first time the application of a two-
factor, three-level Central Composite Design (CCD) combined with
Response Surface Methodology (RSM) to optimize both the electro-
synthetic yield and morphological characteristics (length) of ZnO
microrods. While the influence of experimental parameters on ZnO
electrochemical synthesis has been explored by an OVAT approach in
previous research, the present work introduces a novel chemometric
framework that enables a quantitative, multivariate analysis of the
system, thus moving beyond traditional empirical approaches. By
investigating two critical parameters, i. e. the concentration of benzal-
konium chloride (BAC) used as the particle stabilizing agent and the
applied current density, we successfully mapped the response surfaces
and identified optimal conditions for maximizing synthetic yield and
controlling the structure dimensions by means of just 11 experiments (9
points, with three replicates in the central point). The yield was found to
increase linearly with current density and to reach a maximum within a
defined BAC concentration range (0.15-0.3 M), achieving values close
to 90 %. Despite the intrinsic uncertainty associated with the ZnO rod
length values, it was possible to successfully build a model that
explained the response trend. The ZnO rod length decreased with
increasing current density, while BAC concentration exhibited a non-
linear effect, with a maximum value around 0.2 M. The robustness
and predictive power of the developed models were validated through
targeted experiments both at the laboratory scale and under scaled-up
conditions. For the lab-scale validation, three independent replicates
confirmed good agreement between experimental and predicted out-
comes for both yield and size, with no statistically significant differences
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(95 % confidence level, 2 degrees of freedom). Under scale-up condi-
tions, the model accurately predicted the process yield and provides a
good trend for the ZnO length.

Overall, this work demonstrates a powerful and transferable strategy
for the rational optimization of electrochemical synthesis processes,
supporting both scientific understanding and technological scalability.
The integration of DoE and RSM into materials synthesis offers a sus-
tainable, efficient, and industrially relevant methodology that can be
extended to other materials and electrochemical systems.
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